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ABSTRACT

Background. Experimental characterization of granular beds for sorption thermal
energy storage requires simultaneous measurement of gas-flow resistance and
temperature using flexible multichannel data acquisition. This study developed a
Raspberry Pi 5-supervised measurement system for a natural clinoptilolite packed bed.

Materials and Methods. Experiments were performed in a thermally insulated 0.5 m?
reactor containing a 0.4 m clinoptilolite bed with a particle-size fraction of 0.5-1.0 mm.
Oxygen was used as the working gas. Pressure signals were processed by a miniSTM32-
based subsystem, while ten Pt1000 sensors, ADG732 multiplexers, and an AD7124-4
converter were used for temperature monitoring. Three repeated series were performed at
eight gas-flow settings. Pressure-flow data were analyzed using mean values, sample
standard deviation, and linear regression; temperature-pressure relationships were
evaluated by linear regression and Pearson correlation. A stationary two-dimensional
MATLAB model was used to assess the thermal response.

Results. Functional operation of the platform was verified, including a 41-point
comparison of three pressure channels showing close inter-channel agreement. Pressure
drop ranged from 7.93 to 99.79 kPa, while the mean value increased from 25.49 to 93.41
kPa. Linear regression showed a significant positive pressure-flow relationship
(R?=0.840, p = 0.0014). Temperature remained within 16.83—-16.92 °C, with no significant
dependence on pressure drop. MATLAB-calculated mean temperatures differed from
experimental means by no more than 0.08%, and the calculated temperature increase due
to viscous dissipation was below 0.005 °C.

Conclusions. The developed system enables integrated measurement of gas-flow
resistance and temperature in a natural clinoptilolite packed bed. Experimental and
numerical results indicate that substantial changes in flow resistance were not
accompanied by a detectable systematic temperature response under the investigated
conditions. The architecture provides a basis for further studies of zeolite beds under
controlled sorption conditions relevant to thermal energy storage.
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INTRODUCTION

The increasing integration of intermittent renewable energy sources and the need for
more efficient use of industrial waste heat have intensified the demand for thermal energy
storage technologies capable of decoupling heat generation from consumption. Among
sensible, latent, and thermochemical storage concepts, sorption-based thermal energy
storage is particularly attractive for long-term applications because energy can be stored
through reversible adsorption—desorption processes with relatively high storage density
and limited heat loss during the storage period. Zeolites are among the most extensively
investigated sorption materials owing to their microporous structure, high affinity for polar
adsorbates such as water vapor, thermal stability, and cyclic adsorption capability [1-5].

Both synthetic and naturally occurring zeolites have been investigated for thermoche-
mical heat storage. Synthetic zeolite 13X generally exhibits high water uptake and favorable
sorption performance, whereas natural zeolites are of interest because of their availability
and potentially lower material cost. Recent studies have shown that the practical perfor-
mance of zeolite-based storage systems depends not only on intrinsic sorption properties
but also on heat and mass transfer conditions within the granular bed [1-3]. Consequently,
the characterization of natural zeolite beds under controlled gas-flow conditions remains
relevant when such materials are considered for thermal energy storage reactors.

In packed-bed reactors, gas-flow conditions directly influence pressure loss, mass
transfer, and the spatial and temporal evolution of the temperature field. Experimental and
numerical studies of zeolite reactors have demonstrated the importance of airflow rate, humi-
dity, reactor geometry, and axial position for the resulting thermal response [6, 7]. Pressure
drop is also an essential reactor-design parameter because it determines flow resistance and
affects the energy required to transport the working fluid through the bed. Its magnitude
depends on particle size and shape, bed porosity and dimensions, fluid properties, and
superficial velocity; therefore, reliable simultaneous measurements of gas flow and pressure
at representative locations are necessary for adequate packed-bed characterization [8].

Temperature measurements provide complementary information on heat-transfer
processes occurring inside a packed bed. Modern experimental studies increasingly
employ spatially distributed temperature sensing rather than relying exclusively on inlet
and outlet temperatures. Such measurements allow thermal fronts, temperature
gradients, and reaction zones to be identified and related to operating conditions [9,10].
In zeolite sorption reactors in particular, high-resolution intra-reactor temperature profiling
has recently been used to characterize reaction-zone propagation and its relationship
with thermal output [10]. These results indicate that a multichannel measurement system
capable of acquiring temperature data at several positions within the bed can provide
substantially more information than a single-point temperature measurement.

The implementation of such experiments requires a data acquisition system capable
of integrating heterogeneous measurement channels, including resistive temperature
sensors and pressure transducers, with signal conditioning, analog-to-digital conversion,
data logging, and subsequent processing. Single-board computers such as the
Raspberry Pi can serve as a supervisory acquisition and processing platform, while
dedicated analog front-end circuits and microcontroller-based modules perform sensor-
specific signal conditioning and low-level measurement tasks [11-15]. Such a distributed
architecture provides flexibility for multichannel experiments and facilitates the integration
of different sensor interfaces within a common measurement environment.

Despite considerable progress in both zeolite-based thermal storage
characterization and embedded data acquisition technologies, these two research
directions are commonly addressed separately. Experimental studies of granular sorption
beds require simultaneous information on gas-flow resistance and temperature behavior,
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whereas the acquisition of spatially distributed data demands a flexible multichannel
measurement architecture. Integrating these functions within a dedicated embedded
platform can facilitate experimental characterization of zeolite beds and provide a basis
for further monitoring and control of thermal storage systems.

Therefore, the aim of this study was to develop and experimentally evaluate a
multichannel embedded measurement system, supervised by a Raspberry Pi 5, for the
characterization of a natural zeolite packed bed intended for thermal energy storage
applications. The system integrates pressure and temperature measurement channels,
dedicated signal-processing electronics, and embedded data acquisition. The experimental
study focused on gas-flow resistance and temperature behavior in a 0.5 m® reactor filled
with a 0.5-1.0 mm zeolite fraction. A MATLAB-based numerical model was additionally
used for preliminary simulation and visualization of the temperature distribution.

MATERIALS AND METHODS

Experimental setup and test material

The experimental investigations were carried out using a thermally insulated cylindrical
reactor with a nominal internal volume of 0.5 m?® (Fig. 1). The reactor was manufactured
from AISI 304 stainless steel and had an internal diameter of 0.71 m, a maximum internal
height of 1.25 m, and a wall thickness of 0.8 mm. The total mass of the reactor was
approximately 20 kg. The reactor was installed on a mobile platform and thermally insulated
to reduce heat exchange with the surroundings during the experiments.

The gas supply was introduced through a single 8 mm diameter inlet located at the
bottom of the reactor, whereas the outlet of the same diameter was located in the upper
cover. The pressure was monitored at the reactor inlet and outlet and at five levels along
the bed height. At each internal measurement level, pressure readings were obtained
from four circumferentially distributed pressure ports and averaged to characterize the
local pressure conditions within the bed. The gas flow rate was measured using an
Aalborg SMR1 glass-tube rotameter installed at the reactor outlet. For the 0—-150 mm
scale configuration, the manufacturer specifies an accuracy of 2% of full scale and a
repeatability of £0.25%. Oxygen was supplied from a compressed-gas cylinder through a
pressure regulator and used as the working gas during the permeability experiments.

temperature measurements in the zeolite packed bed
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Natural clinoptilolite of volcanic origin from a Slovak deposit, with a particle-size
fraction of 0.5-1.0 mm, was used as the granular bed material. During the reported
experiments, the zeolite bed height was 0.4 m. The loose bulk density of the zeolite was
0.82 g cm™3, while the geometrically determined interparticle bed porosity was € = 0.41.
Measurements of volumetric gas flow rate V', pressure drop AP, and temperature T were
performed under single-phase gas-flow conditions. The data obtained were subsequently
used to characterize the relationship between gas-flow rate and flow resistance and to
analyze the thermal response of the zeolite bed.

Measurement system and data acquisition

A multichannel measurement and data acquisition system was developed with the
Raspberry Pi 5 acting as the supervisory acquisition and processing platform. The system
was organized into two main measurement branches: a pressure-measurement
subsystem and a multichannel temperature-measurement subsystem. Sensor-specific
signal processing was performed at the lower hardware level, whereas the Raspberry Pi
5 provided integration of the measurement channels, communication with peripheral
modules, data acquisition, and subsequent data handling. A dedicated measurement
board was designed, assembled, and commissioned for this purpose. The functional
architecture of the developed measurement and data acquisition system is shown in
Fig. 2. During functional testing, the power supply, communication interfaces, and
operational stability of the hardware were verified. The measurement application provided
the communication interfaces required by the implemented subsystems, including SPI for
communication with the AD7124-4 converter and an asynchronous serial interface using
the Modbus RTU protocol for communication with the miniSTM32-based pressure
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Fig. 2. Functional architecture of the embedded measurement and data acquisition system for pressure and
multichannel temperature monitoring of the zeolite packed bed
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subsystem. The three pressure-measurement channels were designated P1, P2, and P3,
corresponding to the reactor inlet, the zeolite bed, and the reactor outlet, respectively.

The main components, their functions, and their integration within the measurement
system are summarized in Table 1.

Semiconductor differential pressure sensors of the MPX5010 or MPX5100 series
were used depending on the required measurement range (10 or 100 kPa). The sensors
incorporate temperature-compensated piezoresistive sensing elements and integrated
signal amplification. According to the manufacturer’s specifications, the nominal transfer
characteristics of the sensors can be expressed as:

VOUT = Vs(kP + 0004‘), (1)

where Vyyr is the sensor output voltage, Vs is the supply voltage, P is the differential
pressure, and k is the pressure-sensitivity coefficient equal to 0.09 kPa~' for the
MPX5010 and 0.009 kPa~" for the MPX5100. The output-voltage tolerance specified for
the sensor characteristic is £ 5% of the full-scale output span Vrgs, which is typically
450V atVs=5.00V.

Table 1. Main components and functional organization of the measurement system

Component

/ subsystem Function Configuration / interface System integration

10 sensors: 1 atthe  Connected to the temperature

Pt1000 Temperature  inlet, 8 within the zeolite measurement chain through
sSensors measurement  bed, and 1 at the outlet; the ADG732 multiplexers and
three-wire connection AD7124-4 converter
Provides sequential selection of
Temperature- Multichannel analog Pt1000 channels for
ADG732 . : -
channel selection multiplexer subsequent analog-to-digital
conversion
C(')Drtl;gi(:)omsr:gnaar: d 24-bit sigma-delta ADC; Provides digital temperature
AD7124-4 9a communication with data to the central acquisition
analog-to-digital P
; Raspberry Pi 5 via SPI platform
conversion
Measurement ranges of
MPX5010 / . . 10 and 100 kPa, . .
MPX5100 Differential respectively: three Se_nspr signals supplied to the
pressure o ) miniSTM32-based pressure-
pressure measurement creglEien Gk processing subsystem
sensors P1, P2, and P3, analog y
output
STM32F103VCT6- Digitizes and processes
- Processing of  based subsystem; ADC pressure-sensor signals and
miniSTM32 . : .
pressure-sensor  conversion and signal  transmits calculated pressure
module ; : .
signals averaging, Modbus RTU values to the supervisory
serial communication acquisition system
. Integrates the temperature and
. Central computing
Centralized data i pressure measurement
REEPECIy acquisition and pIEtem; SIP1 el subsystems and provides data
Pi 5 d Modbus RTU serial y P

processing logging and subsequent

communication .
processing
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For a supply voltage of 5.00 V, the nominal zero-pressure output voltage is 0.200 V.
However, the experimentally determined zero-offset voltages of the sensors used in the
measurement system were 0.182 V for the inlet channel, 0.176 V for the bed channel,
and 0.182 V for the outlet channel. In addition, the sensor output signals were adjusted to
the input-voltage range of the microcontroller ADC by a signal-level matching circuit. To
account for the individual zero-offset deviations and the signal-conditioning stage, a
corrected linear characteristic was determined separately for each pressure-
measurement channel:

P=A-Uppciv + B, (2)

where P is the calculated pressure, Uypcry is the conditioned voltage applied to the ADC
input, and A and B are channel-specific correction coefficients. The experimentally determi-
ned parameters of the three pressure-measurement channels are summarized in Table 2.

Pressure-sensor signals were processed using a miniSTM32 module based on the
STM32F103VCT6 microcontroller. The three analog sensor signals were connected to
the microcontroller ADC inputs, converted into digital form, averaged, and and
subsequently converted to pressure values using the corrected channel characteristics
given by Eq. (2). The calculated pressure values were displayed locally on the integrated
LCD and transmitted to the supervisory data-acquisition system through an asynchronous
serial link using the Modbus RTU protocol.

The temperature-measurement branch was based on ten Pt1000 platinum
resistance temperature sensors. One sensor was installed at the reactor inlet and one at
the outlet, while eight sensors were distributed vertically within the zeolite bed to obtain
spatially resolved temperature information. The sensors operated in a three-wire
configuration to reduce the influence of lead resistance. The Pt1000 measurement circuit
used precision excitation current sources integrated into the AD7124-4 to convert sensor-
resistance variations into voltage signals suitable for differential measurement and
subsequent analog-to-digital conversion. Individual measurement channels were selected
through ADG732 analog multiplexers, while signal conditioning and analog-to-digital
conversion were performed using a 24-bit sigma-delta AD7124-4 converter interfaced
with the Raspberry Pi 5 via SPI. The temperature acquisition circuitry was implemented
as a dedicated shield for the Raspberry Pi platform, thereby providing a compact
multichannel front end for monitoring the temperature distribution within the reactor.

At the system level, the Raspberry Pi 5 therefore acted as the common integration
point for the pressure and temperature measurement branches. The pressure subsystem
communicated with the supervisory platform through Modbus RTU, whereas the AD7124-
4 temperature-conversion subsystem was interfaced through SPI. This separation
between sensor-specific front-end electronics and the supervisory acquisition platform
allows heterogeneous measurement channels to be incorporated into a single embedded
system while retaining dedicated signal-processing paths for different sensor types.

Table 2. Parameters of the corrected pressure-measurement channel
characteristics

Pressure channel UOUT, V UADCIN, V A, Pa/V B, Pa
P1 (inlet) 0.182 0.126 3209.877 -404.444
P2 (bed) 0.176 0.122 3205.829 -391.111
P3 (outlet) 0.182 0.127 3184.602 -404.444
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Generalized cyber-resilience model synthesized from the literature

Gas-flow experiments were performed with the reactor filled with a 0.4 m layer of
natural zeolite with a particle-size fraction of 0.5-1.0 mm. Oxygen was supplied to the
bottom of the reactor through the pressure regulator, passed upward through the granular
bed, and discharged through the outlet in the reactor cover. Three repeated
measurement series were performed. Each series comprised eight gas-flow settings, for
which the volumetric flow rate V', pressure drop AP, and temperature T were recorded.
The same set of volumetric flow-rate values was used in all three series, enabling
comparison of the repeatability of the measured pressure and temperature responses.

Prior to the packed-bed experiments, the agreement between the three pressure-
measurement channels was evaluated by applying identical pressure conditions to the
sensor inputs and comparing the calculated pressure values for channels P1, P2, and P3.
The differences P1 — P2, P1 — P3, and P2 — P3 were determined for each test point. This
procedure was used to assess inter-channel consistency after application of the individual
correction characteristics.

The experimental data were analyzed in terms of two principal relationships: the
dependence of pressure drop on volumetric gas-flow rate, AP = f(V"), and the dependen-
ce of measured temperature on pressure drop, T = f(4P). For each of the eight gas-flow
settings, the pressure-drop measurements from the three repeated measurement series
were summarized using the arithmetic mean and sample standard deviation (SD, n = 3).
The pressure-flow relationship was evaluated using linear regression applied to the mean
pressure-drop values obtained at the eight gas-flow settings. The goodness of fit was
assessed using the coefficient of determination R?, and the statistical significance of the
regression slope was evaluated using a two-sided test with a significance level of p < 0.05.

Because the measured temperature variations were small compared with the range
of pressure changes, the T = f(4P) data were analyzed separately to determine
whether a systematic relationship between the two variables could be identified. Linear
regression and the Pearson correlation coefficient r were used to evaluate the direction
and strength of the relationship. Statistical significance was assessed using a two-sided
test with a significance level of p < 0.05. Statistical processing of the tabulated
experimental data was performed using Python 3.13 with the NumPy and SciPy libraries.

In addition to the experimental data analysis, a stationary two-dimensional nhumerical
model of energy and momentum balance in the porous zeolite bed was implemented in
MATLAB. The model was used to evaluate whether the experimentally observed weak
relationship between pressure drop and bed temperature was physically consistent with
the expected thermal response of the system. The energy balance included heat
generation associated with viscous dissipation of the gas flow and convective heat
transfer through the reactor walls. The calculated mean bed temperatures were
subsequently compared with the corresponding experimental mean temperatures
obtained for the three measurement series.

RESULTS AND DISCUSSION

Measurement system implementation and functional evaluation

The proposed measurement architecture was implemented as a dedicated hardware
and software platform for the experimental reactor. The custom measurement board was
designed, assembled, and commissioned for operation with the Raspberry Pi 5. Initial
verification included inspection of the assembled circuitry, replacement of faulty
components where required, and functional testing of the power supply and
communication interfaces. Particular attention was given to the SPI interface used by the
AD7124-4 temperature-conversion subsystem, whose operation was successfully verified
during commissioning. The miniSTM32-based pressure subsystem was also integrated
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with the supervisory acquisition platform, including analog-to-digital conversion of the
pressure-sensor signals, signal averaging, calculation of pressure values using the
corrected channel characteristics, local visualization on the LCD, and data transmission
through the Modbus RTU serial link.

The functional consistency of the three pressure-measurement channels was
evaluated under identical pressure conditions. A total of 41 comparison points were
recorded for channels P1, P2, and P3. As shown in Fig. 3a, the three channels followed
the same imposed pressure profile over the complete set of 41 comparison points.
Because the pressure values obtained from the individual channels were very close, the
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Fig. 3. Inter-channel comparison of pressure measurements under identical applied-pressure conditions: (a)
pressure readings of channels P1, P2, and P3; (b) pairwise differences between the pressure-channel
readings
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curves largely overlapped. The pairwise differences shown in Fig. 3b provide a more
detailed representation of the inter-channel deviations. The comparison revealed a small
but systematic channel-dependent offset, particularly between P3 and the other two
channels, supporting the use of individual correction characteristics. The comparison also
revealed persistent channel-dependent offsets, particularly between P3 and channels P1
and P2, supporting the use of the individual correction characteristics. Since the
verification procedure was based on comparison of the three channels under identical
input conditions rather than against an independent reference pressure instrument, the
results are interpreted as an assessment of inter-channel consistency rather than
absolute measurement accuracy.

The AD7124-4-based temperature-acquisition subsystem was integrated with the
Raspberry Pi 5 measurement application, and Pt1000 temperature measurements were
tested as part of the commissioning procedure. Functional testing confirmed operation of
the multichannel temperature-measurement path, including channel selection through the
ADG732 multiplexers, signal conditioning and 24-bit analog-to-digital conversion using
the AD7124-4, and data acquisition at the Raspberry Pi level.

The functional tests therefore confirmed operation of both measurement branches
and their integration within the common supervisory platform. The pressure subsystem
provided corrected and averaged pressure values through the miniSTM32/Modbus RTU
acquisition path, while the temperature subsystem provided spatially distributed Pt1000
measurements through the AD7124-4/SPI path. Following commissioning and inter-
channel verification, the integrated system was used to acquire pressure and temperature
data during the zeolite packed-bed experiments, while the corresponding volumetric gas-
flow rate was measured independently using the outlet rotameter.

Gas-flow resistance and thermal response of the zeolite bed

The experimental results obtained for the natural zeolite fraction of 0.5-1.0 mm and
a bed height of 0.4 m are presented in Fig. 4. Three repeated measurement series were
performed using the same eight volumetric oxygen-flow settings. Over the investigated
range of I/'=3.83-10° to 3.07-10-8 m*s~', the measured pressure drop ranged from 7.93
to 99.79 kPa. Although the overall pressure drop increased with increasing gas-flow rate,
the individual measurement series exhibited different degrees of nonlinearity and scatter
(Fig. 4a). The mean pressure drop calculated from the three series increased from 25.49
kPa at the lowest flow setting to 93.41 kPa at the highest setting. Linear regression of the
mean values showed a significant positive relationship between volumetric flow rate and
pressure drop R? =0.840, p =0.0014. The variability between the individual
measurement series was particularly pronounced at the lower flow rates, indicating that
the repeatability of the experimental pressure-drop response should be considered when
interpreting the gas-flow characteristics of the bed.

The observed overall increase in pressure drop with gas-flow rate is consistent with
the expected gas-flow resistance behavior of a granular packed bed. However, the
available data characterize the overall flow resistance rather than directly determining the
intrinsic permeability of the zeolite bed. A quantitative interpretation using Darcy- or
Ergun-type relations would additionally require parameters such as superficial gas
velocity, bed porosity, gas properties, and an appropriate flow-regime criterion [8].
Therefore, the present results are interpreted primarily as an experimental
characterization of the relationship between gas-flow rate and pressure loss in the
investigated zeolite bed.

In contrast to the pressure response, the temperature remained within a very narrow
range throughout the experiments (Fig. 4b). Across all 24 measurement points, the
recorded temperature varied from 16.83 to 16.92 °C, corresponding to a total variation of
only 0.09 °C and an overall mean value of approximately 16.88 °C. Identical or nearly
identical temperature values were observed at substantially different pressure drops. This

EnekTtpoHika Ta iHpopmauinHi TexHonorii « 2026 « Bunyck 35 213



Grzegorz Walowski, Dorota Anders et al.

110

100 -

90 -

80 1

70 1

60 1

AP (kPa)

50 1

40 1

30 1

20 1

10 4

| w00

Series |

Series Il

Series Ill

Mean = SD

Linear fit of mean values

0.0

15 20
V' (x107® m3/s)

0.5

25 3.0 35

a)

16.93
16.92 |
16.91
16.90
16.89
- 16.88 1
: 16.87
16.86
16.85
16.84 |

16.83

Series |

Series ||

Series llI

Overall mean temperature

16.82
0

10 20

30

40 50 60

AP (kPa)

70 80

90 100 110

b)

Fig. 4. Experimental characteristics of the natural zeolite packed bed (particle-size fraction 0.5-1.0 mm, bed
height 0.4 m): (a) pressure drop versus volumetric oxygen-flow rate, with mean + SD and linear
regression; (b) temperature versus pressure drop, with the overall mean temperature

indicates that changes in the hydraulic resistance of the packed bed were not
accompanied by a measurable change in its thermal state under the investigated
conditions. Linear regression performed separately for measurement series |, Il, and Il
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resulted in R? values of 0.007, 0.180, and 0.004, respectively. In all cases, the
relationship was statistically non-significant p > 0.29. Analysis of all experimental points
together also showed only a negligible correlation between pressure drop and
temperature r=0.107, RZ2=0.012, p=0.618. The measured temperature values
therefore do not support a monotonic dependence of T on AP.

The MATLAB model provided results consistent with the experimentally observed
thermal stability of the bed. A comparison of the experimental and MATLAB-calculated
mean temperatures for the three measurement series is presented in Table 3. The
calculated mean temperatures were 16.885, 16.889, and 16.878 °C for measurement
series |, Il, and lll, respectively, compared with the corresponding experimental mean
values of 16.891, 16.894, and 16.866 °C. The resulting relative differences did not exceed
0.08%. The model further indicated that the temperature increase associated with viscous
dissipation under the investigated flow conditions was below 0.005 °C. This calculated
contribution is substantially smaller than the experimentally observed temperature range
and supports the conclusion that changes in pressure drop were not accompanied by a
detectable systematic thermal response under the investigated conditions.

The observed behavior is also consistent with the broader literature on heat and
mass transfer in porous beds. Numerical studies of zeolite-based thermochemical
reactors have shown that the thermal response depends strongly on operating conditions,
including inlet-gas flow rate and sorbate content [16]. At the particle—pore scale, heat
transfer in packed beds is additionally affected by bed porosity, pore structure, and local
flow conditions [17]. Although the operating conditions considered in these studies differ
from those of the present experiments, their results support the interpretation that the
thermal response of a packed bed cannot be inferred from pressure drop alone.

The physical interpretation of this result is that the pressure drop and temperature
describe different aspects of the packed-bed behavior. The pressure drop reflects the
resistance encountered by the gas flowing through the granular material and therefore
varies strongly with the gas-flow conditions. In the present experiments, however, this
hydraulic response did not produce a detectable thermal response of the bed, which is also
consistent with the numerical results described above. Consequently, repeated temperature
values at different pressure drops should not be regarded as anomalous; rather, they
indicate that the bed remained approximately thermally stable while its gas-flow resistance
changed substantially. Since the observed temperature differences are only of the order of
hundredths of a degree Celsius, their interpretation should also take into account the
resolution, rounding, and measurement uncertainty of the complete Pt1000 acquisition
chain. Until the uncertainty of the complete Pt1000 acquisition chain is quantified, such
small differences should not be interpreted as evidence of a separate thermal effect.

CONCLUSIONS

A multichannel embedded measurement system supervised by a Raspberry Pi 5
was developed and functionally evaluated for experimental characterization of a natural
zeolite packed bed. The system integrates a miniSTM32-based pressure-measurement

Table 3. Comparison of experimental and MATLAB-calculated mean temperatures

Measurement series AP range, kPa Texp, °C TMATLAB, °C Relative difference, %

Series | 16.4-97.9 16.891 16.885 0.035
Series Il 48.2-82.6 16.894 16.889 0.029
Series I 8.0-99.8 16.866 16.878 0.071
Overall 8.0-99.8 16.884 16.884 0.000
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subsystem with a ten-channel Pt1000 temperature-measurement subsystem based on
ADG732 analog multiplexers and an AD7124-4 analog-to-digital converter. Inter-channel
verification of the three pressure channels under identical applied-pressure conditions
showed close agreement over 41 comparison points, while the observed small channel-
dependent deviations supported the use of individual correction characteristics.

Experiments performed with a 0.4 m bed of natural zeolite with a particle-size fraction
of 0.5-1.0 mm showed an overall increase in pressure drop with increasing gas-flow rate,
although noticeable variability was observed between the three repeated measurement
series. The mean pressure drop increased from 25.49 to 93.41 kPa across the investigated
gas-flow settings, and linear regression of the mean values confirmed a statistically
significant positive relationship R? = 0.840, p = 0.0014. The obtained data characterize the
overall gas-flow resistance of the investigated packed bed; determination of intrinsic
permeability and quantitative interpretation using Darcy- or Ergun-type relations would
require additional information on the bed structure and gas-flow conditions.

The measured temperature remained within 16.83-16.92 °C and showed no
statistically significant dependence on pressure drop. Thus, substantial changes in gas-
flow resistance were not accompanied by a detectable systematic temperature response
under the investigated conditions. The developed platform can therefore serve as a basis
for further experimental studies of zeolite packed beds, including tests under controlled
adsorption—desorption conditions relevant to thermal energy storage. Further
development should include metrological characterization of the measurement channels
and more detailed analysis of packed-bed flow and thermal behavior.
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BArATOKAHAJIbHA BUMIPIOBAJIbHA CUCTEMA HA BA3l RASPBERRY
P1 5 AnA AOCNIAXXEHHSA OMOPY TA30BOMY NOTOKY TA MOHITOPUHTY
TEMNEPATYPU B WWAPI NMPUPOOHOIO LUEONITY

MNxezox Banboschki', [Jopoma AHdepc’, Bap6apa Qu6ek!,

Badum lNMmawnHuk?, Cepeziii Cupomiok®*, [Mlampuxk Padek®

TlHcmumym mexHonoaiyHux ma npupodHUYUX Hayk — HauioHaneHul docnioHul
iHcmumym, syn. pabceka, 3, ®aneHmu, 05-090 PawuH, NOJIbLLA

2@akynbmem MexaHiku, eHepaemuku ma iHghopmauyitiHux mexHosnoaid,

JIbsigcbKull HauioHanLHUU yHieepcumem eemepuHapHOi MeOUUUHU

ma 6iomexHornoeill imeHi C. 3. Mxuybkozo,

gyn. Bonodumupa Benukozo, 1, m. [y6nsHu, 79083, YKPAIHA

SKagpedpa onmoerniekmpoHiku, @akynsmem enekmpomexHiku, Cinesbka rnonimexHika,
8yn. bonecnasa Kpueoycmoeo, 2, 44-100 m. lnisiue, NOJIbLLA

AHOTALIA

BcTtyn. EkcnepvMeHTanbHe [OCNIMKEHHS rpaHynbOBaHWX LWapiB Anst copbuinHoro
aKyMyInioBaHHSA TennoBoi eHeprii noTpebye OofHOYACHOrO BMMIPHOBaHHS OMOpy rasoBoMy
MOTOKY Ta TemnepaTypu i3 3acTOCyBaHHSM THy4Kkoi GaraTtokaHanbHOi cuctemu 36opy
AaHux. Y poboTi po3pobreHo BUMiptoBanbHy cucTeMy nig kepyBaHHsM Raspberry Pi 5 ans
OOCNIOXEHHS Wapy NPUPOSHOro KNiHONTUMONITY.

MaTtepianu ta metoau. EkcnepvMeHTM NpoBOAUNM B TENNOI30NbOBaHOMY peakTopi
o6’emom 0,5 M3, Wwo MicTmB wap kniHonTMnonity Bucototo 0,4 M i3 cbpakuielo YacTUHOK
0,5-1,0 mm. Pobounm rasom 6yB kuceHb. CurHanu TMcky obpobnsanucs nigcucremoro Ha
6a3i miniSTM32, Tomi sK ONs MOHITOPMHIY TemnepaTypu BUKOPWUCTOBYBanu [AeCATb
paryukis Pt1000, mynetunnekcopu ADG732 Tta nepetsoptoBady AD7124-4. Byno BUKOHAHO
TPU NOBTOPHI cepii BUMipIOBaHb 3a BOCbMY 3Ha4YeHb BUTpaTy rasdy. [laHi 3anexHocTi TUCKy
BiJ BUTpaTX aHaniayBanu 3 BUKOPUCTAHHAM CEPESHiX 3Ha4YeHb, BUOIPKOBOro cTaH4apTHOrO
BIOXMNEHHA Ta niHINHOI perpecii; 3anexHicTb Temnepatypu Big nepenagy TUCKY
oujiHIOBanM 3a [OMNOMOrOl0 MiHIMHOI perpecii Ta koediuieHTa kopensuii MNipcona. Ons
OLiHIOBaHHA TeMMNepaTypHOI peakLii BUKOPUCTOBYBaNu CTauioHapHy ABOBUMMIPHY MOAErb,
peanizoBaHy B MATLAB.

Pe3ynbTaTtn. ®yHkLiOHanNbLHY npalesgaTtHicTe nnatdgopmu Byno nepesipeHo, 3okpema
LIMASXOM MOPIBHAHHA TPbOX KaHamniB BUMIpIOBaHHS TUCKY B 41 KOHTPONbHIA Touui, sike
nokasano [obpy MikkaHanbHy y3romkeHicTb. lMepenan Tucky 3miHioBaBcs Big 7,93 po
99,79 klMa, Tog4i sk MOro cepegHe 3Ha4veHHA 3pocno Big 25,49 po 93,41 klla. JliHinHa
perpecis nokasana CTaTUCTUYHO 3HaYyLMi NO3WTMBHMI 3B’S30K MiXK BUTPATOK rasy Ta
nepenagom tucky (R?= 0,840, p =0,0014). TemnepaTypa 3anuwanacs B mexax 16,83—
16,92 °C, nmpu uUbOMYy CTaTUCTMYHO 3HAYyLLOi 3anexHoCTi Bi4 nepenagy TWUCKY He
BusBreHo. CepefHi 3HayeHHss TemnepaTtypu, po3paxosaHi B MATLAB, BigpisHanucsa Big
eKkcrnepuMeHTanbHux He GinbLue Hix Ha 0,08 %, a po3paxoBaHe MiABULLIEHHS TeMnepaTypu
BHacnigokK B’sA3Koi ancunadii ctaHosBuno meHwe 0,005 °C.

BucHoBku. Po3pobneHa cuctema 3abesnedvye iHTErpoBaHe BMMIPIOBAHHS OMopy
rasoBOMy MOTOKY Ta TemnepaTtypu B LWapi NpupogHoro KniHontunonity. EkcnepvmeHTanbHi
Ta 4ucCenbHi pesynbTaTu cBigYaTb, WO 3a AOCHIKEHUX YMOB CYTTEBI 3MiHM Onopy
rasoBoMy MOTOKY He CyMNpOBOOXKYBaluCHA BUSIBIIEHOK CUCTEMATMYHOK TemMnepaTypHOIo
peakuieto. 3anponoHoBaHa apxiTektypa Moxe OyTu OCHOBOK ANs noAanbLUMX AOCHILKEHb
LeoniTOBMX LUApiB 33 KOHTPONbOBAHMX COPOUIHMX YMOB, peneBaHTHUX ANA CUCTEM
aKyMyInioBaHHSA TEMMOBOI eHeprii.

Knrouoei cnoea: BbynoBaHa BuMMiptoBanbHa cuctema, Raspberry Pi 5, 36ip aaHux, onip
rasoBOMY MOTOKY, MPUPOLHWIA LEONIT, 3ePHUCTUIA LIAP, aKyMyIoBaHHS TeMNmoBoi eHeprii.
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