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Highlights

Non-invasive Temperature Measurement in Fixed Bed Reactors

using RFID Technology

Steffen Flaischlen, Gregor D. Wehinger

e Using radio frequency identification (RFID) for contactless tempera-

ture measurement

e RFID tags measure non-invasive temperature (20 < 7' < 140 °C) inside

packed beds.

e RFID tags can be integrated in 3D printed pellets to avoid bed structure

changes.

e Response time of RFID technology is similar to conventional thermo-

couples.

e Recent constraints of RFID tags show needs for further improvements.
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Abstract

Measuring axial temperature profiles in fixed bed reactors is essential for
an optimal and safe operation. Typically, thermocouples are used which
influence the bed structure - especially in arrangements with a low ratio
between tube and particle diameter - and thus local transport phenomena and
reaction rates. In this publication, radio frequency identification (RFID) tags
are used for temperature measurement in fixed beds without disturbing the
bed structure. Therefore, the temperature is compared in a tubular fixed bed
(D = 25.4mm) of ceramic rings (d, = 10 mm) measured with RFID tags and
thermocouples at similar axial positions at different temperature levels 20 <
T < 140 °C. By integrating an RFID tag into a particle using 3D printing,
the disturbance of the fixed bed by the measurement device can be even
completely avoided. It is shown that the overall values of temperature and the
dynamic measurement with RFID tags is comparable to measurements using
thermocouples. However, significant measurement gaps can occur, especially

with unfavorable antenna-tag alignment or small antenna spacing. As a
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summary, it is possible to measure temperature in fixed-bed reactors using
RFID technology without requiring direct access and thus disturbing the bed
structure. Finally, current shortcomings of RFID are discussed, and research
needs presented.

Keywords: Temperature measurement, Fixed bed reactor, Process

monitoring, RFID, 3D printing

1. Introduction

In various technical applications, such as trickle bed reactors, separation
columns, pebble bed reactors, and fixed bed reactors, random packings con-
sisting of defined particles are used [I, 2, B, 4]. In chemical engineering,
these particles, also known as pellets, are typically made of ceramics and
are often designed to have specific properties, such as high surface area or
good heat transfer capabilities. Using defined particles in chemical reactors
help to optimize processes by improving mass and heat transfer [5], reducing
pressure drop [6], and increasing reaction efficiency [7]. Since the reactor
performance depends on the process variables, i.e., local concentration and
temperature, their measurement is essential to achieve the optimum operat-
ing point. Especially in fixed bed reactors where chemical surface reactions
occur, temperature plays a major role in influencing important quantities,
such as conversion and selectivity, and to avoid catalyst deactivation, ther-
mal degradation or reactor runaway. Typical temperature ranges in which
fixed bed reactors are operated are between 200 and 1000°C [§]. However,
external cooling or heating is required to achieve the desired conversion and

to prevent side reactions. This leads to a complex interplay between reaction
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enthalpy, heat transport within the fixed bed, and cooling temperature, which
must be carefully controlled to maintain the reactor temperature within a
precisely defined range [9]. Therefore, temperature measurement inside fixed
bed reactors is essential for process monitoring and safety concerns.

Thoméo et al. have evaluated methods for measuring temperature dis-
tributions in packed beds [10]. For catalytic fixed beds, only techniques
utilizing embedded thermowells or capillaries with moveable or multi-point
thermocouples are appropriate. Thermocouples are either relocated radially
through the reactor wall [I11, 12| I3] or placed axially [14, [I5]. A number of
axially inserted thermocouples at various radial positions or, equivalently, a
number of radial thermocouples installed at varying bed lengths would be
necessary to monitor a three-dimensional temperature field. In any instance,
heat conduction along the metal sheath of the temperature sensor causes the
temperature profile itself to be altered in addition to the flow through the
packing being affected [16].

In the case of multi-tubular reactors with many hundreds or thousands of
tubes, this means that the measured temperature may no longer be represen-
tative of all other undisturbed tubes [I7]. Recently, a couple of theoretical
studies using Particle-resolved Computational Fluid Dynamics (CFD) quan-
tified the influence of thermowells on heat transfer and reaction rates in
slender packed beds [18, 19, 20]. These studies underpin that the invasive
nature of common temperature measurement techniques in slender packed
beds leads to uncertainties for process monitoring in multi-tubular reactors.

An alternative measurement technique to thermocouples are fiber optic

systems which consist of thin fibers measuring temperature (and strain) with
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a high axial resolution. The two most common approaches are Fiber Bragg
Grating (FBG) sensors and the Distributed Optical Fiber Sensing (DOFS)
technology [21]. FBG is based on the variation of the refractive index, i.e.,
the Bragg grating, in the core of a waveguide and has measurement points
applied at discrete positions (several millimeter to meter) on the fiber. This
narrow reflection spectrum has a wavelength that responds to strain and
temperature changes, allowing for simultaneous measurements of both quan-
tities [22]. However, in the case of fixed beds, any change in strain must
be minimized to accurately measure temperature only. FBG was applied
successfully to measure temperature axially and radially in catalytic fixed
bed reactors [23], 24]. In order to continuously monitor temperature, DOFS
or distributed temperature sensing (DTS) systems can be used with a sin-
gle optical fiber over distances of up to hundreds of meters [25]. In general,
DTS operates under the principle of optical frequency domain reflectometry,
which detects external disturbances using for example Rayleigh backscat-
ter techniques. Recently, the dynamic cooling behavior in a nuclear reactor
pebble bed was measured with DTS with a spacial resolution of 2.5mm at
250 Hz [26]. For fixed bed reactors, the DTS system was used by Bremer
[27] in order to measure a finely resolved axial temperature profile (approx.
1000 points per meter) of a two meter long industrial scale single tube fixed
bed reactor. The author monitored the temperature evolution steady and
dynamic experiments in order to validate a detailed reactor model. Despite
their high dynamic measurements and axial resolution, fiber optic systems
share the same limitation as thermocouples in that they interfere with the

fixed bed structure due to their positioning. Other common temperature
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measurement techniques, such as pyrometers and thermal imagers, need op-
tical accessibility to the bed interior or are placed in axial capillaries [28§],
too.

Since invasive methods have significant effects on the fixed bed structure,
non-invasive methods should be preferred for temperature measurement in
fixed bed reactors with small tube-to-particle-diameter ratios. In this regard,
the use of temperature-sensitive paint (TSP) seems attractive [29]. TSP is
coated on the surface of interest and then responds to changes in temperature
with a change in color [30]. The immediate change of color makes reversible
TSP suitable for monitoring in real-time, but it also requires optical acces-
sibility to the surface. Therefore, TSP is typically applied on surfaces with
external flow [3I]. On the other hand, non-reversible temperature-sensitive
paint may offer information on maximum values of a surface without requir-
ing optical accessibility. This technique may be applied in fixed-bed reactors
in the future. With a permanent color change, the maximum temperature
on each pellet may be determined after the reactor is emptied pellet-wise.

The measurement methods presented thus far have limitations that ren-
der them imperfect for use in a fixed bed reactor. These limitations include
their potential to influence the fixed bed structure and the requirement for
optical accessibility. In the field of process engineering, there is already ini-
tial work on the use of contactless data transmission using Radio-Frequency
Identification (RFID) technology, e.g., in thermal insulation, or in heating
cables to monitor temperature [32],33]. While this work focus on temperature
measurement with RFID, there are other quantities that can be measured.

Hillier et al. used a passive Ultra High-Frequency sensor to measure con-
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centration in aqueous electrolyte solutions [34]. Eom et al. monitored the
freshness of vegetables by oxygen and carbon dioxide concentration using a
gas sensor in combination with an RFID tag [35]. The pressure in a bio-
process was measured by Surman et al. using a pressure-sensitive flexible
membrane on an RFID transducer [36]. Ong et al. describe a platform for a
passive RFID sensor that can measure complex quantities of a surrounding
fluid, i.e., permittivity, temperature, humidity, and pressure [37].

In this work, a temperature measurement method using RFID data trans-
mission is introduced, which does not exert an influence on the structure of
a fixed bed reactor. Consequently, a configuration featuring a small reactor-
tube-to-particle diameter ratio was employed, as it is of particular interest
due to the resulting localized structure within the fixed bed. Additionally,
a small tube diameter was selected to replicate the characteristics of an in-
dividual tube within a tube bundle reactor configuration typically employed
for highly exothermic or endothermic reactions [38|, 39, 40, [41], 42]. RFID
tags with 14 mm in diameter and 2mm in height are used for this purpose.
They transmit the temperature from inside the fixed bed reactor to the out-
side without direct contact. Compared to other measurement methods, it
has the advantage that the reactor does not have to be optically accessible
and online measurement is possible during operation. Temperature measured
with the RFID tags is compared to conventional thermocouples in a fixed bed
with a hot air stream under constant and dynamic heating. Furthermore,
the possibility of 3D printing allows the RFID tags to be inserted directly
into a pellet, which not only completely eliminates the influence on the fixed

bed structure, but also may make completely new experimental data acces-
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sible. Finally, limitations of the current RFID tags are discussed and future

research needs are presented.

2. Material and methods

2.1. Radio-Frequency Identification (RFID) Technology

Radio-Frequency Identification (RFID) is a technology for the contactless
transmission of information over a short distance by using high-frequency
radio waves [43]. The sensor network consists of transponders (tags) and
interrogators (readers). Tags are attached to objects; and readers communi-
cate with the tags in their specified transmission ranges via radio signals [44].
When the transponder is in range of the transmitter, it is triggered by the
electromagnetic field and can send digital data to the receiver. The transpon-
ders can be divided into three classes, which have different characteristics.
Active and semi-passive transponders have their own battery, which enables
them to transmit signals over a longer range.

In contrast, passive sensors are powered inductively via the electromag-
netic field, which limits their range compared to the other two types. How-
ever, they are also the cheapest and have the smallest dimensions due to
the lack of a battery. Therefore, the choice of transponder depends on the
specific application requirements, such as the desired range and cost. More
detailed information on transponder classes, etc. can be found elsewhere
[45], 46]. Another important factor is the frequency at which the system op-
erates. This can also be differentiated into communication ranges, whereby
the passive read distance also becomes larger with increasing frequency. How-

ever, higher frequencies also lead to limitations, as transponders operating
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in the ultra-high frequency (UHF) range (868 - 928 MHz) no longer transmit
reliable signals when they are close to liquids or metals. Transponders in
the high-frequency (HF) range (13.56 MHz), on the other hand, only have a
limited communication distance of 10 —20 cm. The system used for this work
operates in the HF range, since the fixed bed reactor is always in the vicinity
of metal pipes or components due to the surrounding periphery. Further-
more, the use of liquid reactants in the reactor may be possible, as well as
the heating of the outer wall with water or thermal oil. Such liquids typically
also lead to a disturbance of the signal. This reduces the possible range for
the system used, which should prevent interference.

The RFID tags used for temperature measurement operate on the princi-
ple of a semiconductor sensor based on the temperature and current charac-
teristics of a transistor. The operation of identical transistors with different
collector current densities can be used to determine the absolute temperature

from the difference in their base-emitter voltages [47].

2.2. Fxperimental Setup

The experimental setup consists of a reader, several antennas, and RFID
temperature-measuring transponder tags, all manufactured by Micro-Sensys
GmBH (Erfurt, Germany) and operate in the HF range of 13.56 MHz. The
reader generates an HF electromagnetic field for ensuring the power supply
of the passive transponders. Since the position of the transponder tag in the
fixed bed cannot be precisely determined during the filling process, a system
containing round antennas is chosen. These can be positioned around the
reactor so that the scanning takes place independently of the direction of

the tags. This means that the transponder does not have to be aligned

8
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Figure 1: All parts of the measurement setup. Note that the 1 € coin has an outer diameter

of 23.25 mm.

exactly parallel to the reader. The used RFID temperature transponder
tag TELID®211.01 is a passive sensor device with a working temperature
between —40 and 140°C. It has a resolution of 0.0625 K and an accuracy of
+0.5 K in the range of 0 °C to 65 °C and £1 K in the range of —40°C to 125°C
[48]. The TELID has a diameter of drgrp = 14 mm and a maximum height
of ArgrLip = 2mm in an half lens housing. A photograph of the used parts is
shown in Fig. [1, where the reader, antenna, tags, and the used particles are
shown.

The RFID tags are delivered with calibration parameters, which are se-
curely stored within the memory of each tag. As the system originates from
a commercial manufacturer, access to the calibration data is not feasible.

Nevertheless, the system was received directly from the manufacturer with a
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recent calibration, and it was immediately utilized for the experiments con-
ducted. Therefore, it is reasonable to assume that the temperature measure-
ments of the RFID tags are appropriately calibrated. The communication
distance between the tags and the corresponding antenna is 20 mm. To en-
sure an alignment of the antenna to the tag, where the communication is
stable, the reader also has a search mode in addition to the measurement
mode. In this mode, only the number of tags currently found is displayed,
so that stable communication between the reader and tag can be established
by moving the antenna accordingly. After that, it is possible to switch the
reader to the measuring mode, in which the data is recorded for a preset

period of time and at certain intervals.

2.2.1. Temperature Measurement at Azial Positions

In the first experimental setup, the temperature is investigated in a fixed
bed, with four tags placed in the axial direction. The reactor consists of
a glass tube with an inner diameter of D = 25.4mm and a length of L =
600 mm and is filled with ring shaped particles. The ceramic particles with an
outer diameter dyyier = 10 mm, an inner diameter dj,n., = 6 mm and a height
of hy, = 10mm are filled with a single particle drop into the reactor tube. To
insert the RFID tags, they are placed at specific axial positions, just like the
particles. For comparison with conventional temperature measurement, the
glass tube is equipped with two K-type thermocouples with typical expected
bias error of 2.2 K, which are located at the axial position 1 and 4 near the
corresponding tags [49]. The reactor tube as well as the thermocouples and
tags in the fixed bed are shown in Fig. [2]

With a fan heater, hot air flows through the reactor and heats up the

10
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Figure 2: Experimental setup for the temperature measurement inside the fixed bed at

different axial positions.

particles and the glass tube wall. The tube in this experiment is not ther-
mally insulated in order to avoid possible interference with the signal due to
additional shielding and to have an unobstructed optical access to the fixed
bed. It should be mentioned that thermal insulation with metal, e.g. alu-
minum foil, is not meaningful, as it would lead to a Faraday cage that would
no longer allow communication with the RFID tags. Therefore, thermal

insulation with another material, e.g. glass yarn fabric, would be necessary.

2.2.2. Fized Bed with Temperature Measurement Inside a Particle

In the second experimental setup, the temperature in a fixed bed is mea-
sured using an RFID tag inserted inside a 3D-printed particle. For this
purpose, the reactor is mounted vertically and immersed in a cylinder filled

with hot water. A statement can be made about whether the RFID tag does

11
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Figure 3: Experimental setup for comparison of measured fluid temperature vs. temper-

ature inside a particle using an RFID tag in a 3D printed particle.

still operate through two layers of glass, the heating medium water, the fixed
bed, and the particle itself, or whether communication is no longer possible
due to the additional shielding. In addition to the temperature measurement
in the particle, another RFID tag is also positioned in the packed bed. It
is placed on the particle bed as in the previous experiment. Thus, the tem-
perature of the gas phase can be compared with the temperature inside the
particle. The experimental setup for this investigation is shown in Fig. [3]
Therefore, the fixed bed is filled with the particle, which has the RFID
tag inside, as also 3D printed particles of the same size, shown in Fig.[3] The
particles are additively manufactured with the Ultimaker 3 3D printer from
Ultimaker B.V. (Urecht, the Netherlands) using polypropylene (PP) for the
particle with RFID tag and polylactic acid (PLA) for the other particles.

12
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Although the melting points of the 3D printing filaments used are higher,
they are only dimensionally stable up to approx. 65°C, which is why a
water temperature of 60°C is selected for the heating jacket. In a further
experiment, non-metallic thermal insulation is placed between the antennas

and the outer wall of the heating jacket.

3. Results and Discussion

3.1. Temperature Comparison

First, the temperature of the RFID measurement system is compared
with that of a conventional thermocouple. For this purpose, both are placed
in an empty glass cylinder (no other particles inside). The temperature of
the surrounding air is measured for 5min and then the tube is filled with
hot water. Thus, the immediate temperature rise, as well as the subsequent
cooling of the water for 30 min, is recorded with both measuring methods.
The two temperature profiles over time are shown in Fig. [

While the RFID tag and the thermocouple measure the same temperature
in cool air, there is a small difference of around 2°C when the hot water is
cooled. The mean absolute deviation between the thermocouple and the
RFID tag is 1.73 K, while the mean relative deviation amounts to 3.65 %.
Nevertheless, the course of both curves is the same. The difference can be
explained by the different positions of the tag and the thermocouple in the
glass tube. While the RFID tag sinks in the water and is therefore at the
bottom of the container, the thermocouple is fixed in the same radial position,
but at a small distance above the RFID tag. The temperature difference

can therefore be explained by a higher cooling rate at the glass tube wall.

13



276

278

279

281

282

283

284

285

286

80 A

70 1

60

Temperature / °C

0 5 10 15 20 25 30 35
Time / min

Thermocouple Cold Air
e RFID Tag N Hot Water

Figure 4: Temperature of an RFID tag, compared to a thermocouple in cooling water

inside a cylinder.

In addition to this explanation for the temperature difference, it should be
noted at this point that the observed difference is smaller than the typically
expected error of a Type K thermocouple. Overall, the experiment shows

that the RFID tag delivers same temperature values as a thermocouple.

3.2. Heated Fired Bed

In the next step, the fixed bed of hollow cylinders with four tags and
two thermocouples, shown in Fig. [2] is heated with a hot air stream. Firstly,
constant heating is performed to obtain the temperature over time at different
positions in the fixed bed. Secondly, the dynamic behavior of the temperature
sensors is investigated by switching the fan heater between two temperature

levels.

14
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Figure 5: Temperature at different positions of a fixed bed for two different heating levels

(inlet temperature: a) 100°C, b) 130 °C) measured with RFID tags and thermocouples.

3.2.1. Constant Heating

Fig. [5| presents the temperature profiles over time for two different tem-
perature levels and for the four axial positions in the fixed bed. Since the
tube is not thermally insulated, the heat loss through the tube wall is consid-
erable. However, the lack of insulation serves to obtain a stable signal from
the tags. Shielding with metal would result in a Faraday cage, which would
mean that communication between the RFID tag and the reader would no
longer be possible. The particles are heated up very slowly so that the steady
state is not yet reached at the rear axial positions. For axial positions 1 and
4, the temperature was also recorded with a thermocouple being place near

the tags.
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The variation of temperature over time shows agreement for the two tem-
perature levels and differs only in the maximum temperature reached. It can
be observed that, the foremost axial position heats up the fastest, while heat-
ing up slows down with increasing distance from the inlet. Due to the lack
of heat shielding, the heat loss over the tube wall is considerable and results
in only a moderate temperature rise in the axial position. While the maxi-
mum temperature for position 1 in Fig. |5 a) is approx. 85°C, the maximum
temperature for Fig. |5| b) is higher at slightly more than 120°C. It can be
observed that for both cases, the axial positions 1 and 2 have already reached
a stable temperature at approx. 7 and 15 minutes, respectively, while the
temperature at positions 3 and 4 are still increasing. A comparison between
the thermocouples and the RFID tag shows a considerable difference only
for the axial position 1. The reason for this is not a difference due to the
measurement method, since both temperature sensors deliver the same val-
ues, as already shown in Fig. [l Rather, the exact position of the sensors in
the fixed bed is the source of the different temperatures. As can be seen in
Fig. [2 for axial position 1 (blue encircled sub-figure down right), the RFID
tag is located exactly between 2 rings. Thus, the RFID tag reports most
likely the temperature of the ceramic rings rather than the temperature of
the hot air stream. In contrast, the tip of the thermocouple is located in
the hot air stream slightly above the rings and therefore measures the gas
temperature. Unintentionally, the radial temperature profile inside the tube
is reported here. In light of the variance in final temperatures observed at
these two positions, it is important to note that the relatively slower heating

rate exhibited by the RFID tags should not be misconstrued as indicative of

16



323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

a delay inherent to the measurement method. Figure 4 illustrates that both
measurement methods are capable of closely replicating the same tempera-
ture profile over time when subjected to a gradual cooling process. In order
to comprehensively investigate the potential presence of delay time under
rapidly changing temperature conditions, further dynamic experiments will
be conducted in the subsequent phase of this research.

This study shows that it is possible to record the temperature at different
positions with the RFID tags inside a fixed bed and through the glass tube
wall. Furthermore, it is shown that also the radial position of the tempera-
ture sensor has an influence on the measured temperature. Even though the
temperature measurement with the tags in the fixed bed disturbs the struc-
ture less than with the thermocouples penetrating the fixed bed, there is still
a disturbance from the RFID tags, which are shaped differently from the
particles. In chapter[3.2.3] an RFID tag is therefore imprinted into a particle
using additive manufacturing in order to be able to measure the temperature
without affecting the structure. Of particular interest is the difference be-
tween the measured temperature in the fluid phase and in the particle itself,
which will be discussed. Before that, however, the dynamic heating behavior

is presented.

3.2.2. Dynamic Heating

To investigate the dynamic behavior of the temperature measurement,
the system is switched between the two temperature levels. Since the ther-
mocouple and the RFID tag measure different temperatures due to their
different positions in the fixed bed, the temperature is normalized with the

minimum 7y, and the maximum temperture 7y,.y:

17
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The temperature reported in the following is always that of axial posi-

Al =

tion 1 from Fig. [f] (blue encircled). Fig. [f] shows the dynamic temperature
Af for two different heating intervals, i.e., a) 10min and b) 5min. Due to
the normalization of the temperature, a comparison of the dynamic behavior
between the thermocouple and RFID tag is possible. For the 10 min interval,
both reported temperatures show a saturation for the heating and cooling
process after approx. 7min. The temperature measured with the thermo-
couple exhibits fluctuations, that might originate from unsteady fluid flow
conditions. Contrarily, the RFID tag shows a smooth temperature profile.
Since the RFID tag is positioned between two particles, it reports the tem-
perature of the slightly more inert solid phase. This shows that the RFID
tag is also suitable for dynamic experiments in fixed bed reactors.

In Fig. @ b) for the 5 min interval, the final temperature is not reached.
This agrees with Fig. 5], where the maximum temperature at axial position
1 is not reached after 5min. These studies show that the measurement with
an RFID tag has the same quality as that with a thermocouple, since both
can reproduce the same dynamic response in temperature measurement. It
is worth noting that the investigations conducted provide no indication of a
delay time associated with the RFID tags when compared to the thermocou-

ples.

3.2.3. Fized Bed with Tag in Particle
The second fixed-bed test setup compares the temperature of the fluid

phase (RFID tag as-is) with the temperature measured inside a particle
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Figure 6: Dynamic behavior of the temperature for a) 10 min and b) 5 min heating/cooling

intervals, normalized to the minimum and maximum temperature.

(RFID tag in the 3D-printed particle). As Fig. [7] shows, the RFID signal
can pass through the two glass tube walls, the heating medium water, and
the bed structure, as well as the particle itself (RFID tag in the 3D-printed
particle), and thus transmits the temperature data. While the temperature
is almost the same at the beginning, the RFID tag in the fluid is heated
faster, while the RFID tag in the particle reaches its maximum value about
5min later.

A difference can also be observed in the reported cooling process. Due
to the delay of heating up, this starts later in the particle, whereby a lower
maximum temperature is also reached. However, the particle also cools down
more slowly than the fluid, which leads to an inversion in which the particle

interior is warmer than the fluid starting from approx. ¢ = 17min. This can
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Figure 8: Possibilities of central and surface-near integration of an RFID tag inserted into

a cylindrical particle.

be explained by the fact that the particle itself stores the energy through
its heat capacity and thus cools down more slowly. The result shows that
different temperatures are measured with the RFID tag as-is and the RFID
tag in-particle when the reactor is under dynamic operation.

In the case tested here, the RFID tag is located in the center of the 3D
printed particle and therefore measures the particle temperature rather than
the temperature of the surrounding fluid phase. This information might be
interesting for catalytic reactions, for example. For an accurate measurement
of the fluid temperature without disturbing the fixed bed structure, the RFID
tag could be placed in the particle so that the sensor surface is flush with the

particle outer surface, see sketch in Fig. 8]

3.3. Limitations

One of the measurement system’s current limitations is the gap in recorded
data. While the RFID tags are found in search mode, measurement mode
partially shows a data gap. Fig. |§] a) reports measurement points for all axial

positions of the large fixed bed setup from Fig. 2] Especially at position 2
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(orange encircled), the measurement gap is significant (less than 20% of the
data is recorded). The measurement gap MG is calculated from the number
of measurement points that should be made ny; and the actual number of

received measurement points ngps:

MG = (1 - ”Obs) -100 % 2)

Nget,

In general, a data loss can originate from three facts. Either the electro-
magnetic field is not sufficient to supply the RFID tag with enough energy,
or the transmission of the measured data no longer reaches the reader due
to a signal strength that is too weak or by an interfering transmitter. In the
presented case, the reason for the measurement gap is an unstable connection
between the antenna of the reader and the RFID tag due to a non-ideal align-
ment of the RFID tag to the antenna. The tags have the optimal alignment
when they are in the center of the antenna and oriented in line with the front
face of the antenna, see Fig. |§| b). In contrast, it is not possible to receive
a signal at a 90° angle to the antenna’s front face. Since the orientation of
the RFID tag cannot be changed exactly in a fixed bed, the antenna must
be aligned accordingly, which for design reasons does not always result in an
ideal antenna-tag arrangement.

In addition, care must be taken not to place the antennas too close to
each other, as they also influence each other. Otherwise, it leads to a mea-
surement gap, which becomes smaller with a larger distance between the
antennas (Fig. [0 b)). The experiments are carried out with two tags with
an optimal orientation to the antenna. The axial distance is varied and the

measurement gap is calculated according to Eq. [2] for the corresponding an-
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Figure 9: a) Measurement points over time for different axial positions (for setup illustrated
in Fig. [2) an corresponding measurement gap; b) measurement gap as a function of the

axial distance between two antennas.

tennas. At an axial distance of 5cm both antennas receive no signal from
the tags. For larger distances, almost all measurement points from antenna
2 are received. Contrarily, antenna 1 shows a large measurement gap of
80% at 6 cm, which decreases to a value of about 10% when the distance
is increased to 10cm. At a distance of more than 10 cm, the measurement
gap drops to 0% and there is no longer any mutual interference. Since the
system under consideration operates in the HF range (13.56 Hz), it is diffi-
cult for the reader to assign the signals correctly. These results show that
with the current RFID technology, a distance of 10cm between tags must
be maintained to ensure complete data collection. Compared to other axial
temperature measurement setups for fixed bed reactors, this appears to be
a major disadvantage in axial resolution, since FBGs, for example, can have

millimeter resolution. An improvement seems to be achievable with a system
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that operates in a different frequency range and thus uses tags with different
frequencies. Also, the current communication distance of 20 mm is still too
low, as it clearly limits the fixed bed reactor outer diameter.

Furthermore, the current dimensions of the RFID tags (d = 10 mm) used
is a major drawback. Particles with inserted RFID tags are much larger than
the typical size of catalytic fixed bed reactor pellets, which are in a range
between 5-10 mm in diameter and height [5]. Therefore, the RFID tags must
be made smaller, which especially affects the antenna design of the tags.

In addition, the signal is shielded by metal-containing thermal insulation
and above all cannot be transmitted through any kind of metal (Faraday
cage). Therefore, current applications are still limited to research reactors
made of glass and without metallic thermal insulation. Furthermore, without
direct optical visibility, it is difficult to accurately determine the axial position
of the RFID tag. This can only be realized via the signal strength to the
antennas. Determining the exact radial position, on the other hand, is not
yet possible according to the current state of the art. Additionally, the
tags used in this work are limited to a maximum temperature of 140 °C
due to their semiconductor technology. This is still too low for chemical
engineering applications in reactive fixed beds and would therefore have to
be significantly increased by using other materials. It is worth mentioning
that there is already semiconductor technology based on the material Silicon
Carbide (SiC), which can also operate in a temperature range of up to 500 °C

50).
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4. Conclusions

This study shows that it is possible to accurately measure the tempera-
ture in a fixed bed reactor using current RFID technology without disturbing
the bed structure (non-invasive measurement). The RFID tags can be placed
directly at different positions in the fixed bed, although this slightly influ-
ence the local bed structure. If RFID tags are integrated into particles,
with for example 3D printing techniques, the original bed structure can be
maintained. This is especially meaningful for low tube-to-particle-diameter
ratio fixed bed arrangements, where thermowells highly influence the reactor
behavior [19, 20]. The advantages of such a system can be summarized as

follows:
e Dynamic temperature measurement within the fixed bed.

e Minimal/No impact on the fixed bed structure; temperature measure-

ments represent the entire tube bundle effectively.

At the moment, RFID technology can be used in lab-scale reactors to
accurately measure temperature at moderate levels. In order to use RFID
in industrial-relevant catalytic fixed bed reactors, further research is needed.

Current limitations include:

e The current range limitation of the RFID tags is approx. 20 mm, when

using the high-frequency range.

e The signal is shielded by thermal insulation, especially if it contains

metal and thus forms a Faraday cage.
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e Axial resolution is limited to about 10 cm due to mutual interference

of neighboring antennas.

e Measurement gaps occur up to 100%, if the distance between antennas

is too small.

e Measurement gaps are caused by the alignment of the particles to the

antenna.

e The dimensions of the RFID tags are too large.

While the range could be improved by signal strength or change of fre-
quency, the shielding of a Faraday cage cannot be overcome. In this case, ap-
propriate non-metallic materials and insulation should rather be considered.
The alignment in the fixed bed cannot be influenced, since the particles are
randomly arranged in the reactor. This requires a suitable antenna system
that can detect the signals from the RFID tags regardless of their orienta-
tion and position in the fixed bed. The size of the RFID tags must also be
minimized to fit into smaller particles.

Nevertheless, it has been shown that temperature measurement with
RFID technology in fixed beds is possible and relatively simple, and has
some advantages over thermocouples that disturb the fixed bed structure.
Furthermore, this technology allows the measurement of temperature inside
a particle, which makes completely new experimental data accessible, for ex-
ample for single catalytic particle studies [51, [62], and the temperature in
the fixed bed can be measured completely without disturbing the structure.

In addition to the measurement of temperature, there is great interest to
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measure contactless with RFID other quantities, such as pressure and con-
centration, in fixed bed reactors. Overall, it has been demonstrated that
temperature monitoring in fixed bed reactors using RFID tags can offer an
advantage by providing temperature profiles from tubes with a representative
structure. However, further research is still required to address the challenges

highlighted.
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