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Abstract: The high-energy requirements of cleanrooms are the main motivation for optimizing their
operational conditions. The ventilation system consumes the most energy in order to ensure the
precise air conditioning of the room (filtration, temperature, and humidity adjustment). The main
function of the ventilation system is to keep particle concentration to a minimum. This work deals
with the optimization of an experimental operating room via the optimization of air supply through
the distribution element (laminar airflow ceiling) in the range of 0.15-0.25 m-s~!. The laminar airflow
between the distribution element and the patient is influenced by the operating light and different
airflow velocities. These factors affect changes in particle concentration. Ansys Fluent software was
used to investigate the nature of the flow, velocity profiles, and particle trajectories. The results of our
numerical simulation demonstrate that a suitable flow rate setting increases the efficiency of particle
reduction in the operating table area by up to 54%, which can, in turn, reduce operating costs. The
simulated air velocity profile was subsequently verified using the particle image velocimetry (PIV)
method. The typical size of particles monitored for in cleanrooms is 0.5 um according to ISO EN 7.
Therefore, the results of this study should be helpful in correctly designing distribution elements for
clean rooms.

Keywords: cleanroom; operating room; airborne particles; ventilation; airflow velocity; particle
concentration

1. Introduction

Cleanrooms are defined as areas with a low concentration of airborne particles. It is
necessary to ensure their proper function for healthcare or precision manufacturing. A
high concentration of airborne particles can affect product quality and functionality. These
particles transport viruses, bacteria, and increase the risk of contamination during surgery
in the operating room. The key principle of keeping a low concentration of particles
is to supply a large amount of filtered air and thus reduce the particle concentration
in the ventilated room to the required level [1]. Forced ventilation systems have high-
performance requirements, as they control not only the transportation and filtration of air
into a ventilated room, but also adjust the temperature and humidity of this air, resulting in
a high amount of energy consumed for their operation [2-5]. Depending on the cleanroom
classification, a clean zone’s entire air volume must be replaced from once every 3 min
(ISO EN 8) up to once every 10 s (ISO EN 4-1) [6]. According to studies [7,8], clean
rooms consume 50-70% of the electricity supplied for HVAC (Heating, Ventilation, and
Air Conditioning) systems in order to function properly. A survey conducted in Taiwan
demonstrates the use of high-tech HVAC systems, which only consumes approximately
35% of electricity by using clean air recirculation. This value represents about 7.4% of total
energy consumption [9].
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Our objective is to reduce the operating cost of these energy-intensive systems while
maintaining the required quality of the cleanroom’s internal environment (low concen-
tration of particles in the air). As the industry develops, enforcing progressively stricter
requirements for environmental cleanliness in the operation of medical and pharmaceutical
facilities, the fiscal advantages that come with the appropriate modification of HVAC
systems grow ever larger [5]. This approach also contributes to sustainable business. Since
the 20th century, many studies and scientific articles have focused intensively on reducing
the energy requirements of clean rooms. The air change rates (ACH) value, the location of
the inlet/outlet, the source of contaminants, as well as the influence of external factors in
airflow distribution and air quality were monitored [10-15]. Several research studies have
identified various barriers to energy efficiency in cleanrooms and have suggested options
to improve energy efficiency [16-18].

One of these options is to optimize airflow and its regulation by improving the energy
efficiency of the ventilation system [19]. For example, reducing the energy cost of fan power
by 33% would contribute to a 66% reduction in energy consumption [20]. Previous studies
have shown that demand-controlled filtration can lead to annual energy savings ranging
from 28% to 72% [21-24]. Another way to reduce the energy consumption of a cleanroom
is to move the air supply and exhaust distribution elements closer to the source of the
pollution and the clean zone of the ventilated space. This can reduce energy consumption
by up to 20% while maintaining the required environmental quality. Using ventilation
system circulation outside of the occupied space will reduce the energy consumption of
fans by up to 70% [19]. However, this solution is not appropriate in several countries from
a legislative point of view.

A cleanroom environment has many potential sources of contamination. These may
vary depending on the number of people in the room, the purpose of the room, etc. How-
ever, the main sources of contamination are people, the material of their clothing, the
room’s structural elements, and the ventilation system itself, whose filters work with speci-
fied efficiency [25]. The actual rate of particle generation is often an unknown parameter
when designing a cleanroom. As a result, HVAC systems are usually oversized to ensure
compliance with the classification requirements [2,3,7,26]. Lenegan’s study concluded that
in some cases, the concentrations of particles were 10-100 times lower than the necessary
parameters and that the rooms were of a higher purity class entirely [7]. According to
Khoo et al. [2], the control of internal contaminants in cleanrooms with overpowered and
oversized ventilation systems comes about because the designs and ACH values of these
systems are based on principles published in a standard or code, such as the Federal
Standard FS-209 [27], IEST Best Practices RP-12.1 [28], or ISO Std. 14644-4: 2004 [29].

The study by Khoo, et al. shows a direct connection between the reduction in the
concentration of particles in a cleanroom, the increase in the ACH, and the share of the
floor area for the extraction of polluted air. These results were obtained at 60-146 h~! ACH,
which are typical for high purity classes [2]. Heidrich et al. [30] stated that increasing the
ventilation rate is the easiest way to improve air quality and cleanliness. However, studies
on pollutant reduction have shown that high ACH values may not always guarantee a
higher purity class, as shown by the studies of Zhao and Cheng [31]. They performed
numerical and experimental investigations of the effects of ACH on airflow distribution
and CO, concentration in a clean room with unidirectional airflow. The results illustrated
that the recommended ACH should be based on room characteristics rather than empirical
formulas. The increase of ACH from 15 h™! to 20 h~! did not significantly affect the
pollutant removal efficiency in the occupied zone of a Class 10,000 cleanroom model. On
the other hand, increasing the ACH from 20 h~! to 25 h~! showed a visible reduction in
room residence time from 32% to 21% [32]. In contrast to the study by Zao et al. the study
focused on the higher ACH range, 20-40 h~?, typical of purity classes ISO EN 7-8, where
most operating theaters are included. Various mathematical models have been proposed
to represent the relationship between particle concentration in clean rooms and ACH,
but some factors that could affect the accuracy of the model have not been considered to
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simplify them. Continuous generation of particles or their removal due to the operation of
the ventilation system and settling of particles on the surface of the equipment and internal
structures were not considered [33-36].

From the presented studies, one may conclude that there is a relationship between
ACH and the value of the concentration of particles in the cleanroom. This assumption was
verified in this study by using numerical simulations and experimental measurements to
display the air velocity profile. The aim of this work was to determine the optimal airflow
rate through the supply distribution element in the operating room. The main criteria for
the optimal setting of air velocity and flow were to maintain a low concentration of particles
in the patient area and amongst the instruments, a low energy consumption ventilation
system, and to ensure the required temperature and humidity of the room.

2. Materials and Methods

This work examines the effect of laminar airflow ceiling (LAFC) over the operating
zone. The study focuses mainly on decreasing the volume flow of the ventilation system,
and reducing the operational costs and energy consumption of the cleanroom while main-
taining the required concentration of particles or even their reduction. A computational
fluid dynamics (CFD) model was created using ANSYS software (Fluent) to calculate air
distribution and particle flow in the cleanroom. The same procedure for calculating the air
distribution was used in the study released by Zao et al. [32]. The suitability of using CFD
simulation is also reported by Villafruela et al. [37], which monitors the influence of the
location, the types of distribution elements, and the source of pollution. Other studies had
a similar intention regarding the performance of laminar airflow in the patient’s operating
room area [38—42]. Cheng et al. [43] used a numerical simulation to study the effects of
the inlet velocity profile, room width, height, and the porosity of the raised floor on the
uniformity of air velocity distribution in clean rooms with vertical direct flow. To verify the
accuracy of the calculated airflow around the patient on the surgical table, the flow area
between the operating light and the table will be analyzed in CFD models and compared
to the experimental results performed using the PIV method.

2.1. CFD Simulation

In order to understand the mechanisms of particle movement, it is appropriate to
use a CFD simulation to analyze the effects of airflow rates upon the total concentration
of particles in the clean zone. An important part of this is to correctly set the boundary
conditions of the simulation and the geometric conformity of the model with the actual
geometry, for subsequent verification by the CFD simulation.

2.1.1. Model

The geometry of the model was developed in real dimensions, exactly preserving
the dimensions of the interior equipment, such as the operating table, instrument tables,
and the operating lamp. The model also includes six people as a source of heat and
particles. The positions of the luminaire and the humans in the CFD simulation model is
shown in Figure 1. The dimensions of the operating room model are 5.76 x 6.05 x 2.70 m.
The dimensions of the model and interior equipment copy the actual dimensions of the
experimental laboratory in Figure 2.

The total air volume in the CFD model is divided into four parts. The first is VOT,
which presents the volume of air above the operating table, where the floor plan dimensions
copy the dimensions of the operating table, 2000 x 500 mm, with a height of 500 mm. The
patient is included in this volume. The other two volumes, named VIT 1 and VIT 2, copy the
floor plan dimensions of the instrument tables, 600 x 450 mm, and the height is 300 mm.
These reference volumes are used to compare the number of particles inside the clean
zone. They are proportional to the total amount of particles that are in the volume around
the reference volumes. The resulting ratio of particles within the control volume and all
particles in the room illustrates the improvement or deterioration of the environment’s
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cleanliness for different operating conditions. The volumes are shown in the following
Figure 3.

Figure 2. Experimental clean room laboratory.

(a) (b) (c)

Figure 3. Reference volumes for monitoring the number of particles in the clean zone: (a) Vor;
(b) Vit 1; (¢) ViT 2!

The filtered air was distributed to the room using a laminar field with dimensions
2400 x 1600 mm (Figure 4a). The air from the room was be discharged through the exhaust
diffusers in the corners of the room (Figure 4b).
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(a) (b)
Figure 4. Distribution elements (a) LAFC and (b) exhaust diffusers.

Several parameters affect the character of the particle flow in the operating room. The
different states in the operating room can be projected by setting the simulation boundary
conditions correctly. The mesh of the CFD model was densified around obstacles to filtered
airflow trajectory in the room to capture unwanted turbulence and to faithful represent
the Coanda effect as air flows around the objects. The greatest influence on airflow is the
ceiling lamp located above the operating table. In addition to disturbing the directed flow,
the air velocity profile may be affected by the higher surface temperature of the light source.
The element type was subsequently modified using Ansys Fluent solution software to a
polyhedra type in order to improve the quality of the network and reduce the number
of elements. The simulation was performed in transient mode, so it was time dependent.
The time step of one iteration was chosen to be 0.05 s and the total simulated time was
5 min. The gravity and energy model makes it possible to simulate buoyancy forces and
the effect of natural convection caused by different temperature gradients. In this work, an
energy-neutral environment without external heat loads or losses through the perimeter
structures of the operating room is considered. Heat gains are only considered from the
staff and the operating light. The temperature of structures, equipment, and air supply
is 24 °C. The surface temperature of the operating LED lamp was set to 40 °C. A higher
temperature, in combination with the Coanda effect, results in a change in the airflow
velocity profile. The surface temperatures of the human body were set at 30 °C. Humans
are the majority source of particles, as the natural convection caused by the temperature
gradient from peoples’ bodies can affect their distribution throughout the operating room.
The multi-phase model ensures the emission of a given number of particles from each of
the selected areas. According to measurements, one person in an ISO EN 7 cleanroom
produces approximately 30,000 particles per minute up to 0.5 pm in size [44]. This value
is calculated based upon the emission of particles from the surface of the body, clothing,
talking, breathing, coughing, and other activities. The ventilation system is a mechanism
for cleaning the building, but its filtering ability is not perfect. Although the (HEPA) filters
serve to eliminate the measurement error by the primary particles [45], filters will miss a
certain amount of particles, which was considered in the simulation at 25 min~! in one
cubic meter of supply air.

This exercise has proven that a higher amount of air flowing into the operating room
does not necessarily mean a lower concentration of particles [31]. The increased airflow
rate causes undesired turbulence around the barriers between the laminar field and the
patient in the operating room. Thus, when designing a distribution laminar field for a
clean room, a compromise is sought between maintaining the required airflow rate from
the laminar field, maintaining a hygienic air exchange, and choosing a suitable size for the
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free outlet area of the laminar field. The recommended discharge velocities from a laminar
field of 0.15-0.25 m-s~! with a graduation of 0.025 m-s~! are used in this simulation. The
amount of air transported at different speeds is expressed by the continuity equation. The
same amount of air is discharged from the operating zone and evenly distributed between
the four corners of the room.

2.1.2. Results

The effects of the airflow rate upon the cleanliness of the room are expressed as the
percentage of particles present in the reference volumes compared to the number of particles
in the total volume. Figure 5 shows the following variations in the number of particles: in
the volume above the operating table, Vor, in the volume above the instrument table of
the clean zone, Vit 1, and in the volume above the instrument table extending outside the
clean zone, Vir ;. In addition to the contamination of the operating table, it is also essential
to document the contamination of the instrument tables, due to the direct contact of the
instruments with the patient’s wound.

1.60%
1.40%
1.20%
1.00%
0.80%
0.60%
0.40%
0.20%

0.00%
0.15 0.175 0.2 0.225 0.25

The proportion of particles in reference
volumes [%]

Air flow rate from LAFC vgp [m's]

—e—V OT VIT1 VIT2

Figure 5. Percentage of particles in reference volumes depending on the airflow rate from LAFC.

Two imaging planes passing through the center of the model were created to show
the air velocity profiles in the room (Figure 6). The air velocity profiles for the individual
variants are shown in Figures 7-11.

Based on the presented results, we can evaluate the effects of air velocity from the
distribution element on the concentration of particles in the cleanroom. The lowest number
of particles in the reference volume found on the instrument tables were calculated for
variants 2 to 4. A significant concentration increase can be observed in variant 5 when the
air enters the reference volume at a velocity above 0.27 m-s~!. The same phenomenon was
observed in variant 1 for volume V7, (instrumental stage extending outside the clear zone
below the laminar field). As can be seen in Figure 12, a flow velocity above 0.27 m-s~! is
accumulated in the reference volume due to undesired turbulence caused by the airstream
bouncing off the room’s walls. Similarly, in the reference volume above the Vor operating
table, we observed an increase in the concentration of contaminants from the increased
airflow rate through the LAFC. In evaluating the results of Figure 5 and from the airflow
profiles in Figures 7-11, we can deduce two independent mechanisms affecting the removal
of contaminants from the reference volume. The first mechanism works on the principle of
diluting the concentration of contaminants by supplying filtered air. The more filtered air is
introduced into the room, the lower the total concentration due to the removal of polluted
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air. The second mechanism of particle removal is to prevent the formation of unwanted
turbulence in the area of reference volumes. As the amount of filtered air supplied increases
with the use of the dilution mechanism, the flow rate through the LAFC increases (unless
its type or size changes). A higher discharge velocity will cause an increase in the airflow
rate even in the area of the reference volumes, which directly leads to a higher degree of
turbulence. The increase in speed in the area of the reference volume “Vor” can be seen
especially on the imaging plane XY and YZ, wherein the area of the patient’s torso and staff
hands. The flow of particles through the reference volume can also be explained as the flow
of particles through the path of least resistance since the flow of air in other directions is
prevented by medical staff and the table. The task of the LAFC is to use a stabilized laminar
airflow to create an imaginary piston that pushes all contaminants away from the patient.
Thus, when the laminar flow is disturbed, contaminants penetrate the reference volume.
For this reason, we consider it important to set the operating speed of the airflow through
the LAFC correctly.

1000 3000

Figure 8. Air velocity profiles for variant 2 on the XY plane (left) and YZ (right).
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Figure 11. Air velocity profiles for variant 5 on the XY plane (left) and YZ (right).
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Figure 12. Air velocity vectors at Vir, reference volume.
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2.2. Verification of Air Flow in CFD Simulation Using the PIV Method

The main mechanism of particle motion is forced convection formed by the ventilation
system. The PIV (Particle Image Velocimetry) method was used to compare the CFD
simulation with the experimental measurements. This is an immediate vector or scalar
measurement of velocity in a cross section. The principle was to make a monitored plane
using a pair of lasers with an adjustable switching frequency. The Dantec Dual PIV
Laser creates a plane in which the movement of particles between individual switches is
monitored. The inaccuracy of the PIV method measurement is determined by the maximum
cross-correlation deviation of the two light pulses and the maximum value is up to 5%. The
velocity vector tracking particles are delivered to the laminar field flow space using the
Safex F2010 smoke generator, particle motion was recorded by a high FPS camera, and the
devices used for scanning the speed profiles are shown in Figure 13.

(b) (c)

Figure 13. Devices for scanning speed profiles using the PIV method: (a) Safex F2010 smoke generator;
(b) Dantec Dual PIV laser; (¢) High FPS camera.

The particles were blown into the mounting area of the ceiling lamp to ensure as
much mixing of the supply air with the smoke particles as possible (Figure 14a) and were
subsequently recorded in the red area above the operating table (Figure 14b). The volume
flows of the ventilation system were identical to the boundary conditions of simulated
variant 5.

(@ (b)

Figure 14. Creation of airflow velocity profiles: (a) smoke generation to the measuring area; (b) area
measured by the PIV method.
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The velocity profile of the airflow generated in the measured area is shown in Figure 15a.
The average air velocity in the monitored area was 0.14 m-s~! (b). Figure 15b shows the
same area in the CFD simulation for variant 5, using k-w model 5 x 10° elements in the
mesh, with inflation on the surface of the operating lamp. The sizes of the mesh elements
ranged from 3-30 mm in order to achieve the lowest possible Y+ values in the viscous
sublayer area; in addition, skewness quality and orthogonal quality were also monitored.
It must be taken into account that airflow in the operating room is a dynamic process
with slightly variable velocity profiles. Therefore, the velocity profile of the airflow in the
simulation is not identical to the experimental measurement. While maintaining the same
speed from LAFC, the speed similarity behind the operating light is high. The average
air velocity in the monitored area was 0.13 m-s~!. Figure 15c presents the use of the same
number of elements in the mesh but is calculated by the k—¢ model. For this turbulence
model, the average airflow rate was only 0.04 m-s~!. Quality control for the mesh was also
performed by Chen et al. using half (2.5 x 10°) and twice (107) the number of elements [46].
The differences in the results with twice the number of elements were negligible. A higher
degree of similarity between experimental measurement and simulation was observed
in flow model k-w. The difference in the average airflow rate between the experimental
measurement of the PIV method and the CFD simulation with turbulence model k-w was
approximately 7%.

BN

Figure 15. Comparison of air velocity profiles above the operating table: (a) measurement by the PIV
method; (b) model k-w; (c) model k-¢.

3. Discussion

The numerical results report that the highest concentration of particles in the volume
of the Vot was above the operating table for variant 3. It is believed that the nonlinear
dependence of particle concentrations upon air velocity is due to two different mechanisms
for eliminating particles from the clean zone area. The first mechanism works on the
principle of diluting the concentration of particles in the air; the more filtered air is fed
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into the room, the lower is the concentration. This is the basic principle of cleanroom
ventilation and is confirmed by the results of a study by Heidrich et al. [30] and Khoo
et al. [2]. Our intention is to ensure good mixing throughout the room, which would lead
to a uniformly low concentration of particles thereof [47]. The second option for achieving
a low concentration of particles in the air is to eliminate unwanted turbulence in the clean
zone area. An increased air flow rate is directly related to an increase in the kinetic energy
of turbulence and the higher concentration of particles in the area above the operating
table and instrument tables. The causative relationship between increased airflow rate and
higher particle concentration is confirmed by Figures 7 and 11 (left) and the proportion
of particles in the volume of Vit; for variants 1 and 5. In Figure 9 (right), the higher
airflow rate above the operating table is visible and it confirms the dependence of increased
particle concentration in the volume of Vot for variant 3. These results show that lower
flow rates reduce unwanted turbulence and the magnitude of velocity fluctuations, making
the ventilation system more efficient at removing contaminants, leading to a reduction
in ACH and a decrease in the operating costs of the system. This possibility, of reducing
energy costs, is interesting when the locations and intensities of contaminant sources are
well known [48].

The suitability of using CFD for airflow simulation and contaminants in a cleanroom is
confirmed by several studies [19,32,47]. The SIMPLE algorithm was used in the study and
the convergence criteria were set as 10~4, with the exception of energy which was set as
1070 [31]. Although some studies have used the k-¢ model flow model for CFD simulations
in combination with the re-normalized group (RNG), which is considered a more reliable
method of simulating an indoor airflow pattern [49,50]. According to verification by the
PIV method, the flow is more realistically expressed by the k-w model. Lee et al. also list
the PIV method as suitable for verifying airflow ventilation to evaluate CFD accuracy [51].
Model k-w allows for more accurate near-wall treatment with an automatic switch from
a wall function to a low Reynolds number formulation based on grid spacing, which
demonstrates superior performance for wall-bounded and low Reynolds number flows.
According to Menter and Pope, the k-¢ model is only suitable for flow without separation
and fully turbulent flow. The results of the k-¢ models only showed good agreement for
high Reynolds numbers and especially for the flow in the pipeline [52-54].

The significant effect of the airflow rate from LAFC may be noted based upon the
economic operation of the cleanroom; a suitable heat-velocity microclimate, but also the
number of particles emitted by staff clothing. Several studies have monitored the economic
operation of a cleanroom due to its notoriously high energy consumption [2-5], looking
for ways to reduce their operating costs, especially with regards to air supply and circu-
lation [19] by modifying the position of distribution elements and pollution sources, or
by reducing fan power (volume flow) [20]. As cleanroom operations continue to protect
against off-site contamination, the overall savings are even more significant [21,55]. Reduc-
ing the flow rate from the distribution element below 0.2 m-s~! has the effect of reducing
the number of particles emitted from the clothing surfaces of the staff in the room [56].
According to Whyte [57,58] and Ljungqvist et al. [59] clothes are one of the most significant
sources of particulate matter emissions in clean rooms. Moving a human body into the path
of internal ventilation flows can also cause the penetration of particles [60]. Higher ACHs,
which are often accompanied by a higher airflow rate via the distribution elements, create
a feeling of thermal discomfort [32]. Thermal discomfort could cause doctors to commit
errors in a clean room, which could, in turn, lead to health hazards. Most surgeons spend
85-90% of their time in cleanrooms [61], so the importance of choosing an appropriate flow
rate for a cleanroom’s ventilation is desirable.

In this work, methods and instruments were used that could have skewed the accuracy
of the results. In the CFD model, the overpressure ventilation of the operating room was
neglected and the same air volume flow through the supply and exhaust distribution
elements were considered. In practice, 10-20% more air is supplied to the cleanroom to
create a pressure cascade [62]. Guaranteed inaccuracy of up to 5% could also arise with the
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equipment used for the PIV method. The disadvantage to using ingested equipment is the
small size of the monitored area during one measurement (approximately 200 x 200 mm).
Therefore, only the most important areas between the lamp and the table were moni-
tored. The three measurements were taken of the investigated area, with dimensions of
200 x 600 mm. The temperature of the supplied air and the speed of the airflow in the
investigated area have a certain influence on the nature of the flow. The experimental
measurement was similar to the simulation, in that it was solved as an isothermal prob-
lem. To ensure a temperature-neutral environment, thermal insulation with a thickness
of 250-400 mm was used on the perimeter walls of the laboratory. The nature of the flow
and changes in the velocity profiles could be influenced by the smoke generator for the
PIV device. The smoke generator was placed close to the distribution element above the
operating light and particles were flowing with a velocity in the range of 1.0-2.5 m-s™!
Figure 14a.

4. Conclusions

This work deals with the effects of air velocity, supplied to the operating room via
LAFC (in the range of 0.15-0.25 m's~!) and on the change in particle concentration of
0.5 pm. A numerical simulation, created with Ansys Fluent software, was used to evaluate
the changes in particle concentration. The concentration differences between the worst
(1.51%) and most efficient (0.70%) particle removal variants represent an improvement
of approximately 54%. The numerical results indicate that lower operating speeds of the
ventilation system (0.15-0.175 m-s~!) are more advantageous in terms of particle removal
efficiency in the operating table area and also decrease costs due to lower ACH. The area
representing the instrument tables was most significantly affected by the higher airflow
rate and this resulted in a higher concentration of particles therein. From these airflow
profiles, the relationship between the increased particle concentrations in the air and a local
increase in air velocity was confirmed. During the verification of the CFD simulation of the
airflow between the operating table and the luminaire, the k-w flow model was verified as
more appropriate, with an approximate inaccuracy of 7%.
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