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ABSTRACT 

The quality of the inhaled air in an Underfloor Air Distribution (UFAD) system assisted by Personalized 

Ventilation (PV) is evaluated based on the CO2 concentration levels in the respiration zone. Also, whole-

body thermal comfort is assessed using the Predicted Mean Vote (PMV) model. A comprehensive three-

dimensional Computational Fluid Dynamics (CFD) model is developed to simulate the indoor airflow 

behavior, including the interactions between the PV jet, human exhaled flow, and thermal plume. A 

parametric study is carried out by varying the UFAD and PV flow rates to analyze their effects on the 

overall thermal comfort and inhaled air quality. The results indicate that, for the proposed configuration 

and terminal device, PV with a supply temperature of 24 oC and flow rates between 2.5 and 7.5 L/s may 

reduce the CO2 concentrations in the respiration zone by up to 34%, while ensuring the occupant comfort. 

However, this finding cannot be generalized to all PV situations, as the present study accounts only for 

normal human breathing and a constant heat flux density. The variations in these parameters may alter 

the outcome due to the different interactions of the PV airflow in the occupant’s microenvironment. 

Keywords-underfloor air distribution; personalized ventilation; overall thermal comfort; inhaled air quality; 

CFD  

I. INTRODUCTION  

UFAD systems are widely regarded as energy-efficient air 
conditioning solutions that enhance the indoor air quality and 
thermal comfort [1, 2]. They are also reported to help reduce 
the airborne disease transmission in densely occupied 
environments. These systems deliver conditioned air through 
floor-mounted diffusers, which is then extracted by ceiling-
mounted exhaust vents [3]. Unlike conventional mixing 
ventilation systems, UFAD permits supply air temperatures to 

be 4 – 7 °C higher [4], preventing occupant discomfort, 

particularly cold feet. This design leads to lower energy 
consumption by reducing the temperature difference across the 
cooling coil.  

Moreover, the increased supply temperature strengthens the 
buoyancy-driven upward airflow, effectively transporting air 

contaminants to the upper part of the room and creating a 
stratified environment based on temperature [5]. The UFAD 
supply jet and the thermal plumes generated above the heat 
sources, play a crucial role in shaping the airflow dynamics 
within the conditioned space. A key design element in UFAD 
systems is the density interface level, which represents the 
height where the total thermal plume flow rate equals the 
supply air flow rate [6,7]. At this level, the space is separated 
into two distinct zones: a lower zone that remains cool and 
clean, and an upper zone that is warm and contaminated. To 
maintain good air quality in the occupied zone, the density 
interface must occur above the breathing level, as the exhaled 
contaminants tend to accumulate at this boundary, increasing 
exposure. This phenomenon, known as the lock-up effect, must 
be carefully managed to enhance the Quality of Inhaled Air 
(QIA) and mitigate the airborne disease transmission[8, 9]. 
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Additionally, UFAD systems require the supply jet to have 
sufficiently high momentum flux to penetrate the density 
interface; otherwise, the system functions as displacement 
ventilation [10]. After reaching its maximum height, the supply 
jet reverses direction and falls back, leading to a mixing flow in 
the lower zone while the upper zone exhibits unidirectional 
airflow toward the exhaust vents [11, 12].  

Reducing the supply flow rate has been shown to lower the 
density interface level, as the equilibrium between the supply 
air and thermal plume flow rates occurs at a lower height. 
While this can lead to thermal discomfort and unacceptable air 
quality in the occupied zone, it offers the economic benefit of 
reduced energy consumption. 

This trade-off promotes the integration of PV, whose main 
idea is to provide cool and clean air in the vicinity of each 
occupant. PV systems customarily operate at low airflow rates 
and relatively high temperatures, making them a potential 
energy-efficient ‘add-on’ solution for maintaining thre comfort 
and air quality in UFAD systems with decreased ventilation 
rates. 

Within the comfort range of room air temperatures (23–
26°C), supplying PV air at 20°C enhances the air quality 
without inducing draught discomfort [13]. The PV impact on 
the indoor air quality in a displacement ventilation system was 
investigated by both analytical and CFD modeling [14]. The 
use of PV could improved QIA by 20% in the breathing zone. 
A transient CFD model was used to assess the performance of a 
personalized sinusoidal ventilation system in conjunction with 
mixing ventilation [15]. When operated at 22°C, with a flow 
rate of 7.5 L/s and a frequency of 0.94 Hz, the dynamic PV 
system provides the optimal balance between comfort and 
indoor air quality, achieving about 21% energy savings 
compared to constant PV. A PV system operating at a flow rate 
of 7–15 L/s can effectively lower the CO₂ concentrations in 
inhaled air while maintaining the occupant comfort in both 
mixing and displacement ventilation systems [16]. An 
experimental study assessed the role of PV in the airborne 
COVID-19 disease control [17]. Their findings suggest that PV 
can reduce the infection risk by up to 50% 

The integration of PV with UFAD systems is largely 
unexplored in the literature [18]. Authors in [18] investigated 
the performance of UFAD assisted by PV in terms of the air 
quality, reporting that, at carefully selected flow rates, PV may 
improve the air quality in the occupant microenvironment by 
up to 25%. This paper aims to investigate, using CFD, the 
integration of PV with UFAD systems while assessing its 
impact on the air quality and overall thermal comfort. Unlike 
the limited number of existing UFAD–PV studies [18, 19], the 
present work first determines the UFAD flow rates required to 
ensure the thermal comfort. These optimized flow rates are 
then applied in PV integration scenarios, with the occupant 
comfort evaluated based on established criteria for the 
breathing zone and eye-level conditions. The proposed hybrid 
system is compared to a standalone UFAD system to ensure 
that both deliver the same QIA, while their respective energy 
costs are analyzed. 

II. SYSTEM DESCRIPTION 

The study considers a 2.5×2.5×2.6 m office in Beirut, 
containing a single workstation, as illustrated in Figure 1. The 
office features two external walls (north- and west-facing), two 
partition walls, and a ceiling and roof exposed to similarly 
conditioned spaces. The UFAD system serving the office 
includes two 20×20 cm supply diffusers and a 30 × 30 cm 
ceiling-mounted exhaust vent. The supply temperature is fixed 
at 20 ℃. 

The occupant is modeled as a block-shaped human 
simulator, positioned at a seated height of 1.25 m, with a total 
surface area of 1.72 m². It is assumed to emit 58.15 W/m² of 
heat (1 Met), corresponding to sedentary office work [20]. The 
circular mouth opening is taken to be 1.2 cm², representing 
average conditions for both breathing and talking [21]. The 
corresponding exhalation rate is 8.4 L/min [8], with the exhaled 
air containing 4% CO₂ at a temperature of 34℃. The PV 
terminal device, measuring 5 cm in diameter, is placed 40 cm 
in front of the occupant’s face and supplies conditioned fresh 
air at 24°C, as depicted in Figure 2. 

For simplicity, lighting fixtures are omitted from the 
geometry, and a lighting flux of 10 W/m² is applied to the 
ceiling assuming uniform distribution [22]. The office envelope 
follows a standard U-value of 1.6 W/m²·℃ for buildings in 
Lebanon [23]. The external heat gains are estimated based on 
the outdoor design temperatures and the desired indoor 
temperature, which acts as the background temperature for PV. 
Although UFAD environments exhibit airflow stratification, 
leading to non-uniform indoor temperatures, using an average 
temperature would remain a reasonable approximation for the 
estimation of the external heat gains and thermal comfort 
assessment [24]. 

 

 

Fig. 1.  Schematic layout of the office under study (dimensions in m). 
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Fig. 2.  Schematic layout of the PV configuration (dimensions in m). 

III. CFD METHODS 

CFD is a robust and accurate tool for analyzing the indoor 
airflow, particularly when appropriate models are selected and 
the boundary conditions are carefully defined [25, 26]. Other 
key factors contributing to a successful CFD simulation include 
the use of a high-quality computational mesh and ensuring a 
convergent, grid-independent solution. 

A. Numerical Modeling 

Using ANSYS Fluent, a detailed three-dimensional steady-
state CFD model was developed to simulate the indoor airflow 
behavior and characteristics. To accurately solve the complex 
interactions between the occupant’s thermal plume, exhaled 
airflow, and the PV jet, the careful selection of simulation 
models is essential. CFD predictions of temperature, velocity, 
and species concentration are then used to evaluate the overall 
thermal comfort and QIA in the UFAD space. The simulated 
geometry was discretized using the unstructured assembly 
method, ensuring mesh quality with a maximum skewness 
value below 0.9. Refinement with an element size of 5 mm was 
applied to the occupant’s mouth, as well as the room’s inlets 
and outlet, to accurately capture the high gradients in these 
regions. A grid independence analysis was conducted to 
evaluate the impact of the mesh size on the solution, as shown 
in Table I. The results led to the selection of Mesh 2 consisting 
of 676,492 elements, achieving a good balance between 
accuracy and computational efficiency. 

TABLE I.  RESULTS OF THE GRID INDEPENDENCE 
ANALYSIS 

No. of cells 

Relative difference in predicted values of air 

properties at the exhaust with previous mesh 

value (%) 

Velocity Temperature 

Mesh 1 315,539 - - 

Mesh 2 676,492 17.2 6.2 

Mesh 3 845,615 4.6 1.5 
 

TABLE II.  BOUNDARY CONDITIONS FOR THE 
SIMULATIONS 

Boundary Type Details 

Supply diffuser Velocity inlet 

Temperature = 20℃,  

Velocity = 0.3 – 0.7 m/s,  

CO2 mole fraction = 0.0004,  

Turbulent intensity = 5%,  

Hydraulic diameter = 0.2 m.  

PV inlet  Velocity inlet 

Temperature = 24℃,  

Velocity = 1.27 – 3.82 m/s,  

CO2 mole fraction = 0.0004,  

Turbulent intensity = 5%,  

Hydraulic diameter = 0.05 m.  

Exhaust vent Outflow Flow rate weighting = 1  

Person simulator No slip Heat flux = 58.15 W/m2 

Mouth  Velocity inlet  

Temperature = 34℃,  

Velocity = 1 m/s,  

CO2 mole fraction = 0.04 (4% in 

vol. of exhaled air),  

Turbulent intensity = 5%, 

 Hydraulic diameter = 0.0133 m.  

North-facing wall  No slip Heat flux = 7.2 – 14.68 W/m2  

West-facing wall No slip Heat flux = 5.6 – 11.5 W/m2 

Ceiling  No slip  Lighting flux = 10 W/m2 

Wall partitions and floor  No slip  Zero heat flux 
 

The Realizable k-epsilon model, incorporating enhanced 
wall treatment, with maximal y+ value of 0.82, was utilized to 
simulate the flow turbulence and accurately capture the viscous 
sublayer near walls, ensuring precise thermal plume predictions 
in the UFAD space [24]. For the simulations of UFAD with PV 
integration, the Standard k-omega model was employed to 
achieve higher accuracy and faster convergence. This 
turbulence model is better suited for simulating the air 
recirculation caused by localized vortices that may arise from 
the interaction of the two flows. To model buoyancy, which is 
critical in stratified environments with buoyancy-driven flows, 
the Boussinesq approximation was applied. The Surface-to-
Surface (S2S) model was employed to account for the radiation 
effects. The velocity inlet boundary condition was used for 
both UFAD supply diffusers and PV inlet as the scalar air 
properties are known prior to the simulations [27]. The external 
wall heat fluxes were determined through energy simulations 
using DesignBuilder software and the design conditions of 
Beirut. The boundary conditions used in the simulations are 
detailed in Table II. 

All variables, except pressure, were discretized using the 
second-order UPWIND scheme, while the STANDARD 
scheme was applied to the pressure term. To couple velocity 
and pressure in the Navier-Stokes equations, the SIMPLE 
algorithm was employed. Convergence was achieved when all 
scaled residuals reached 5×10-5, the quantity of interest 
stabilized, and the net heat and mass fluxes became negligible. 

B. Assessment of Thermal Comfort and Inhaled Air Quality 

In the pre-processing phase of the simulations, a cuboid 
fluid zone was designated around the occupant to model its 
microclimate for thermal comfort evaluation. Volume-averaged 
air properties within this microclimate obtained from CFD 
were then used to evaluate the overall thermal comfort using 
the PMV model [28]. Personal factors, including the metabolic 
rate (1 Met for sedentary adult) and clothing insulation (0.6 clo 

≡0.093 m2 οC/W), were incorporated into the PMV assessment 
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as well. The PMV scale ranges from -3 to +3, where -3 
represents cold, -2 cool, -1 slightly cool, 0 neutral, +1 slightly 
warm, +2 warm, and +3 hot. The full details of the assessment 
methodology are found in our previous work [11]. The overall 
occupant comfort in the UFAD system is evaluated without PV 
integration. To ensure that the studied PV does not compromise 
the whole-body comfort established by the standalone UFAD 
system, its flow rate must remain below 7.5 L/s avoiding eye 
discomfort [15]. Additionally, an inhaled air temperature 
between 22 oC and 30 oC was proven to maintain comfort and 
prevent health issues [29]. Rigorously stated, since the PV flow 
specifically targets a localized area of the occupant, its use 
requires a segmental comfort analysis [30]. However, this 
aspect is beyond the scope of the current study.  

To evaluate QIA, a 20 cm diameter sphere was created in 
front of the occupant’s nose in the post-processing stage of the 
simulations, representing the respiration zone shown in Figure 
3. Air quality is deemed acceptable when the volume-averaged 
CO₂ concentration in this zone remains below 1100 ppm, 
referencing an outdoor standard concentration of 400 ppm [31]. 

 

 

Fig. 3.  Vector loops of the mechanism considered for synthesis. 

C. Energy Analysis 

The energy performance of the UFAD + PV system is 
evaluated by analyzing the total cooling coil load, considering 
the variations in the flow rates and temperature across both 
systems. The total cooling coil load is expressed in kW as: 

� = ����� + ��	 = 
� �����ℎ� − ℎ�,����� +

� �	�ℎ� − ℎ�,�	�     (1) 

where 
�  represents the supply flow rate in kg/s, and ho and 
hs denote the enthalpies of the outdoor air and supply air, 
respectively, expressed in kJ/kg. The outdoor summer design 
conditions for Beirut City, as specified in ASHRAE climatic 
design information [20], are 32.3°C (db) and 22.8°C (wb). The 

relative humidity of the supply air is approximated to that of 
the indoor design value of 44.6%. This assumption is valid 
since the conditioned office has negligible latent load compared 
to the room sensible loads. 

D. Parametric Study 

1) Simulations without PV Integration 

The effect of the supply flow rate on QIA and thermal 
comfort in the specified UFAD space without PV integration is 
investigated through a CFD-based parametric study. In this 
stage, the focus is placed on understanding how the variations 
in the supply velocity influence both the distribution of fresh 
air and the perception of comfort in the occupied zone. The 
studied parameter range is chosen to align with the supply 
velocity values typically encountered in UFAD applications 
[6]. When the supply velocity falls below this range, the 
system’s behavior resembles that of displacement ventilation, 
with stratified air layers forming in space. In contrast, when the 
velocity exceeds the upper limit of the range, the airflow 
pattern begins to resemble mixing ventilation, where 
stratification is weakened and uniformity dominates. 

2) Simulations with PV Integration 

For the simulations incorporating PV in comfort-compliant 
scenarios, QIA is evaluated at three distinct PV flow rates of 
2.5, 5.0, and 7.5 L/s. These values were selected to represent a 
realistic operating range for PV, covering low, medium, and 
upper flow rate conditions. Across all cases, the PV supply 
temperature is maintained at 24 °C, while the outlet opening 
diameter remains fixed at 0.05 m, positioned 40 cm from the 
occupant’s face to ensure consistent boundary conditions. This 
setup makes it easier to compare how different PV flow rates 
affect the quality of the inhaled air. Other factors, such as 
geometry and temperature, remain unchanged, so they do not 
interfere with the results. The supply temperature, outlet 
diameter, and PV-to-occupant distance are kept constant in all 
cases. This way, the effect of the flow rate can be seen more 
clearly. The parameter ranges used in these simulations are 
summarized in Table III. 

TABLE III.  RANGES OF STUDIED PARAMETERS 

Parameter Range 

Standalone UFAD simulations 

Supply flow rate, 

(L/s) 
Range A: 8, 12, 16, 20, 24, 28 

(UFAD + PV) simulations 

UFAD flow rate, 

(L/s) 

Range B: values of Range A resulting in whole-body 

comfort 

PV flow rate 

(L/s)  
2.5, 5.0, 7.5 

 

IV. RESULTS AND DISCUSSION 

A. Results without PV Integration 

To examine how the UFAD supply flow rate affects the 
QIA and thermal comfort, six simulations were conducted for 
the considered office space without PV, with supply velocity 
varying from 0.3 m/s to 0.7 m/s, while the supply temperature 
remains unchanged. In each scenario, the predicted average air 
temperature and velocity within the occupant’s microclimate, 
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along with the overall room temperature, were used to calculate 
PMV for thermal comfort assessment. Additionally, the 
predicted average CO₂ concentration in the inhaled zone served 
as a metric for evaluating QIA. The results are outlined in 
Table IV. The airflow velocity distribution on a cut plane 
passing through the supply diffuser, as well as along the 
symmetry plane, is presented for all simulated cases in Figure 
4. 

The contour plots illustrate that the UFAD supply jet throw 
gradually increases with supply velocity, with the strongest 
throw observed in case (e). This intensification shifts the 
density interface and makes the lock-up of exhaled 
contaminants more pronounced, particularly when the 
horizontal momentum of the exhaled airflow penetrates the 
thermal plume and disperses into the room. At higher flow 
rates, the thermal stratification is reduced and the thermal 
plume weakens. In case (d), this behavior results in a marked 
drop in the CO₂ concentration, as the density interface forms 
just above the occupant’s nose and the exhaled airflow is 

directed upward into the head plume rather than spreading 
horizontally into the respiration zone. This outcome is linked to 
the strong vertical momentum of the convective UFAD flow, 
which counteracts horizontal exhalation and displaces CO₂ 
upward. In contrast, in case (e), QIA deteriorates again: the 
supply jet rises above the occupant’s head before reversing and 
descending, thereby pushing exhaled air back into the 
respiration zone. The corresponding CO₂ concentration fields 
for all cases are presented on the symmetry plane in Figure 5. 

Figure 6 displays the temperature contour plots inside the 
office, illustrating how the thermal stratification diminishes as 
the supply flow rate increases. In case (a), where the supply 
flow rate is the lowest, higher temperature levels are observed, 
leading to occupant discomfort due to a PMV value of 0.7, 
indicating a warm sensation. Conversely, in cases (d) and (e), 
the increased supply flow rate results in lower temperatures, 
causing the occupant to feel cold, with corresponding PMV 
values of -0.6 and -0.8, respectively. 

 

TABLE IV.  CFD PREDICTIONS OF AIR VARIABLES AND COMFORT METRICS FOR ALL STANDALONE UFAD CASE 

Case 
Supply flow rate  

(L/s) 

Room temperature 

(℃) 

Occupant’s microclimate 

PMV 
CO2 in respiration zone 

 (ppm) 
Temperature 

(℃) 

Velocity 

(m/s) 

(a) 12 28.03 29.87 0.051 0.7 1100 

(b) 16 25.62 24.94 0.061 0 1048 

(c) 20 24.33 24.01 0.078 -0.4 980 

(d) 24 23.56 23.55 0.085 -0.6 511 

(e) 8 23.13 23.15 0.093 -0.8 660 

 

 

Fig. 4.  Velocity contour plots on a cut plan through diffuser and a symmetry plane for standalone UFAD scenarios. 

 

Fig. 5.  CO2 contour plots on the symmetry plane for standalone UFAD scenarios. 
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Fig. 6.  Temperature contour plots on the symmetry plane for standalone UFAD scenarios. 

TABLE V.  PREDICTED QIA AND COMFORT METRICS FOR THE (UFAD + PV) SYSTEM 

UFAD flow rate (L/s) 16 20 

PV flow rate (L/s) 2.5 5 7.5 2.5 5 7.5 

Inhaled air temperature (℃) 30 29.6 29 28.1 27.7 27.4 

CO2 concentration (ppm)  801 757 695 766 731 664 

QIA improvement (%) 24 27.8 34 22 25.4 32 

 

B. Results with PV Integration 

PV was integrated with UFAD in two comfort-compliant 
cases (b) and (c), with supply flow rates of 16 and 20 L/s, 
respectively. The office was then simulated using three 
different PV flow rates, 2.5, 5.0, and 7.5 L/s at a temperature of 
24℃, with no adverse effect on the thermal comfort, as 
previously discussed. The results are portrayed in Table V. 

The results indicate that the use of PV enhances QIA by up 
to 34% compared to UFAD, without compromising the overall 
comfort. In both UFAD scenarios, the inhaled air temperature 
remains between 22℃ and 30℃, ensuring the thermal 
acceptability and perceived air quality [29]. The enhancement 
in QIA demonstrates that the PV diffuser sustains the minimum 
necessary flow rate, preventing the vortex formation within the 
respiration zone. However, when the velocity of exhaled 
airflow exceeds the current 1 m/s, momentum may override 
buoyancy, reducing the flow’s deflection [9]. In such cases, the 
interactions between the PV airflow and exhaled breath create 
obstructions that trap the contaminants in front of the 
occupant’s face, leading to poorer QIA [18]. 

 

 

Fig. 7.  Comparative plot of cooling coil load of UFAD alone in case (e) 

and UFAD + PV with the same QIA. 

To investigate the potential energy savings, the cooling load 
will be compared between two cases, as shown in Figure 7: 
UFAD alone with a supply flow rate of 28 L/s, denoted as case 

(e) and a combined system with 20 L/s UFAD + 7.5 L/s PV. 
Both configurations maintain the same QIA level, with a CO2 

concentration of 660–664 ppm in the respiration zone. In this 
scenario, the UFAD + PV system achieves approximately 11% 
energy savings compared to the standalone UFAD system. 

V. CONCLUSION 

A three-dimensional CFD model was developed to evaluate 
the performance of a combined UFAD–PV system within a 
standard office environment. The analysis considered various 
UFAD and PV flow rates and examined their impact on both 
the overall thermal comfort and QIA. The whole-body comfort 
was assessed using the PMV model, while QIA was evaluated 
based the CO₂ concentration levels in the occupant’s 
respiration zone. 

The results demonstrate that PV is a viable solution for 
improving the inhaled air quality in UFAD spaces, particularly 
in situations where contaminants may become “locked up” at 
breathing height. In the studied cases, QIA in the respiration 
zone improved by 22–34% for PV flow rates ranging from 2.5 
to 7.5 L/s. However, further research is needed to clarify the 
role of PV under a wider variety of exhaled flow rates, 
velocities, and human heat flux densities, as the complex 
interactions between the exhaled air, thermal plumes, and PV 
jets may alter the outcome. In some circumstances, these 
interactions may even reduce QIA. 

From an energy perspective, the comparative analysis 
revealed that integrating PV with UFAD provides 
approximately 11% energy savings compared to standalone 
UFAD while maintaining the same level of inhaled air quality. 
Moreover, when appropriate control strategies are applied, PV 
integration may yield up to 55% energy savings compared to 
conventional air distribution systems [32, 33]. 

Although this study focuses on a small-scale office with a 
single workstation to optimize computational efficiency, the 
findings are relevant to other UFAD-equipped offices that 
share similar background flow characteristics and PV 
configurations. 
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