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Abstract: Thermal comfort is increasingly recognized as vital in healthcare facilities, where patients
spend 80-90% of their time indoors. Sensing, controlling, and predicting indoor air quality should
be monitored for thermal comfort. This study examines the effects of ventilation design on thermal
comfort in hospital rooms, proposing four distinct ventilation configurations, each with three airflow
rates of 9, 12, and 15 Air Changes per Hour (ACH). The study conducted various ventilation simula-
tion scenarios for a hospital room. The objective is to determine the effect of airflow and the diffuser
location distribution on thermal comfort. The Reynolds-Averaged Navier-Stokes (RANS) equations,
along with the k—¢ turbulence model, were used as the underlying mathematical representation for
the airflow. The boundary conditions for the simulations were derived from the ventilation standards
set by the American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE)
and insights from previous studies. Thermal comfort and temperature distribution were assessed
using indices like Predicted Percentage Dissatisfaction (PPD), Predicted Mean Vote (PMV), and Air
Diffusion Performance Index (ADPI). Although most of the twelve scenarios failed to attain thermal
comfort, two of those instances were optimal in this simulation. Those instances involved the return
diffuser behind the patient and airflow of 9 ACH, the minimum recommended by previous studies.
It should be noted that the ADPI remained unmet in these cases, revealing complexities in achieving
ideal thermal conditions in healthcare environments. This study extends the insights from our prior
research, advancing our understanding of ventilation impacts on thermal comfort in healthcare
facilities. It underscores the need for comprehensive approaches to environmental control, setting the
stage for future research to refine these findings further.
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1. Introduction

Thermal comfort is crucial in maintaining a comfortable environment in enclosed
spaces, particularly in hospitals, where the focus is on effective contaminant removal.
Residents of these buildings, especially those with health issues, are sensitive to extreme
temperatures. The stress experienced in a hospital setting can lead to adverse effects such as
anxiety, depression, stress, agitation, and tiredness [1]. Creating a relaxing atmosphere for
patients can contribute to their rapid recovery [2,3]. However, assessing thermal comfort is
complex, as multiple factors, such as temperature, relative humidity, and airflow, influence
an individual’s perception [4].

Academic scientists and industrial engineers are exploring ways to improve the design
of hospital wards by controlling the temperature, humidity, contaminants, and velocity
of the supplied air and modifying the diffuser’s locations [5] Although it is a problematic
issue, little previous research has focused on hospitalized patients as subjects. The Amer-
ican Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) has
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defined thermal comfort as “the condition of the mind in which satisfaction is expressed
to the existing environment” [6]. Consequently, it is crucial to understand that achieving
optimal thermal comfort requires a multifaceted approach, which considers factors beyond
temperature control, such as airflow dynamics and air quality. Successfully integrating
these aspects into ventilation design is essential to fostering an environment conducive to
comfort and healing in the hospital setting.

Different ventilation methods, such as natural, mechanical, and hybrid approaches,
can regulate airflow and provide thermal comfort within a structure. Mechanical ventilation
equipment such as fans and exhaust ducts are commonly used to introduce and remove
air [7]. While occupants’ attention is immediately drawn to thermal comfort during
ventilation system operation, poor air quality may take longer to be noticed. Thermal
comfort relates explicitly to temperature and related factors, and indoor air quality can
indirectly influence the perceived comfort level. For ventilation to be technically possible in
a space with high temperatures, it is essential to provide an adequate airflow level. Creating
a stagnant layer of ambient air helps disperse metabolic heat into the surroundings. During
high temperatures, it is beneficial to keep the stagnant layer close to the ground and
above the occupied cooling zone [8]. However, no single ventilation design solution can
consistently solve thermal problems and remain cost-effective. Therefore, effective control
strategies are crucial for feasible and cost-effective ventilation system operations [5].

Several studies have investigated the impact of various factors on thermal comfort.
For instance, the thermal comfort of an office located in the city center of Krakow (southern
Poland) was studied by Borowski et al. [9] to determine the impact of the type of air
diffusers on the operation of the air conditioning system. Tests were carried out with
different diffusers, with nozzles and adjustable nozzles, which were part of the office’s air
conditioning system. Researchers discovered that the air velocity in a room is just as critical
as the temperature and humidity values, especially in the inhabited zone, for determining
the microclimate and the comfort levels in that space [5,8,9]. In addition, incorrect selection
of the type or location of air conditioning system components can contribute to local
discomfort for building occupants.

Computers and numerical algorithms have advanced rapidly in recent years, making
CFD techniques a reasonable alternative to mathematical models and in specific cases
of experimental work. As a result, in recent years, engineers and scientists have made
extensive use of CFD models in their work [10]. SolidWorks software (2023 SP5) developed
a 3D digital simulation tool for predicting human comfort levels. Prabhakaran et al. [11]
added the heat source model to ventilation to assess human comfort factors and indoor air
temperature. Net person’s heat load, coolant heat source, and solar radiation are considered.
According to ASHRAE, the PMV and PPD indicators’ results are respectable compared to
previous studies on human comfort levels. It was found in a survey of Hong Kong nursing
homes by Kainaga et al. [12] that when the PMV was negative, the residents were agnostic
to changes in temperature, which means that they hardly noticed if the temperature went
slightly up or down.

Hwang et al. [13] performed a 3D CFD (Computational Fluid Dynamics) modeling
study in a hospital operating room. The resulting airflow velocity and temperature were
used in the PMV calculations. The location of the exhaust air grilles did not affect the
thermal comfort. Still, it was observed that locating the supply air grilles closer to the
vertical midline of the room wall improved overall performance.

By presenting the environmental parameters of five separate technical HVAC (Heat-
ing, Ventilation, and Air Conditioning) standards and guidelines, Van Gaever et al. [14]
highlighted the discrepancy between the thermal comfort standard ISO 7730 and the envi-
ronmental parameters defined by the technical HVAC standards. It was also established
that the operating room’s current HVAC systems did not provide a suitable thermal en-
vironment for all the surgical staff. Therefore, an effectively planned inlet and outlet
configuration are crucial for thermal comfort.
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In order to analyze the airflow into two distinct linear diffuser designs, the office
building’s air velocity was measured and used to analyze the airflow into two distinct
linear diffuser designs [9]. The effect of airflow fluctuations on user comfort was analyzed.
The findings highlight the significance of air movement and its effect on user comfort. The
risk of a draught in the occupied zone can be increased by making a poor selection in
diffuser type or placement.

ASHRAE standards defined some rules for space air diffusion, trying to guide the
designers. For example, they mention that the outlet diffuser should be located on the side
of the room away from the supply diffuser to reduce short-circuiting of supplied air [15].

Cheng, Lin, and Fong [16] investigated thermal comfort in a stratum-ventilated en-
vironmental chamber to determine the effect of supply airflow rate and temperature on
thermal comfort. The results showed that at 27 °C, there was a slight change in heat percep-
tion and draught, although the supply airflow rate was increased from 7 ACH (Air Change
per Hour) to 17 ACH. According to Bolashikov et al., various healthcare facility ventilation
designs provide minimum ventilation equivalent to 12 ACH for isolation rooms [17].

In this research, we used CFD to model several scenarios for a hospital room ven-
tilation system with design and flow rate modifications. These simulations, employing
the RANS equations and the k—¢ turbulence model, were based on data collected from
previous studies. The objective is to determine the effect of airflow and the diffuser location
distribution on thermal comfort.

In our preceding research [18], we investigated various ventilation designs in a hospital
room, focusing on the role of airflow rates and diffuser locations in removing airborne
contaminants, mainly CO,. This study highlights the critical role of outlet positioning
in enhancing air quality. Building upon these insights, our current investigation focuses
on analyzing the impact of these ventilation configurations on thermal comfort within
hospital rooms. Departing from our initial emphasis on contaminant elimination efficiency,
the present research examines how different ventilation configurations influence thermal
conditions and air distribution, factors vital for patient comfort and health. This transition
from focusing on air quality to thermal comfort provides a broader understanding of the
consequences of distinct ventilation strategies in healthcare facilities.

Previous studies have not clarified the diffuser’s location and role in achieving thermal
comfort. In addition, there is no accurate amount of airflow to commit. In this research, we
have tried to investigate many designs of diffuser patterns and the recommended airflow.
Moreover, the results included the ADPI, owing to considering significant factors related to
our study such as air velocity, temperature, and turbulence, to evaluate the uniformity of
air distribution in a given space.

The first section of this article serves as an overview of the topic. It includes a review
of the literature on ventilation measuring techniques, focusing on the effect of diffusers
on the occupant’s comfort. Next, the methodology section outlines the control domain,
boundary conditions, and mesh setting. Validation, data, and analysis are discussed in the
results section. Finally, the main findings are presented in the conclusion.

2. Methodology
2.1. Governing Equations

Previous publications have established that the Reynolds-Averaged Navier—Stokes
approach is adequate for modeling airflow in closed spaces [19]. Two additional partial
differential equations associated with the k—¢ turbulence model complete mathematical
closure. We use the general laws of mass, angular momentum, and energy conservation
written in a cartesian frame (SolidWorks Flow Simulation) [20,21]. In a previously pub-
lished paper in the same journal, the authors presented the detailed physical model, flow
equations, and turbulence model implementation [18]. Building on our previous work [18],
this research advances the computational approach. While retaining the foundational
(CFD) framework, including the Reynolds-Averaged Navier—Stokes (RANS) equations and
k—¢ turbulence model, our current focus shifts toward a comprehensive thermal comfort



Designs 2024, 8,19 40f24

analysis. We have refined our methodology by incorporating detailed comfort criteria such
as Predicted Mean Vote (PMV), Predicted Percentage Dissatisfaction (PPD), Draft Tempera-
ture, and Air Diffusion Performance Index (ADPI). This approach extends our previous
work on air quality and contaminant removal. It enriches our understanding of the thermal
dynamics in hospital settings, thus providing a more holistic view of environmental control
in healthcare facilities.

2.2. Comfort Criteria

When designing occupied spaces and their HVAC systems, the comfort criteria determine
whether the environmental conditions are acceptable in general thermal comfort and air
quality. The fluid flow (air) is simulated to detect the comfort parameters by thermal sensation
and degree of discomfort (thermal dissatisfaction) for people exposed to moderate thermal
environments [20]. In this research, we use multiple criteria, as described below.

2.2.1. Predicted Mean Vote (PMV)

PMV is an indicator that predicts the average voice value of a large group of people on
a 7-point thermosensitive scale (—3 to +3) where —3 indicates cold, +3 indicates heat, and
0 represents normal temperature, according to the human body. Thermal equilibrium is
reached when the body’s internal heat production equals the heat loss to the environment.
Therefore, in a temperate environment, the human thermoregulation system will auto-
matically attempt to adjust the skin temperature and sweat secretion to maintain thermal
balance [22]. PMYV is defined as follows:

PMV = (0.303¢~%036M  0,028).{(M — W) — 3.0-1073[5733 — 6.99(M — W) — P,] — 0.42[(M — W) — 58.15] — 1.7

1075 M(5867 — Py) — 0.0014M (34 — T,) — 3.96:10-5 f (T +273)* — (T, + 273)’*] (1)
_fcth(Tcl - Tﬂ>}
where:

T, =357 — 0.028(M — W) — L, {3.96~10’8 £ [(Td +273)* — (T, + 273)4} + fuhe(Ty — Ta)} )

h, = max{2.38(TCl ~T,)%%, 12.1ﬁ} 3)

2
fo= 1.00 + 1.291, for I < 0.078km—WZ
1.00 + 0.6451,;, for Iy > 0.078 8%

where: M, the metabolic rate (W/m? of body surface), at which an organism’s metabolism
transforms chemical energy into heat and physical tasks (it is set by default at 70 W/m?);
W is the external work (W/m? of body surface), represents the effective mechanical force
(the default value is 0 W/m?); I is the thermal resistance of the clothes (mzK /W). The
resistance to heat transmission offered by the ensemble is satisfactory. Clothing insulation
is measured by its ability to prevent heat loss from the wearer’s entire body, which includes
the feet and hands. Typical thermal resistance values for a particular clothing group is
set by default to 0.11 m?K/W. Further, f,; is the ratio of the dressed surface to the bare
surface, T, is the air temperature (K), T; is the mean radiant temperature (K), V is the
relative air velocity (m/s), P, is the measure of the partial water vapor pressure based on
the saturation curve, k. is the convective heat transfer coefficient (W/m?/K), T is the
surface temperature of the garment (K).
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2.2.2. The Predicted Percentage of Dissatisfaction (PPD)

PPD provides information on thermal dissatisfaction by estimating the percentage of
occupants likely to feel too hot or cold in a given environment [22]. The following equation
gives it:

PPD =100 — 95EXP<—O.O3353PMV4 — O.2179PMV2) )

2.2.3. Draft Temperature

It indicates the degree to which a given location in the occupied zone deviates from
the baseline temperature. It is defined as a sensation of either cold or heat at a specific
location on the body due to the air’s temperature and velocity, with humidity and radiation
considered constant.

The draft temperature T is defined as follows:

Ty =T— Ty —7.6553 (V —0.1524) (6)

where:
T is the local fluid temperature (°C).
Ty is the average fluid temperature within the control space (°C).
V is the local fluid velocity (m/s).

2.2.4. Air Diffusion Performance Index (ADPI)

ADPI represents the area percentage where the Draft Temperature is between
—1.7and 1.1 °C, and Air Velocity is less than 0.35 (m/s).

2.3. Geometrical Model and Meshing

A hospital room model was created as part of the current study. Three elements are
considered inside the room: the bed, the healthcare worker (HCW), and the patient. Room
dimensions are 5 m in length, 4 m in width, and 2.8 m in height. Manikin’s height is
1.7 m and its width is 0.6 m. The bed is 2.3 m long, 0.9 m in width, and 0.4 m in height. As
illustrated in Figure 1, three lights are installed on the ceiling. The two air diffusers, the
inlet, and the outlet, are rectangular with 0.4 x 0.4 m?2 dimensions. The diffusers’ positions
are modified according to four different designs to explore the effect on thermal comfort.
We also study the influence of three different airflows. Figure 2a shows cases 1 (9 ACH),
2 (12 ACH), and 3 (15 ACH) chosen by [23], where the inlet and outlet are located on the
roof. The inlet is 1 m away from the side wall, and the outlet is on the other side, 0.5 m
from the side wall. For cases 4 (9 ACH), 5 (12 ACH), and 6 (15 ACH), the inlet is behind
the HCW, and the outlet is in front of the HCW, at a distance of 0.5 m from the floor and
roof, respectively, detailed in Figure 2b. This design has been proposed in reference [24].
Figure 2c illustrates the geometry for cases 7 (9 ACH), 8 (12 ACH), and 9 (15 ACH) with
the air inlet at 0.5 m from the roof at the left of the HCW and air outlet at 1 m from the floor
at the right of the HCW. In cases 10 (9 ACH), 11 (12 ACH), and 12 (15 ACH), the air outlet
is moved and located close to the floor with a distance of 0.5 m, as shown in Figure 2d.
The last two designs are recommended in reference [25]. For each geometry illustrated in
Figure 2, we consider three airflows of 9, 12, and 15 ACH.

This investigation uses a tetrahedral-structured grid constructed with the flow simula-
tion software SolidWorks [20]. This grid successfully captured the thermal environment’s
behavior. Cells are rectangular parallelepipeds with a set of orthogonal planes created
by dividing the domain into a computational mesh along the axes of the cartesian global
coordinate system. Initially, the original boundary-containing parallelepiped cells are subdi-
vided into several smaller sections. First, the domain is partitioned into slices perpendicular
to the axes of the Global Coordinate System using parallel planes to create the coarse-level
mesh used throughout the rest of the procedure. Next, the local mesh is refined by splitting
a rectangular computational mesh cell into eight cells through three orthogonal planes that
divide the cell’s edges into halves, as illustrated in Figure 3. In this study, two mesh sizes
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are used. First, a fine mesh (local refinement) is used around the occupants, the diffusers,
and the lamps at high temperatures. The coarse mesh is used everywhere else.

() (d)

Figure 2. The layout of the isolation room with different diffuser locations (a) cases 1, 2, and 3; (b) cases
4,5,and 5; (c) cases 7, 8, and 9; (d) cases 10, 11, and 12.
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Figure 3. Domain meshes with zoom-in on the body edge.

The following input parameters [20] are shown in Table 1:

Problem type (Internal, Compressible, 3D),

Level of initial mesh (Lin;),

Minimum gap size (hgap) and minimum wall thickness (hyn),
Symmetry settings applied to the computational domain boundaries.

Table 1. Input parameters.

Parameter Value
Lini From (3 to 7), respectively
hgap 0.01 m
hwall 0.01 m
y* 10 mm [26]
Level of refining fluid cells 1
Level of refining cells at fluid /solid boundary 3

The mesh convergence study for grid independence analysis was conducted using
five different mesh sizes, as illustrated in Table 2. A node was selected inside the domain
(near the patient’s mouth) to verify convergence, and a temperature gradient and velocity
test was performed across the various refined meshes. As a result, the convergence error is
reduced to less than 0.2% for temperature and 4% for velocity for the two finest meshes, as
indicated in Figure 4. According to [27], it is acceptable to have a convergence error below
5%. When considering the precision, the processing power available, the domain’s size,
and the complexity of the curved surfaces, we chose the mesh with 2.46 M elements to run
the simulations [28].

Grid Independence
0.6000 16
14
0.5000 |
12
0.4000 |
10
Q
5 0.3000 | 8%
- [}
g 6§
o 0.2000 |
g a
F 01000 }
2
0.0000 s s . s . 0
125,843 820,251 1,508,968 2,460,313 3,680,531
—&—Temperature —@— Velocity
Mesh Size in (Million)

Figure 4. Temperature and air velocity percentage error at the control point vs. mesh size.
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Table 2. Mesh sizes.

Mesh No. Number of Elements
1 125,843
2 820,521
3 1,508,968
4 2,460,313
5 3,680,531

2.4. Boundary Conditions

Since boundary conditions are of primary significance in attaining desirable outcomes,
it was essential to define them precisely. Hence, HVAC standards were reviewed, and a
literature survey was done. The initial supply air velocity was kept at 9 ACH with no return
air [19]. Afterward, the 12 and 15 ACH were applied. AlIRs (Airborne infectious isolation
rooms) are designed following ASHRAE 170, an American standard [29]. The heat sources
for both the healthcare worker and the patient are 144 W and 81 W, while the ceiling light is
chosen to be 11 W. [29,30]. In addition, it is assumed that the walls are adiabatic, with no heat
transfer or storage. Table 3 summarizes the remaining boundary conditions.

Table 3. Defined Boundaries.

Type Value
Room Air Initial Temperature 289 K [29-31]
Pressure 101,325 Pa
Humidity 50%
Turbulence Intensity 2%
Turbulence Length 0.335 m
Supply Air Volume Flow 0.14, 0.18, and 0.23 m3/s
Temperature 298 K
Pressure 101,325 Pa [29-31]
Humidity 50%
Turbulence Intensity 20% [32]
Turbulence Length 0.16 m
Expired Air Mass Flow 0.00014 kg /s [29-31]
Temperature 307K
Pressure 101,325 Pa
Humidity 100% [31]
Turbulence Intensity 2% [33]
Turbulence Length 0.12 m [34]
Exhaust Pressure 101,322.5 Pa

2.5. The Validation of the Numerical Solution

The numerical results were compared with experimental temperature room readings
of a similar study [35]. The case study is an isolation room with the same airflow rate of
12 ACH and similar locations for the inlet and the outlet. Figure 5 demonstrates a vertical
line next to the patient where the temperature values are taken. The CFD simulations
compare well with the experimental temperature results, with a relative error of less than
1.09%, as shown in Figure 6 [5,36,37].

To further guarantee that the findings of PMV and PPD are reasonable, a validation
based on two other parameters (temperature and velocity) has been presented for case 1.
The average temperature in a public building is one factor that is considered by analysts
when rating the facility’s thermal comfort because the rate at which temperature affects
thermal comfort varies [38]. From Figure 7, it can be seen the supply diffuser provides the
space with airflow with a velocity around 1 m/s as illustrated by Figure 8. It's temperature
about 298 K, and compared to case 1 as shown Figure 9, that corresponding to the 0 PMV
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value, while the area above the bed covered by the range of temperature from 301 to 304 K,
which match up with the results of PPD, where (60-100)% of people are not satisfied with
the temperature in this region, as shown in Figure 10 case 1.

measuring line | T T

Figure 5. Illustration of the Position of the Measuring Line.

Temperature Validation

1

08

.g. 06
==
=

D 04
T

0.2

0

22 24 26 28 30
Temperature Value [C°]
~&— Numerical Data ~&—Experimental Data

Figure 6. The Comparison with an Experimental Study.
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Figure 7. Front view for Temperature Case 1 at 9 ACH.
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Figure 9. Front view for PMV (a) Case 1 at 9 ACH, (b) Case 2 at 12 ACH, (c) Case 3 at 15 ACH.
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()
Figure 10. Front view for Fluid PPD (a) Case 1 at 9 ACH, (b) Case 2 at 12 ACH, (c) Case 3 at 15 ACH.

Meanwhile, the velocity result shows that adequate velocity is the foundation for
thermal comfort (within the permitted velocity range) as shown in Figure 8 [36], and this is
proved in both Figures 9 and 10 (case 1).

3. Results and Discussion

This section compares the most representative simulation results for the various
geometries and airflow configurations regarding thermal comfort indicators. The results
will include PPD and PMV to assess thermal comfort and ADPI for airflow diffusion. The
results were visualized using the front and top section views. It can be noticed from Figure 2
that designs (a) and (b) exhibit distinct differences. In contrast, Figure 2 designs (c) and
(d) show a high degree of similarity, which emphasizes the effect of the diffuser’s level on
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thermal comfort. It justifies the necessity to simulate all of the 12 cases to comprehensively
assess the impact of each design on thermal comfort.

3.1. Cases 1, 2, and 3

As shown in Figure 2a, the inlet and outlet of this design are roof-mounted, at 1 m for
the inlet and 0.5 m for the outlet from the side wall.

3.1.1. Predicted Mean Vote (PMV)

Figure 9a depicts the front view for an airflow of 9 ACH, with the green zone covering
the area below the patient level around 0 PMV. Going up, the value of PMV gradually
increases until it reaches approximately 1.3 PMV, where the feeling of warmth is dominant
owing to the buoyancy factor. Similar results are observed with 12 ACH airflow (Figure 6)
but with a more extended green area due to the increased airflow. The warmth area
gradually declines in the occupied zone. Therefore, an increase in airflow improves thermal
comfort. However, at 15 ACH (Figure 9c¢), the upper region is still thermally uncomfortable
as the airflow is not directed toward, and cannot reach, that area. In addition, due to the
inlet location, as seen in Figure 9a—c, the whole region under the inlet is at PMV = 0.

3.1.2. Predicted Percent Dissatisfied (PPD)

Temperature plays a crucial role in characterizing PPD, and dissatisfaction in this area
leads to results consistent with the thermal prediction (PMV). As seen in Figure 10a, at
9 ACH, the thermal comfort is best achieved below the inlet (about 0% PPD) inside the
suggested range of 0-7% PPD suggested by [37]. In contrast, thermal discomfort starts
outside the air path, going up over the patient’s body. Especially in the space where the
patient and the HCW are located, the predominant value is 50% PPD, which is considered
high [6,37]. It is because the bed works as a barrier preventing the air from reaching the
upper region, dispersing the air to the sides. For 12 and 15 ACH (Figure 10b,c), thermal
discomfort decreases on the inlet side, a slight improvement. However, the occupied area
is still not affected by the higher airflow, and the predominant values are from 30-50% PPD
in this region.

3.2. Cases 4, 5, and 6

The inlet is behind the HCW at 0.5 m below the ceiling in these cases. The outlet is on
the opposite wall, 0.5 m above the floor, as shown in Figure 2b.

3.2.1. Predicted Mean Vote (PMV)

Figures 11a and 12c results correspond to 9 ACH airflow. The predominant feeling is
warmth, with a value of about 1.29 PMV. Higher values, 2 to 3 PMYV, are observed in the
occupied area because of body heat. Normal thermal conditions occur in the room beside
the wall on the side of the patient’s head and the airflow path. In addition, we notice the
green space at the lower level beside the bed due to the backflow from the wall (Figure 12a).
At 12 ACH (Figures 11b and 12b), the comfort zone (green) increases primarily near the
room walls with values from 0-0.8 PMV. As air hits the opposite wall, it spreads gradually
toward the center. Furthermore, Figure 11c shows that the green area has increased due to
the increase in airflow, despite some hot spots near the ceiling, with values from 1-2 PMV.

Raising the airflow to 15 ACH reduces the warm and hot regions except for the corner
above the inlet, where the PMV ranges between 0.9 and 1.7 PMV (Figures 11b and 12b).
However, the occupied area is again suffering from the warmth, as is evident from the top
view in Figure 11c. This is because the inlet is higher than the occupancy level, pushing the
air toward the opposite side.
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(b)

(c)

Figure 11. Top view (a) Case 4 at 9 ACH, (b) Case 5 at 12 ACH, (c) Case 6 at 15 ACH.
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(b)

(c)

Figure 12. Front view for PMV (a) Case 4, at 9 ACH, (b) Case 5 at 12 ACH, (c) Case 6 at 15 ACH.

3.2.2. Predicted Percent Dissatisfied (PPD)

Figure 13a, at 9 ACH, shows that the occupied place has a value of more than 43%
PPD. This number is characteristic of a considerable portion of the room and diminishes as
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airflow speed increases. The PMV value decreases to 28% PPD and below in the regions
near the walls. Figure 13b,c, for 12 and 15 ACH, shows that the occupied area has a value
starting at 20-25% PPD and goes up far from the inlet effect. At the same time, the PPD
is lower near the room walls. Furthermore, the increase in airflow decreases the value of
PPD from the borders to the center of the room where the occupied area is, as shown in
Figure 13b,c.

I\ i f
PPD
PPD (1) contours
(a)

PPD (1) contours

(b)

PPD [%]

PPD (1) contours

(©)

Figure 13. Top view for Fluid PPD (a) Case 4 at 9 ACH, (b) Case 5 at 12 ACH, (c) Case 6 at 15 ACH.

3.3. Cases 7, 8, and 9

The inlet is 0.5 m from the ceiling on the patient’s feet wall, while the outlet is 1 m
above the floor on the opposite wall, as shown in Figure 2c.
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3.3.1. Predicted Mean Vote (PMV)

Figure 14 shows the thermal balance illustrated by PMV values. At 9 ACH, the
majority of the area in yellow in Figure 14a is around 1.29 PMYV, indicating a warm zone.
The airflow follows the green zone at about 0 PMYV, characterized by a feeling of thermal
comfort. This is not the case for the upper region (in red), where the value is 3 PMV. The
temperature is higher due to the hot air’s buoyancy and the lights” thermal load. The green
area is expanded for 12 ACH (Figure 10b) due to increased airflow. The influence of the
airflow on PMV is more significant at 15 ACH (Figure 14c), where most of the region is
green (0 PMV). A green area indicates neutral feelings up to the higher level, the only
exceptions being some regions around the occupied area. The occupied zone is yellow
and red near the patient, with values between (1.3 and 3) PMV. Due to the horizontal flow
pattern, air will not pass through the occupied area, accumulating heat.

(b)

(0)
Figure 14. Front view for PMV (a) Case 7 at 9 ACH, (b) Case 8 at 12 ACH, (c) Case 9 at 15 ACH.
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3.3.2. Predicted Percent Dissatisfied (PPD)

The ideal value is O for the PPD, indicating that everyone is comfortable with the envi-
ronment’s temperature. However, we see in Figure 15a,b, for 9 AFC and 12 AFC, respectively,
that most of the room space has a PPD value starting at 25% PPD. However, due to airflow
passage, PPD is less than 25% in the occupied zone. Furthermore, for 15 ACH (Figure 15c¢), the
value is from 0-7% PPD, which corresponds to the value suggested by [37], which should not
exceed 10% PPD. In this case, however, the occupied area is penalized by the strong horizontal
airflow pattern and has a high PPD value of 30% or more. This indicates that a rise in airflow
positively affects thermal comfort only if appropriately diffused.

PPD [%]

PPD [%]

PPD (%]
PPD-front: contours

Figure 15. Front view of PPD (a) Case 7 at 9 ACH, (b) Case 8 at 12 ACH, (c) Case 9 at 15 ACH.

3.4. Cases 10, 11, and 12

These test cases have an almost identical geometry to the previous ones, except the
outlet is situated only 0.5 m from the floor, as seen in Figure 2d.
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3.4.1. Predicted Mean Vote (PMV)

For 9 ACH (Figure 16a), the green area is concentrated above the occupied region
because the airflow path reaches up to the patient’s line, where the value of PMV is around
0. In addition, the outlet absorbs the air directly, which does not allow the air to move
around the room, leading to thermal discomfort elsewhere, with PMV values around 1.3.
At 12 ACH (Figure 16b), the green area increases significantly throughout the room, with
the predominant PMV values between 0 and 0.8 due to increased airflow. Moreover, the
value of PMV gradually rises in the patient’s area, which means a more uncomfortable
feeling because the supplied air tends to become parallel to the patient, with values starting
at 1.3 PMV and more. The upper area has good thermal comfort values for 15 ACH with
PMV around 0, except for the region surrounding the light (Figure 16c). However, at
15 ACH, the bed area has an undesirable PMV value because the strong airflow results in a
horizontal pattern.

(9
Figure 16. Front view for PMV (a) Case 10 at 9 ACH, (b) Case 11 at 12 ACH, (c) Case 12 at 15 ACH.
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3.4.2. Predicted Percent Dissatisfied (PPD)

By repositioning the outlet, the outcomes are similar to the results in cases 7, 8, and 9,
according to the simulation results. In this design (Figure 2d), for 9 ACH (Figure 17a), the
only variance is the level of thermal satisfaction, which decreases near the ground due to the
location of the outlet. At 12 ACH (Figure 17b), we notice an expansion of the thermal satisfaction
area. Throwing the air with more force causes the path to become horizontal instead of going
downwards because of gravity, which increases exchanges. At 15 ACH (Figure 17c), there
are similarities with case 9 (Figure 15c) due to the strength of the flow. Moreover, there is no
significant effect of the outlet’s location between these two designs (Figure 2c,d).

100.0
929
85.7

PPD [%]

PPD [%]
PPD: contours

100.0
929
85.7

PPD [%]
PPD: contours

Figure 17. Front view for Fluid PPD (a) Case 10 at 9 ACH, (b) Case 11 at 12 ACH, (c) Case 12 at 15 ACH.
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3.5. PPD Variation along the Measuring Line

The charts will display the parameter variation along a line drawn at a vertical distance
of 1 m from the ground and parallel to the patient over a distance of 2 m, as shown
from Figure 18. This section analyzes the PPD variation along this measuring line, a
representative measure of the comfort level in the occupied zone of the room. For example,
it shows the PPD variation for an airflow of 9 ACH. We notice (Figure 19—cases 7 and
10) that the designs shown in Figure 2c,d have the best thermal comfort with PPD values
between 18 and 30%. At 12 ACH (Figure 20—cases 8 and 11), a similar behavior is observed,
with some values of PPD for case 8 of more than 30%. It is worth mentioning that these
optimal designs have been suggested by [25]. However, for 15 ACH (Figure 21), it has been
found that all PPD values are too high, as the strong horizontal airflow does not cross the
occupied area. In conclusion, Figures 19 and 21 demonstrate that a higher Air Changes per
Hour (ACH) value significantly enhances thermal comfort. Additionally, the location of the
diffuser plays a crucial role, as evidenced by designs (a) and (b) shown in Figure 2 which
present optimal values for the PPD and, consequently, the PMV.

- Lo

measuring line

Figure 18. Illustration of the position of the measuring line.

(9) ACH

90
80
70
60
50

PPD %

140
30

20 : . _4/

10

Length (m)

Casel ——Case4 ——Case?7 Case 10

Figure 19. Comparison of PPD % at 9 ACH.
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Figure 20. Comparison of PPD % at 12 ACH.
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Figure 21. Comparison of PPD % at 15 ACH.

3.6. Air Diffusion Performance Index (ADPI)

The ADPI values reveal the achieved percentage of air diffusion in each case. Case
6 is the optimum one, as the value is more than 80%, the lower limit for thermal comfort,
according to [39]. As shown in the chart (Figure 22), the efficiency of air diffusion shows
how the values gradually increase with the airflow. Generally, for 15 ACH, all the cases
are acceptable. For 12 ACH, reasonable outcomes were achieved, except for case 2, which
was lower than the 80% ADPI limit. This result indicates the effect of airflow and diffuser
location on the outcomes. At 9 ACH, all designs failed to meet the minimal requirement
for ADPL
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Comparison of APDI Values
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Figure 22. Comparison of ADPI Values.

In our current investigation, we observed distinct trends in thermal comfort that con-
trast and expand upon our previous findings on contaminant removal [18] Notably, while
our earlier study highlighted the critical role of diffuser placement in effective contaminant
extraction, the current results reveal a more complex interaction between diffuser location
and thermal comfort parameters like PMV and PPD. These findings suggest that optimizing
air quality does not inherently guarantee thermal comfort, underscoring the need for a
balanced HVAC system design for healthcare settings.

4. Conclusions

The importance of ventilation to human health and its impact on thermal comfort in
hospital environments prompted our study on the ventilation configurations of a hospital
room. Thermal comfort parameters were evaluated within various ventilation designs and
airflow rates using CFD simulations. More specifically, the influence of the inlet/outlet
locations on the thermal comfort parameters has been studied.

Our findings indicate a notable impact of diffuser location and airflow intensity on
thermal comfort. However, not all designs achieved an ideal thermal environment, with the
most effective being cases 7 and 10 at 9 ACH. These cases demonstrated targeted thermal
comfort in the patient area due to the strategic placement of the air outlet and inlet.

Furthermore, our results underline the considerable influence of airflow on the air
diffusion performance index (ADPI), with higher ACH designs showing better air diffusion,
(even though although achieving complete thermal comfort remained challenging for
specific scenarios). It deserves to be mentioned that designs (a) and (b) can be chosen for a
lower value of ACH, where design (b) has a better value of about 10% PPD of design (a) at
9 and 12 ACH. In contrast, designs (c) and (d) have low down values by about 40%. At
15 ACH, we found that PPD has a high value over the patient’s area in the four designs.

The results show that the airflow or the inlet/outlet location alone do not provide
optimum thermal comfort. Although many studies have been conducted in this area,
much effort is needed to optimize the designs by adding blades to the diffusers, and the
study could be transient instead of steady state. In addition, some challenges to overcome
during the modeling process include the model’s size. Therefore, further simulations are
recommended for other designs.

Building upon our previous work, this study sheds light on previously unexplored
aspects, revealing that optimal thermal comfort transcends mere airflow or diffuser location.
This goes against what is commonly believed in this regard and opens avenues for future
research, including exploring transient models and incorporating adjustable diffusers. Such
advancements promise to deepen our understanding and contribute to more effective,
patient-centered HVAC solutions in healthcare facilities.
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Despite the abundance of literature in this area, extensive effort remains required to
uncover effective designs. However, there are still a lot of obstacles to overcome while
modeling, like the model’s size. In addition to modeling, the experimental work will
confirm the results. When it comes to thermal comfort or pollutant removal efficiency,
employing diffusers angled at a specific angle is also essential, which can be implemented
in future studies.
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