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This paper presents research that formed the basis for the development of a low-temper-
ature centrifugal extraction reactor. This reactor is used to obtain medicinal substances from
herbs, where key parameters include extraction time, temperature, and the velocity of the sol-
vent that flows through the dried herbs. An important parameter for performing simulation
studies was the assessment of the medium flow characteristics through the dried medicinal herb
material. For this purpose, a flow reactor was developed and tested.

The first part of the paper discusses the results of numerical and experimental studies
on liquid flow through the extraction reactor. This part of the work was carried out in order
to determine the parameters related to the resistance of liquid flow through dried medicinal
herbs. This resistance of the liquid flow through the herbs affects the limitation of its velocity
and has a direct impact on the efficiency of the process. In the second part of the paper, the
results obtained from the flow reactor experiments were used for numerical investigations of
the centrifugal extractor drum.
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1. INTRODUCTION

The research topic is related to the design of devices used for extracting
oil-based substances from medicinal herbs. The extraction process yields raw
materials utilized in the pharmaceutical and cosmetic industries. Solutions with
specific pH values, which act as solvents, are used in the extraction. In the
pharmaceutical industry, these solvents allow the extraction of pharmacologi-
cally active substances, often of natural origin, such as those found in medicinal
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herbs. Commonly used solvents include water, methanol, ethanol acetone, ether,
and chloroform [1-5]. Depending on the production scale or the nature of the
research, various extraction methods are employed, including Soxhlet extrac-
tion, surface extraction, ultrasound-assisted extraction, and microwave-assisted
extraction [1, 2, 4, 6].

The research presented in this paper was conducted to obtain parameters for
the design of a centrifugal extraction reactor. Devices of this type are used in
research and in the pharmaceutical industry. One of the main advantages of this
method, compared to traditional methods such as maceration, is the reduced
time required to obtain the desired substance. Previous studies using centrifugal
extractors have been presented in [1, 7, 8].

A problem that arises in the extraction process is related to the dissolution
of various contaminants in the final product. These may include solid impuri-
ties (soil, sediments, and dust), as well as chloroorganic and organophosphorus
contaminants (pesticides), polychlorinated biphenyls, and dioxins [1]. Addition-
ally, at elevated temperatures (around 31°C), the decomposition of thermally
unstable compounds occurs [9]. A solution to this is to conduct the extraction
at negative temperatures, around or below —30°C. Under such conditions, the
solubility of contaminants in the solvent can be minimized, while dissolution ef-
ficiency of target compounds, such as cannabidiol (CBD) and cannabidiolic acid
(CBDA) [10], remains high. A preliminary design of the setup used for studies
with a flow reactor was presented in [11, 12].

The study of liquid flow through dried medicinal herbs is largely based on the
results of experimental studies, due to the challenges that arise when modeling
porous media [13, 14]. In the case of studies on solvent flow through a con-
tainer filled with dried herbs, it can be assumed that flow resistance will be
similar to that observed in filter studies in hydraulic systems. For example,
[15] presents the results of numerical studies on liquid flow through a filter. An
additional complexity in the design process involves heat transfer from the sur-
roundings to the solvent. Numerical studies related to pump selection for the
cooling system are presented in [16]. Meanwhile, studies such as [17, 18] focus
on heat exchange process between the liquid flowing through the pipes and the
surrounding environment. In these studies, the heat flows from the liquid being
tested to the surroundings, whereas in the present case, the heat flow is reversed,
with heat entering the solvent from the external environment.

This paper describes the construction of a research setup that serves as a flow
extractor, used to determine the operating parameters of a low-temperature ex-
traction reactor. In the target solution, ethanol is used as the solvent, and the
process is conducted at —30°C. At such low temperatures, the process of dissolv-
ing impurities in the extract does not occur. The analyses conducted indicate
that the extraction process should take about 15 minutes, as this duration al-
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lows for a relatively high concentration of desired substances (e.g., CBD) while
maintaining a low level of impurities. The efficiency of the extraction process can
be improved by forcing the solvent to flow through the medicinal herb material.
For this reason, studies were undertaken to investigate the flow resistance of the
liquid through the herb material, as this directly affects the flow velocity. An
analysis was also carried out on the impact of the herb mass and the thickness
of the herb layer on flow velocity.

The aim of the numerical studies on the centrifugal reactor was to determine
parameters describing the flow characteristics of liquid through solid material.
Therefore, in the first phase of the research, a model of the container filled with
solid material in the form of a porous body was developed. The determined lig-
uid flow rate was then compared to experimental results obtained for liquid flow
through the solid material. The parameters obtained from this comparison were
used in further studies analyzing fluid dynamics in the centrifugal extraction
reactor. This paper presents selected research results, taking into account the
porous body model parameters and process parameters to achieve high extrac-
tion efficiency.

The work is divided into six sections. The introduction presents issues re-
lated to the process of extracting medicinal substances from medicinal herbs and
outlines the objectives of the research. Section 2 presents the concept and con-
struction of the flow extraction reactor. Section 3 covers the experimental studies
on the flow extractor, including selected research results. Section 4 discusses the
numerical analysis of the flow extractor, focusing on the determination of flow
parameters through the porous medium. Section 5 is dedicated to the numeri-
cal studies of the centrifugal extraction reactor, presenting research conducted
using a centrifuge drum model. The final section, Sec. 6, provides a summary of
the research conducted and outlines directions for future studies.

2. CONSTRUCTION OF THE MEASUREMENT TEST BED
FOR THE FLOW REACTOR

The schematic concept of the research test bed developed for the flow reac-
tor used in extracting medicinal substances from herbs is shown in Fig. 1. The
diagram includes a container with dried herbs (1), through which the solvent
flows. The solvent flow is driven by a pump (2). The solvent is drawn from a stor-
age tank (3), and returns to it after passing through the dried material. The hy-
draulic system is protected from excessive pressure by a safety valve (4). The
extraction process begins when valve (5) is opened, and the process parameters:
pressure, flow rate, and temperature are recorded by a pressure transducer (6),
a flow rate sensor (7), and a thermocouple for temperature measurement (8),
respectively.
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F1G. 1. Schematic concept of the extraction station.

Based on the presented concept, a model of the laboratory test bed was
developed, as shown in Fig. 2 (designed using CATIA V5 software). The con-
tainer filled with dried material (1) is placed at the same level as the pump (2),
which generates the solvent flow. The solvent is stored in a tank (3) and flows
to the pump via a supply line (4), then passes through the herb container,
and returns to the tank through an outlet line (5). It is assumed that the lig-
uid flow rate in the test station is manually controlled by a valve (6). Excess
solvent is returned to the tank through this valve. This valve also serves to cut
off the solvent flow to the dried material before starting tests. The liquid flow
rate through the herb container is measured by a sensor (7). The container is
a cylinder with a diameter of 40 mm, and the liquid flow speed through the dried
material is determined based on the measured flow rate. The pressure difference
before and after the container with dried material is measured by pressure trans-
ducers (8). The system also includes a temperature sensor to monitor changes
in liquid temperatures during tests at sub-zero temperatures.

8 9 6

FiG. 2. Design of a test bed for a flow reactor.
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During the design process, various positions of the individual system com-
ponents relative to each other were considered. This primarily involved the rel-
ative positioning of the solvent tank, pump, and container with dried material.
In the proposed solution, a single valve was sufficient to isolate the dried ma-
terial container from the liquid, thereby simplifying the flow control process.
An alternative design, in which the pump would draw liquid from the tank by
creating a vacuum, was also considered; however, this approach posed the risk
of air entering the pump. The proposed solution is both straightforward and
effective, successfully fulfilling the intended function of the developed system.

As a result of the conceptual and design work, a laboratory test bed was
built, as shown in Fig. 3. The key components of the setup include: the dried
material container (1), pump (2), solvent tank (3), control valves (4), flow me-
ter (5), pressure transducers (6), temperature sensor (7), measurement cards (8),
measurement computer (9), and sensor power supply (10). The liquid flow was
driven by a MAGNA 25-100 pump, with a maximum flow rate of 10 dm?/min
and a discharge pressure of 0.1 MPa. The flow rate of liquid passing through the
dried material was determined based on readings from the flow sensor (5), flow
resistance was measured using the pressure difference from the transducers (6),
and temperature control was achieved via a thermocouple (7). Measurement
data obtained from sensors were recorded on a computer (9), where custom soft-
ware developed on the LabVIEW platform was installed. Signals from the sen-
sors were processed using National Instruments measurement cards (8), while
the sensors were powered by an electronic power system (10).

F1G. 3. General view of the measurement test bed for flow property testing.

The dried herbs in the container were enclosed on both sides with screens
designed to prevent mechanical impurities from entering the solvent during the
extraction process. Tests were conducted to estimate the flow resistance intro-
duced by different types of screens with varying mesh sizes: 20, 60, 100, and
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200 mesh. Among these, mesh 20 had the fewest openings (largest pores), while
mesh 200 had the highest number of openings per unit area (smallest pores).
Preliminary tests were conducted without the dried material using different
screen types. A pressure drop of approximately 0.0033 MPa was observed for
both mesh 20 and mesh 200 [11]. The mesh size was crucial, as solid particles
carried with the liquid could act as contaminants or accumulate on sensors and
other hydraulic system components, potentially affecting measurement accuracy
and system performance.

3. EXPERIMENTAL STUDIES ON THE RESISTANCE OF THE FLOW REACTOR

The flow resistance tests were conducted using dried hop material, which
will later be replaced by dried medicinal herbs in subsequent studies. In the
first phase of testing, water was used as the solvent, while the target solvent
will be ethyl alcohol, chosen for its ability to retain properties at low temper-
atures.

The aim of the conducted research was to determine the flow resistance for
different masses and thicknesses of the dried material layer, which vary according
to the mass of the dried material in the container. Tests were carried out with lig-
uid flowing through dried material masses of 5 g, 7.5 g, 10 g, and 12.5 g. During
the measurements, the flow rate and pressure were measured, and temperature
was also monitored. With the use of liquid at ambient temperature, temper-
ature changes were minimal as a result of pressure fluctuations, while more
significant changes were observed due to the pump’s operation. The influence of
temperature on changes in the liquid flow resistance was excluded from the tests
since the temperature remained constant. During the tests, the duration of the
tests was also measured, as extraction time relates to the efficiency of the pro-
cess, as well as the level of contaminants dissolved in the liquid. Additionally,
the dried herbs undergo maceration, which alters their mass and volume due to
liquid absorption.

Before starting the measurements, the dried material of the specified mass
was placed in the container, and then the pump was turned on and the valve
opened to allow the solvent to flow through the dried material. During the flow,
the thickness of the dried material layer changed, as illustrated in Figs. 4 and 5.
Figure 4a shows the 12 g of dried material at the beginning of the experiment
and Fig. 4b shows it after about 5 minutes of flow. Similarly, Figs. 5a and 5b
depict the container with 5 g of dried material at the beginning of the mea-
surement and after about 5 minutes of flow, respectively. In both cases, the
change in layer thickness directly influenced an increase in flow resistance and
a corresponding change in flow speed. The visible change in layer thickness con-
sequently influenced these flow parameters.
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F1G. 4. View of the container filled with 12.5 g of dried material:
a) start of the flow, b) change in the thickness of the dried material layer.

Fic. 5. View of the container filled with 5 g of dried material:
a) start of the flow, b) change in the thickness of the dried material layer.

The paper presents example results from the experimental studies. Figure 6
shows the results of liquid flow through 5 g of dried material, where pressure
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F1a. 6. Pressure difference in the hydraulic system with 5 g of dried material as a function
of changes in liquid flow velocity.
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changes are visible as a function of flow velocity, comparing the results at
the start of the measurement (0 min) and after flow durations of 5 min, 10 min,
15 min, 20 min, and 30 min. It can be observed that at the beginning of the
measurement, the pressure difference between the inlet and outlet of the con-
tainer with the dried material is the lowest, and after 5 minutes, there is a sharp
increase in flow resistance, which corresponds with a reduction in flow velocity.
The greatest flow resistance, accompanied by smaller changes, occurs between
20 and 30 minutes of measurement time. The maximum pressure difference is
0.08 MPa, while the flow velocity decreases to 0.045 m/s. After 15 minutes, iden-
tified as the time to achieve satisfactory extraction efficiency with an acceptable
level of contaminants, the flow resistance was about 0.75 MPa and the flow
velocity was approximately 0.055 m/s.

Figure 7 shows pressure changes during liquid flow through 12.5 g of dried
material. In this case, the tests are presented over a shorter maceration time
range for the dried material: at the start of the experiment (0 min), and after
5 min, 10 min, and 15 min. It can be observed that at the beginning of the
experiment (0 min), the pressure difference is the lowest, but after 15 minutes
of flow, the pressure difference increases slightly. In the case of flow velocity,
similarly to the dried material with a mass of 5 g, the velocity decreases by 2/3
during the 0-15 minute period. The maximum pressure difference is 0.09 MPa,
with a flow velocity of 0.009 m/s.
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F1G. 7. Pressure difference in the hydraulic system with 12.5 g of dried material as a function
of changes in liquid flow velocity.

The results of tests conducted at a flow time of 15 minutes with different
masses of dried material in the container are shown in Fig. 8.

The figure shows changes in the pressure difference values, with the largest
increases in pressure occurring when the dried material mass increases from
5 g to 10 g, while the smallest changes occur between 10 g to 12.5 g. Similar
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F1G. 8. Pressure difference in the hydraulic system after 15 minutes of flow time through dried
material of varying masses as a function of flow velocity.

changes are observed in the flow velocity. This is related to the maceration of
the dried material and changes in its structure, which contribute to increased
flow resistance.

4. NUMERICAL STUDIES OF THE FLOW REACTOR

The results of the experimental studies were used to determine the param-
eters for the numerical model of the flow extractor. In the next stage, these
research results will serve as the basis for simulation studies of the centrifugal ex-
tractor model. It was assumed that the dried material filling the container could
be modeled as a porous medium. In the adopted model, the pipe lengths cor-
respond to the locations of the pressure sensors, and the cylindrical section of
the container is filled with the dried material model, where a layer thickness
corresponds to that used in the experimental studies.

Figure 9 presents the numerical model of the setup used to measure flow
resistance through dried material. In the numerical studies, similarly to the
experimental studies, part of the container space is filled with dried material.
This model was adopted to determine the flow resistance of the liquid through
dried material at different masses and flow times, where flow time directly corre-
sponds to the maceration time of the dried material. The paper presents example

Fi1G. 9. Numerical model used for flow resistance studies.
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numerical results corresponding to the experimental studies under the following
conditions:

e mass of dried material; 5 g with layer thickness of 32-36 mm,

e mass of dried material; 7.5 g with layer thickness of 52-67 mm,

e mass of dried material; 12.5 g with layer thickness of 91-93 mm.

Figure 10 shows the computational mesh of the container with dried ma-
terial, modeled in the ANSYS software. The numerical studies based on this
mesh enable determination of the velocity and pressure distribution of the lig-
uid flow through the container. For the simulation studies, initial parameters
related to the viscosity and inertia of the liquid must be specified, from which vis-
cous and inertial flow resistance coefficients are defined. In the simulation stud-
ies, the dried material is modeled as a porous medium. The ANSYS/Fluent
software includes a module that describes a porous flow media, where flow resis-
tance coefficients through the porous body are incorporated by modifying the
Navier—Stokes with an additional term [19]:

(4.1) % (pv) +V (pv) = =Vp+V (7) + pg + F,

where p — liquid density, v — flow velocity, p — pressure, F — inertial force,
V — Laplace operator, 7 — shear stress, and g — gravitational acceleration.

z
0.000 0.040 0.080 [m] v
I I ]
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X

F1c. 10. Simulation model of the container with dried material — computational mesh.

In the porous body model, the software uses an external function that was
determined based on the Darcy—Forchheimer equation. This relationship repre-
sents the flow resistance force (.S;), which depends on pressure changes relative to



Research on liquid flow resistance in flow and centrifugal extraction reactors 397

the position within the porous material. This force is determined based on the
following relationship [19]:

(4.2)

AP g e 0.5Cp ol v,
Ax; «

where «, Cy — parameters representing the viscous and inertial flow resistance co-
efficients, Ap — pressure drop, p — dynamic viscosity, and Ax; — position change
along direction 1.

The viscous and inertial resistance coefficients for the porous material were
determined based on experimentally obtained approximated pressure drop
against velocity characteristics for the studied material. In this context, the
following parabolic function was used:

(4.3) Ap = av? — bu;.

Thus, the viscous and inertial resistance coefficients were calculated from the
following formulas:

1 b
4.4 Z =
(44) o  pAx;
and
2a
4.5 Cy = .
(4.5) 2= AT

The presented resistance coefficients, aligned with the direction of liquid flow,
characterize the linear and nonlinear pressure drops across the porous material.
These coefficients were determined based on the experimental studies presented
in the previous section. The developed model of the dried material and the
derived parameters will be validated in subsequent flow phases based on the ex-
perimental studies conducted.

Numerical studies were also carried out using the dried material model with
a mass of 12.5 g. The results for the liquid flow time through the dried mate-
rial after 2 minutes are shown in Fig. 11, depicting the pressure distribution,
and in Fig. 12, showing the velocity magnitude distribution.

In the case of numerical studies of liquid flow through dried material with
a mass of 12.5 g after 2 minutes, the pressure distribution, similar to the previous
findings, shows a maximum pressure of 0.19 MPa and a pressure difference of
approximately 0.09 MPa. The maximum velocity magnitude was determined
to locally reach 1.37 m/s, while in the region containing the dried material, the
velocity dropped to lower values.
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F1G. 11. Pressure distribution from numerical simulations of liquid flow model through 12.5 g
of dried material after 2 minutes.
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F1c. 12. Velocity magnitude distribution from numerical simulations of liquid flow model
through 12.5 g of dried material after 2 minutes.

Numerical studies were also conducted for the dried material model with
a mass of 12.5 g and a flow time of 10 minutes. The resulting pressure distri-
bution is shown in Fig. 13, and the velocity magnitude distribution is shown in
Fig. 14.

contour-1
Absolute Pressure
186781

178236
169690
161144
152599
144053
135507
126962
118416
109870
101324

(Pa]

F1a. 13. Pressure distribution from numerical simulations of liquid flow through 12.5 g
of dried material after 10 minutes.



Research on liquid flow resistance in flow and centrifugal extraction reactors 399

conour-2
Velocity Magnitude
4 64e01

4.18e01
371e01
3 2%e-01
27901
232e01
18601

139e01
9.29e02
464e02

0.00e+00
[mis]

Fi1c. 14. Velocity magnitude distribution from numerical studies of liquid flow through 12.5 g
of dried material after 10 minutes.

In the pressure distribution graph within the pipe, a region with a maximum
pressure of 0.187 MPa is visible, with a pressure drop of 0.087 MPa occurring
during the flow through the dried material. In terms of velocity magnitude, the
maximum value reaches 0.46 m/s locally, and decreases to lower values in the sec-
tion with the modeled dried material.

Based on the numerical simulations, the parameters describing the porous
body model used to represent liquid flow through the dried material were deter-
mined. Table 1 presents these parameters obtained from the numerical studies.

TABLE 1. Parameters of the dried material model during liquid flow over time.

Time [min] 2 10
Mass of dried material [g] 5 7.5 12.5 5 7.5 12.5

The resistance
coefficient values [m™!]

7.00E+6 | 7.55E+6 | 7.90E46 | 1.0TE+6 | 1.47E+6 | 1.7T0E+6

Mean values
of the resistant 7.48E+6 1.41E46
coefficient [m™?)

The results indicate that for different times, the values of the flow resis-
tance coeflicient through the pipeline section with dried material are differ-
ent. However, for the same time, the coefficient values are similar across dif-
ferent masses of dried material. This is especially noticeable for longer flow
times. The largest differences occur during the initial phase of the flow, when the
dried material undergoes volume change. For the future studies, thicker layers
of dried material will be used, so it is proposed to use an average flow resistance
coefficient for liquid flow through the dried material. It is assumed that these
average values of the resistance coefficient will be used in subsequent numerical
studies.
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5. NUMERICAL STUDIES OF THE CENTRIFUGAL EXTRACTOR DRUM

The conducted experimental and numerical studies of the flow extractor
were used to determine the parameters of liquid flow through material layers of
specified thickness. These studies formed the basis for developing design guide-
lines for a centrifugal extractor. Similarly to the previous section, the numerical
studies assumed the fluid as water at ambient temperature.

The model of the centrifugal extractor drum, with the section that will be
filled with material, is shown in Fig. 15. The drum consists of two parts: an inner
and an outer section, with the space between them filled with material. The lig-
uid flow is directed radially outward, from the center toward the outer edge of
the drum, entering the central section from the bottom. Both the inner and
outer walls are made from mesh, similar to the setup used in the experimental
studies. Based on this, it was assumed that the flow resistance through the mesh
is negligible.

F1a. 15. Model of the centrifugal extractor drum.

Numerical simulations were conducted using the ANSYS Fluent software.
The discretization of the model is one of the most important aspects of compu-
tational fluid dynamics simulations, where a properly prepared numerical mesh
forms the basis for obtaining accurate flow calculations. In Fig. 16, the drum
model with the applied mesh is shown. A mesh consisting of 4432291 elements
was generated for the simulations.

The numerical simulations were conducted into two stages. In the first stage,
it was assumed that the entire space inside the drum is filled with fluid flowing
through the holes in the mesh separating the inner and outer sections of the
drum. The simulations were carried out at rotational speeds of 250, 500, and
750 RPM.

Example results from the numerical simulations, showing the distribution
of liquid flow velocity at a drum rotational speed of 750 RPM, are presented
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F1G. 16. The discretized model of the drum: a) external view, b) cross-sectional view.

in Fig. 17. The results are shown as a view in the cross-sectional plane. Based
on the conducted numerical analysis, it can be observed that the liquid flow
velocity in the radial direction is approximately 32 m/s. It can also be stated
that there is no liquid movement in the vertical direction. In the case of numerical
simulations at a drum speed of 500 RPM, the liquid flow velocity through the
material was about 16 m/s, while at 250 RPM, the flow velocity was 7.7 m/s.
The conducted research aimed to evaluate the impact of the mesh on liquid flow
resistance in the centrifuge extractor drum.
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Fi1G. 17. Distribution of the liquid flow velocity field at a drum rotational speed of 750 RPM.
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In the second stage of the numerical studies, the drum was filled with mate-
rial modeled as a porous medium. Numerical analyses of liquid flow through this
material were conducted at various drum rotational speeds. A liquid flow veloc-
ity of approximately 34 m/s through the material was achieved only at a drum
rotational speed of 1500 RPM. Figure 18 presents the distribution of liquid ve-
locity in the drum at this rotational speed.

- 3.47e+01 [

313401
278e+01
243e+01
208e+01
1.74e+01
1.39e+01
1.04e+01
6.95¢+00 = i
3.47e+00 [ .
(P2 0.00+00 >

F1c. 18. Velocity field distribution of liquid flow through the material at a drum rotational
speed of 1500 RPM.

Increasing the drum’s rotational speed to 1500 RPM enabled achieving a lig-
uid flow velocity through the material of approximately 30 m/s. This flow rate
is considered satisfactory in light of the design requirements, which aimed to
achieve a relatively high flow velocity at the lowest possible rotational speed.
The results of the numerical study on liquid flow in the extractor centrifuge
drum filled with material were verified using the test setup shown in Fig. 19,

F1a. 19. Test setup for studying liquid flow in the extractor drum: a) view of the setup,
b) liquid flow in the drum filled with material.
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where Fig. 19a presents an overall view of the setup, while Fig. 19b shows the
liquid flow in the drum filled with material.

It can be observed that the liquid flow through the material is similar to the
velocity distribution obtained during the numerical studies. The material moves
towards the outer part of the drum under the influence of centrifugal force.
This distribution of material restricts the liquid flow rate through the inner
section, while increasing the liquid velocity near the outer wall.

6. SUMMARY

This study presented the results of experimental and numerical research on
the flow resistance of liquid through dried material in both flow and centrifu-
gal extractors. The obtained results and developed research methodology were
used to define key parameters for constructing a low-temperature centrifugal
extractor for medicinal herbs. In the numerical studies, the dried material was
modelled as a porous medium, with flow resistance parameters based on exper-
imental data.

Based on the research, a dried layer thickness of 100 mm and a drum rota-
tional speed of 750 RPM were determined to ensure optimal fluid flow through
the test material.

The research was conducted under ambient conditions; however, the tar-
get setup requires operation at sub-zero temperatures (around —30°C) using
ethanol as the solvent. Thus, further work is planned to develop a system where
the solvent will be cooled, and the entire process will be conducted at sub-
zero temperatures. For testing under these conditions, the laboratory setup will
be reconfigured accordingly. Additional numerical studies are also planned to
examine the flow resistance of liquid through the dried material at low temper-
atures. The ultimate outcome of this work will be to develop a low-temperature
centrifugal extractor for medicinal compounds.
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