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Abstract: Underfloor air distribution (UFAD) systems are increasingly used for their advantages in
improving energy savings, indoor air quality, and thermal comfort. In UFAD systems, an underfloor
plenum delivers conditioned air to the air supply diffusers. The distribution of internal air velocity
and static pressure in plenums determines the uniformity of the airflow to the occupied zones. As
a result, the plenum has a detrimental effect on the characteristics of the supply air and, thus, the
resulting indoor air quality and thermal comfort. Nevertheless, most existing studies on underfloor
plenums focused on small-scale plenums with a single internal air duct. Large plenums and multiple
air ducts in UFAD equipped in large premises are underexplored. In this study, a circular underfloor
plenum with a large scale (radius of 15 m, height difference of 0.9−2.9 m) and 503 under-seat diffusers
in a conference room was studied using computational fluid dynamics (CFD) simulation (ANSYS
Fluent (16.0)). The distributions of airflow velocity and static pressure inside the plenum were
analyzed and compared to one concentrated air supply mode and three uniform air supply modes.
Based on the air velocity at the center of under-seat diffusers, the outgoing airflow uniformity from
the diffusers under four cases was evaluated by the index of air velocity uniformity. The results
showed that the multiple supply ducts with bottom air outlets yielded the best uniformity of supply
air. The findings of this paper are expected to provide a technical basis for realizing the optimal
design of the UFAD system in terms of uniformity of supply air.

Keywords: underfloor air distribution; CFD simulation; non-uniformity coefficient; uniform air supply

1. Introduction

As the population grows and living standards improve, energy consumption increases
significantly, and climate change becomes a significant concern. The building stock accounts
for approximately 40% of the global energy use and about one-third of the total greenhouse
gas emissions [1]. Hence, considerable efforts should be devoted to reducing energy use
and improving building performance.

Underfloor air distribution (UFAD) is one mechanical air distribution system that
delivers conditioned air through diffusers mounted on the plenum [2]. Air is directly
supplied to the occupants’ area due to the thermal stratifications caused by occupants’
heat load and is usually exhausted from the ceiling [3]. UFAD systems can provide good
indoor air quality and establish desirable thermal comfort conditions for occupied spaces
using reduced energy compared to conventional mixing ventilation [4]. Compared with
the displacement ventilation (DV) system, the UFAD system delivers the air at higher
velocities, typically in a range of 0.5 m/s to 2 m/s, while DV is typically lower than
0.5 m/s. The higher air velocity in UFAD results in higher turbulence and better mixing.
More importantly, spaces ventilated with UFAD systems have lower vertical temperature
gradients than the DV [5]. UFAD becomes more efficient in high premises, such as theatres,
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hotel lobbies, showrooms, conference rooms, and worship buildings, as it only conditions
the occupied zones rather than the whole space compared to mixing ventilation. [3,4,6].

Plenums are static pressure layers in the lower space of raised floors that stabilize
the airflow by converting dynamic pressure to static pressure. The pressure distribution
and flow field in the plenum space directly affect the air supply uniformity, and thus the
indoor temperature uniformity and thermal environment. Therefore, to obtain air evenly
from the plenum, it is necessary to study the uniformity of air velocity and static pressure
distribution inside the plenum and at the under-seat diffusers.

The influencing factors of plenum air supply uniformity, such as plenum height,
internal structure, and valve resistance, have been studied. Kaish et al. [7] examined the
flow field and the pressure distribution in the underfloor plenum of a raised-floor data
center using an idealized one-dimensional analytical model. This work developed two
dimensionless parameters influencing plenum flow: the pressure variation parameter and
the frictional resistance parameter. Results are presented over a range of values of these
two parameters in terms of distributions of pressure in the plenum and flow rates through
the perforated tiles. Zhang et al. [8] investigated the effects of six raised floor heights
(0.2 m, 0.4 m, 0.6 m, 0.8 m, 1 m, and 1.2 m) on three types of under-floor air distributions
using CFD. The results showed that increasing the floor height can improve the cooling
effect and airflow distribution uniformity. Chen et al. [9] established the CFD model of
the under-floor plenum and introduced the imbalance rate as an index to evaluate the
influence of the plenum height and the density of the air supply outlet on the airflow
uniformity of the plenum. Their results showed that the air supplied from the plenum
got more uniform when the plenum height increased and the air supply outlet density
decreased. The uniformity of the plenum is improved by having a large distance between
the inlet and outlet at the same plenum height.

In addition to the height of the plenum, the internal structure of the plenum, such as
the shape and position of its internal air duct and its air outlets, also contribute to airflow
and pressure distribution inside the plenum. Wang [2] simulated the underfloor plenum of
a theatre using CFD. Numerous vortices were observed at the site of structural mutations,
and the supply air velocity of the diffusers beneath the seat differed significantly with
evident non-uniformity. Plenum airflow uniformity could be enhanced by improving the
position of air ducts and the velocity of air entering the plenum. Kong et al. [10] simulated
the underfloor plenum with a height of 170 mm using CFD. The influence of air outlet
position and air velocity on the air supply uniformity was studied. The results showed
that the supply positions of inlet airflow in the plenum significantly influence the air
velocity and air volume outgoing from the ventilation terminal diffusers. Tradat et al. [11]
simulated the underfloor plenum of a data center using the CFD method. Their results
showed that the partitions eliminated the presence of vortices in the underfloor plenum and
thus enabled a more uniform pressure distribution and tile airflow delivery. Lu et al. [12]
reviewed the effects of underfloor plenum geometries on the airflow distribution in data
centers considering different configurations such as cold and hot aisle containment and
vertical exhausted duct systems.

Additionally, the density of the distribution of underfloor diffusers and their resistance
coefficient also affect the uniformity of the supply air. Jiang et al. [13] studied part of a
plenum in a theatre using CFD. The air volume balance of the system was realized by
adjusting the resistance coefficient of the diffuser, and the tuning work was accelerated
through CFD simulation. Wang et al. [14] developed a numerical simulation model to
simulate airflow distribution in an underfloor plenum of a theatre. The uniformity of air
supplied was optimized by adjusting the resistance coefficient of the diffuser. An underfloor
plenum model has been developed by Huang et al. [15] to analyze the effects of action
radius and diffuser density on the uniformity of supply air in the plenum. As the diffuser
density was kept constant, the plenum’s supply air uniformity worsened with increasing
action radius. In large plenums, the more diffusers, the more uniform the supply of air.
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Over the past few decades, the role of CFD simulation has been quickly evolving
with the rapidly growing computational power. With CFD simulations, engineers can
design high-quality ventilation systems in less time and with fewer costs since the need
for hardware iterations is reduced. CFD has been proven capable of performing complex
simulations of turbulent flows with high quality, such as thermal distribution, air velocity,
diffusion of contaminants, convection around buildings, and the behavior of smoke in
large spaces [16,17]. CFD simulations are extensively utilized to simulate the airflows
in buildings and ventilation systems. Hayashi et al. [18] examined the characteristics of
contaminated indoor air ventilation in a simplified two-dimensional room model using
CFD. Kim et al. [16] carried out a study on the effectiveness of UFAD systems with different
inlet air velocities and diffuser locations in a large, high space. CFD software was used to
simulate the thermal environment, along with the control variables for a large theater space
equipped with a UFAD system. Yang et al. [19] adopted experiment and CFD methods
to study the heat transfer upward and downward across the stratified surface in a large
space building with a floor-level side wall air-supply system. The results showed that the
numerical simulation results could reflect the indoor thermal environment of the scaled
model well. Kong et al. [20] used CFD to investigate air temperature stratification in a room
with a UFAD system. The CFD predictions were validated against experimental data using
a full-size UFAD system. The different supply air conditions and heat loads were discussed.
The results showed that the effect of three parameters, heat load, supply volume flux, and
supply air velocity, on room air temperature would be expressed by the length scale of the
floor supply jet. Kobayashi et al. [21] simulated a floor-supply displacement ventilation
system using CFD. The system’s performance with different air change rates, diffuser num-
bers, furniture arrangement, and cooling loads was further evaluated. Cheong et al. [22]
evaluated the thermal comfort conditions of an air-conditioned lecture theater in a tertiary
institution using experimental measurement, CFD modeling, and subjective assessment. A
CFD tool was used to simulate the indoor comfort parameters, such as temperature, airflow
rate, and relative humidity. Corroboration between results from the field measurements
and predicted values was conducted. The results showed good distributions of airflow
characteristics and temperature gradients, which agreed with empirical measurements.
To test the effect of the garage on air quality in the attached house, depending on its air
tightness. Nina et al. [23] simulated a garage using CFD. The results of the study showed
that the best air quality was when the air freely flowed through the garage door and no
gasket was used. To improve ventilation systems and, in consequence, the air quality,
Nina et al. [24] also focused on studying the impact of an air terminal device (ATD) with
a dynamically changing geometry on the effectiveness of a variable air volume (VAV)
ventilation system using CFD. The results of the simulations and the PIV measurements
showed that the changes in the geometry of the air terminal device improve the ventilation
effectiveness of a VAV system, allowing the system to maintain a constant air throw despite
the changing airflow magnitude through the system.

For the use of UFAD systems, a challenging task for designers is to achieve uniform
pressures and airflows in underfloor plenums, especially those with large spaces and
complex structures. Several studies have focused on the uniform air supply of the plenum
using CFD. However, most previously published studies assumed the plenum’s small scale
and simple structure. There is a lack of clear understanding concerning the airflow and
pressure distributions inside the plenum with large-scale and complex structures, which
are often used practically. Moreover, plenum structures are system-dependent and have
complexity and particularity for different cases. Providing more examples allows similar
projects to be compared more easily. In this paper, a large-scale plenum with a volume of
1343.1 m3 was studied using CFD simulation. Various air duct arrangements and air outlet
locations were compared to study their impacts on the pressure distribution and velocity
distribution inside the large-scale underfloor plenum.
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2. CFD Simulation
2.1. Three-Dimensional Geometric Model

The target object is a circular conference room located in the UN office building of
Dakar (14.7◦ N, 17.4◦ W), the capital of Senegal, West Africa. The circular conference room
with 503 seats can be seen in Figure 1. It has a height of 9.0 m and a radius of 30.0 m. It
consists of a rostrum area and an auditorium area. The rostrum portion is cooled by the
up-supply air conditioner, while the auditorium is cooled by UFAD and up-return. The
stepped cavity under the audience seating serves as the underfloor plenum, with a radius
of 15 m, an area of 707 m2, and a volume of 1343 m3. As the ladder was raised, the plenum’s
height gradually increased from 0.8 m to 2.9 m.
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Figure 1. Vertical section of the circular conference room and simulated domain in this study.

The UFAD in the conference room was originally designed as a centralized air supply
mode with the main duct located along the inner wall of the plenum, as shown in Figure 2a,c.
With a long span, large volume, simple structure, and fewer supply air diffusers, this
plenum may require a better air supply scheme to ensure a uniform supply. In this work,
air distribution with more uniformity was proposed. Figure 2b,d show that multiple branch
ducts connected to the main air duct deliver air from different directions to the interior of
the plenum.
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Figure 2. Schematic diagram of the UFAD system. (a) vertical section of plenum under centralized air
supply, (b) vertical section of plenum under uniform air supply, (c) layout of centralized air supply,
and (d) layout of uniform air supply (dashed box represents the simulated zone).
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To shorten the calculation time and reduce the calculation cost, the right half part of
the plenum was selected for modeling, considering the symmetry of the plenum, and the
steps on the upper part of the plenum were simplified as an inclined plane. The simplified
geometry of the plenum is shown in Figure 3. A total of 238 seat diffusers were included.
The diameter of the underfloor diffuser was 150 mm, the left-right spacing of the diffusers
was 0.7 m, and the front-right spacing was about 1.1 m.
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2.2. Mathematical Model
2.2.1. Governing Equations

According to the characteristics of airflow inside the plenum, the following assump-
tions were made to simplify the model [2,25]:

(1) The air inside the plenum is an incompressible Newtonian fluid.
(2) The fluid in the plenum is a steady flow system whose density and velocity do not

change with time. Moreover, the fluid is viscous, and the dissipative heat caused by
viscous force is negligible.

(3) The inner wall of the plenum and the air supply ductwork are well insulated and
sealed, so the heat loss and air leakage in the plenum can be neglected.

The governing equations are described in Equations (1) and (2).
Mass equation:

∂ρ

∂t
+

∂(ρu i)

∂xi
= 0 (1)

Momentum equation:

∂(ρu i)

∂t
+

∂(ρu iuj
)

∂xi
= − ∂p

∂xi
+

∂

∂xj
(µ

∂ρui
∂xj
− ρu

′
i u
′
j) (2)

where ρ is the air density, kg/m3; p is the pressure, Pa; µ is dynamic viscosity, m2/s;
ui and uj are average velocity, m/s; ui

′
and uj

′
are fluctuating velocity, m/s; for steady flow

system, ∂ρ
∂t = 0; ∂(ρu i)

∂t = 0.

2.2.2. Turbulence Model

According to the number of introduced equations, the turbulence models can be
divided into a zero-equation model, a one-equation model, and a two-equation model [26].
Both zero-equation and one-equation models are only applicable to quasi-parallel flow,
which is difficult to apply in practice [27]. The k-ε two-equation model, including the
Standard k-ε model, Realizable k-ε model, and RNG k-ε model, is usually adopted to
simulate the airflow distribution [14]. The RNG model is more accurate and reliable
than the standard k-ε model for a wider range of flow categories [20]. However, due
to extra terms and functions and greater nonlinearity in the control equations, the time
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cost calculated by the RNG k-ε model is often 10–15% more than that of the standard k-ε
model [28]. To summarize, it has been found that the standard k-ε model can be used to
simulate the air characteristics in the plenum in ventilation systems due to its sufficient
accuracy and acceptable computation cost, such as in references [10,14,15,29,30]. In this
study, the standard k-ε model is employed to study the air velocity uniformity in the
plenum for the UFAD. In the Standard k-ε model, the fluctuation of air velocity is small,
and the velocity remains stable, so it is used to solve the internal airflow field of the plenum.
The governing equations for turbulent kinetic energy k and dissipation rate ε are given in
Equations (3) and (4) [31–33]:

∂(ρk)
∂t

+
∂(ρku i)

∂xi
=

∂

∂xj
[(µ+

µt

σk
)

∂k
∂xj

]+Gk+Gb − ρε−YM+Sk (3)

∂(ρε)

∂t
+

∂(kεu i)

∂xi
=

∂

∂xj
[(µ+

µt

σε
)

∂ε

∂xj
]+C1ε(Gk+C3εGb)− ρC2ε

ε2

k
+Sε (4)

where µt is turbulent viscosity, µt= ρCµ
k2

ε , m2/s; Cµ, C1ε , C2ε are adjustable constants with
values of 0.09, 1.44, and 1.92, respectively; µ is dynamic viscosity, m2/s; σk is the Prandtl
number of turbulent kinetic energy and is valued as 1; σε is the Prandtl number of turbulent
kinetic energy dissipation rate and is valued as 1.3; Gk is turbulent kinetic energy produced
by average velocity gradient; Gb is turbulent kinetic energy produced by buoyancy; YM is
the fluctuation dilation in compressible turbulence; Sk and Sε are source terms; k is turbulent
kinetic energy, m2/s2; ε is the turbulent kinetic energy dissipation rate.

2.3. Boundary Conditions

The inlet boundary of the plenum is the outlet of the air supply ducts. They are set as
velocity inlets, and the velocities are calculated by the air volume and outlet area. The air
supply temperature at all inlets is 293.15 K.

The outlet boundary of the plenum is the underfloor diffuser near the seat. They are
set as the pressure outlet, and the pressure value is set as 10 Pa [12,13]. The influence of the
air volume control valve at the diffuser was ignored.

2.4. Grid Generation

Given the complex air ducts inside the plenum, the unstructured grid was used for
meshing the model geometry. The background mesh was encrypted near critical locations,
such as airflow duct inlets and outlets, as well as underfloor diffusers. To improve the
calculation accuracy of the near-wall surface, an inflation grid was adopted for the surface
of the air duct inside the plenum.

Four different grid schemes were selected for simulation, corresponding to 1.0 × 107,
1.3 × 107, 1.8 × 107, and 2.0 × 107 grid cells, respectively. To investigate grid independence,
monitoring points were placed at the center of the underfloor diffusers. The corresponding
air velocities of the selected monitoring point were shown in Figure 4, corresponding to
1.8 × 107 and 2.0 × 107 grid cells were 2.225 m/s and 2.248 m/s. The error between these
two simulated grid schemes was small, and the air velocity of the monitoring point tended
to be stable. The deviation between the air velocity at the monitoring points with 1.8 × 107

grid cells and 2.0 × 107 grid cells is within 5%. Therefore, the grid division scheme with
1.8 × 107 grid cells was selected in this study. In the whole computational domain, most of
the y+ values from the wall surfaces are between 30 and 300, which satisfy the standard
wall function requirements [34,35]. The grid layout of the plenum is shown in Figure 5.

The quality of the mesh is detected by the mesh inspection tool of ANSYS 16.0 software
and shown in Table 1.
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Table 1. Parameters of the mesh quality.

Parameters Skewness Orthogonality Quality Aspect Ratio Element Quality

Average value 0.22 0.86 1.84 0.86

2.5. Solver Algorithm

ANSYS Fluent (16.0, ANSYS Inc., Pittsburgh, PA, USA) [36] software was used to
simulate the airflow inside the plenum. To ensure the accuracy and reliability of the
simulation, the SIMPLE (Semi-Implicit Method for Pressure-Linked Equation) algorithm
was employed to solve the pressure-velocity coupling. The pressure field was iteratively
corrected [10]. The convection term in the control equation was discretized by the second-
order upwind scheme, and the diffusion term was discretized by the central difference
scheme. The variation in the residuals was checked, and the under-relaxation factor was
determined if the residual was less than 10−5 and the velocity of the monitored point
reached a steady state with the increasing calculation steps.

3. Simulation Setting and Evaluation Indicator
3.1. Studied Cases

Four cases, including different air supply duct layouts and different air outlet positions,
as shown in Figure 6, were studied to compare their air supply uniformity.
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The centralized air supply mode, shown in Figure 6a, delivers air to the plenum
through five outlets on the side wall and enters the room through under-seat diffusers. The
velocities of five air outlets are shown in Table 2.

Table 2. The outlet air velocity of the centralized mode.

Outlet Number 1 2 3 4 5

Velocity (m/s) 3.97 3.97 1.98 2.10 2.98

As shown in Figure 6b–d in uniform air supply mode, the rectangular air supply
branches extend to the far end of the plenum. There are 14 air outlets on the branches,
each with a size of 400 × 400 mm and an air velocity of 2.33 m/s. These branches were
balanced by adjusting the openings of the dampers. The position of the air outlets is shown
in Figure 2d. Air outlets are located on the upper surface of the air supply duct in case B,
on the side surface in case C, and on the bottom surface in case D.

3.2. Evaluating Indicators

(1) Non-uniformity coefficient

The non-uniformity coefficient was used to evaluate the uniformity of airflow ve-
locity inside the plenum and air velocity at the under-seat diffusers. The smaller the
non-uniformity coefficient, the more uniform the airflow distribution. To obtain the non-
uniformity coefficient, n monitoring points in the working area were selected, and the
arithmetic average of their velocity u was calculated as given by Equation (5):

u =
∑ ui

n
(5)

The root mean square deviation wu is calculated by Equation (6):

wu =

√
∑ (u i − u)2

n
(6)
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The non-uniformity coefficient is defined in Equation (7):

ku =
wu

u
(7)

where u is air velocity, m/s; n is the number of monitoring points; ku is the non-uniformity
coefficient.

To select measuring points to get the non-uniformity coefficient, cross-sections were
made at y1 = 0.009 m, y2 = 0.709 m, and y3 = 1.409 m in the plenum, and measuring
points were selected along the X axis and Z axis with a 2 m interval. Air velocities of the
monitoring points were derived from the CFD calculation results, and the non-uniformity
coefficients of monitoring points at y1, y2, and y3 sections under four cases were calculated.
This way, the uniformity of airflow velocity distribution at different sections under different
cases was characterized.

Moreover, based on the CFD simulation results, the air velocities at the centers of
238 underfloor diffusers were calculated, along with their non-uniformity coefficients.

(2) Velocity limit at diffuser outlet

To reduce the draft issue to the occupants caused by the high air velocities and ensure
the thermal comfort environment of the occupied zone, air supply velocity at under-seat
diffusers should be limited to no more than 2 m/s for UFAD [37].

4. Results and Discussion
4.1. Velocity and Static Pressure Field of Plenum Chamber

For different cases, the airflow velocity vector diagram at a cross-section of y = 0.71 m,
as well as velocity contours and static pressure contours at a vertical section of x = 7.62 m,
were discussed.

4.1.1. Centralized Air Supply Mode

For case A, airflow velocity vectors at the section of y = 0.71 m are shown in Figure 7.
The dashed box in Figure 7 represents the local vortex region, whose contours of velocity
and pressure distribution are illustrated in Figure 8. In Figure 9, velocity contours and
pressure distribution are shown at section x = 7.62 m.
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As can be seen in Figure 7, the air supply duct outlets are numbered 1–5 from left to
right. Outlet 1 has enough space to develop, so its outflow is close to the free jet. Affected
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by the direction of the air supply duct, the airflow from outlet 2 and outlet 3 interfere
with each other and overlap at the end, which increases the air velocity after confluence.
Depending on the momentum component of the inclined jet in the horizontal direction, the
transverse entrainment energy of the airflow is enhanced, resulting in a recirculation zone.
Airflow from outlet 4 is involved and disturbed. In addition, due to the low height and
limited space at the end of the plenum, the vortex is formed at outlet 5.

Energies 2022, 15, 6370 10 of 19 
 

 

 
Figure 7. Velocity vector diagram at the section of y = 0.71 m under case A (dashed box represents 
the vortex area to be zoomed in Figure 8). 

 
(a) (b) 

Figure 8. Velocity and pressure contours of the vortex area at y = 0.71 m under case A. (a) velocity 
contours and (b) pressure contours. 

 
(a) 

 
(b) 

Figure 9. Velocity and pressure contours of plenum at x = 7.62 m under case A. (a) velocity contours, 
(b) static pressure contours. 

Figure 8. Velocity and pressure contours of the vortex area at y = 0.71 m under case A. (a) velocity
contours and (b) pressure contours.

Energies 2022, 15, 6370 10 of 19 
 

 

 
Figure 7. Velocity vector diagram at the section of y = 0.71 m under case A (dashed box represents 
the vortex area to be zoomed in Figure 8). 

 
(a) (b) 

Figure 8. Velocity and pressure contours of the vortex area at y = 0.71 m under case A. (a) velocity 
contours and (b) pressure contours. 

 
(a) 

 
(b) 

Figure 9. Velocity and pressure contours of plenum at x = 7.62 m under case A. (a) velocity contours, 
(b) static pressure contours. 

Figure 9. Velocity and pressure contours of plenum at x = 7.62 m under case A. (a) velocity contours,
(b) static pressure contours.

As shown in Figure 8, the generation of vortexes intensified airflow disturbance
inside the plenum, resulting in the extremely non-uniformity of airflow velocity and static
pressure distribution. The maximum velocity at the recirculation zone of outlet 2 and outlet
3 is about 1.03 m/s, while the velocity in the vortex center is as low as 0.07 m/s. The
outflow velocities of outlet 5 are between 0.11 m/s and 1.08 m/s. The maximum static
pressure difference of 2.29 Pa occurs at outlet 4, with a maximum pressure of 12.76 Pa and
a minimum of 10.47 Pa.

Figure 9a illustrates the velocity distribution of the plenum at the vertical- section of
x = 7.62 m under case A. Combined with Figure 8, it can be seen that the generation of local
vortices also strengthens the airflow disturbance at the upper and bottom surfaces of the
plenum, resulting in non-uniform airflow distribution.
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As represented in Figure 9b, in the narrow space at the end part of the plenum, air
velocity increases, and a strong compression effect is generated, resulting in a high static
pressure value of 12.27 Pa. On the contrary, at the front part of the plenum, with the
increase of the plenum height and the weakening of the airflow compression effect, the
static pressure gradually decreases to about 11.10 Pa.

4.1.2. Uniform Air Supply Mode

Compared with the centralized air supply mode, the uniform air supply system has
the same air volume and 9 more air outlets. That is, the air volume of each outlet is smaller,
and the air supply velocity is lower. For cases B, C, and D, velocity vector distributions at
y = 0.71 m are illustrated in Figure 10. The pressure and velocity contours are illustrated in
Figures 11 and 12, respectively.
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Compared with Figure 7, the airflow exhibited in Figure 10 is more uniform, and
airflow tracks from 14 outlets are parallel to each other with less interference. The local
airflow disturbance is effectively avoided.

As shown in Figure 10a,c, if the outlets are located on the top or bottom of the duct,
the outlet flow will first reach the plenum walls and then be blocked, forming a dense but
low-velocity vortex with little disturbance to the surrounding flow. If the air outlet is set on
one side of the duct, as shown in Figure 10b, the airflow with high velocity will directly
reach the wall of the adjacent duct and then be reflected back. Accordingly, high-velocity
vortexes form in the square area surrounded by the wall of the air supply duct and the
outflow air, which enhances the disturbance to the surrounding airflow.

The static pressure distribution is directly related to the uniformity of airflow [14].
The more uniform the static pressure distribution, the more even the airflow velocity
distribution. By comparing Figure 11 with Figure 9b, it can be seen that the three cases
under uniform air supply mode have a more uniform pressure field and smaller pressure
difference than in centralized air supply mode. Among them, case B has the most uniform
pressure field, and most of the static pressure ranges from 11.64 Pa to 11.70 Pa, except for
13.50 Pa near the air outlets.

As exhibited in Figure 12a, most air blown out by top outlets reaches the occupied
zone after being sent directly to the upper wall of the plenum, while a small portion diffuses
into the plenum. In the case of bottom outlets, the blown air enters the lower wall of the
plenum and is then returned to the underfloor diffuser after slowing down, as shown in
Figure 12c. In case C, outlets are placed on the right side of the duct, and local vortexes
between the air outlets and ducts cause the velocity non-uniformity in the plenum, as
shown in Figure 12b.

4.2. Velocity of the Seat Air Outlet

In the circular conference room, UFAD sends conditioned air up through an under-seat
diffuser to create the “Personal Air Conditioner”. As previously stated, the uniformity of
the air supply velocity at the diffusers significantly affects the indoor airflow uniformity
and thermal comfort environment of the conference room. Therefore, it is necessary to
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examine the airflow velocity uniformity of the diffuser outlets. The contours of the velocity
distribution of the diffusers in four cases are illustrated in Figure 13.
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It can be seen from Figure 13 that the velocity distribution of diffusers in case D is the
most uniform, with no noticeable velocity difference across all seating areas. The velocity
distribution in case B is the most non-uniform, followed by case A.

In case B, the airflow from the upper outlets can directly reach the under-seat diffusers,
so the diffuser outlet velocities are high, with a maximum velocity of 3.51 m/s. For case A,
the air supply velocities of diffusers in the middle and rear of the seating area vary greatly,
and the velocity in the front area is uniform but relatively high. For Case A and B, excessive
air velocity may lead to draft issues and, thus, local thermal discomfort. For case C, all
diffusers are reasonably uniform in speed except the five in the right area.

Figure 14 shows the air velocity distribution at the center of each seat diffuser. It can
be seen that the air velocity of diffusers in case D is the most uniform, with a velocity
between 1.48–1.52 m/s. There are also large variations in velocity in case A and case B.



Energies 2022, 15, 6370 14 of 18

Approximately 1.6% of the diffusers in case A exceed 2 m/s, whereas in case B, the number
of diffusers exceeding 2 m/s is 40, corresponding to 17%.
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In summary, in case D, uniform air supply mode with bottom air outlets, the air
velocity distribution is the most uniform.

4.3. Air Velocity Non-Uniformity Coefficient

In different cases, the non-uniformity coefficients of air velocity at three cross-sections
of the plenum and under-seat diffusers are shown in Figure 15.
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As illustrated in Figure 15, the non-uniformity coefficients of air velocity at the plenum
sections in case B and case D are relatively low, which indicates that the placement of air
outlets on the upper surface and bottom surface in the ducts can significantly improve
the uniformity of airflow distribution inside the plenum. Furthermore, the non-uniform
coefficient of airflow velocity at diffusers in case D is 0.013, less than 0.202 in case B.
Considering uniformity of airflow both in the plenum and underfloor diffusers, case D is
the most optimal scheme.

5. Discussion

The plenum in a UFAD system, equipped in a circular conference room in the UN
office building in West Africa, was selected as the study case. As initially designed, the
UFAD system supplied air from the floor through a centralized system. To improve the
current design, the UFAD with a more uniform distribution was proposed and studied
using CFD. It should be noted that the simulation results were not verified against any
field measurement due to the uncompleted construction of this studied conference room.
The conclusion that a plenum with more outlets and outlets at the bottom of the duct can
provide a more uniform air supply is consistent with the results in reference [38]. The
verification is expected to be performed in the future.

To reduce the complexity of 3D modeling, the physical model of the plenum was
simplified by treating the top steps of the plenum as an inclined plane and neglecting the
existence of the internal structural beam in the plenum. However, the stairs and internal
structural beams inevitably cause disturbance to the flow velocity and static pressure
distribution in the plenum to some degree. For more accurate simulation results, the above
two factors should be considered.

For four cases, non-uniformity coefficients of airflow velocity at cross-sections of
the plenum and diffuser center were evaluated. Since there are some limitations in the
selection of limited measuring points, the non-uniformity coefficient cannot be used as
the sole indicator of airflow velocity distribution in the plenum. In light of this, this
work considered both the non-uniformity coefficient and the distribution of velocity and
pressure. Additionally, plenum height and regulating valves influence airflow and pressure
distribution. However, these factors have been discussed in other studies and are not
covered in this research.

At the time of reporting this work, it was impossible to conduct the measurements as
the studied conference room was under construction. Efforts have been made to search for
relevant measurements or validated simulations. To our knowledge, the measurements
or validated simulations, which can be comparable to this study, are scarce. Among other
conditions, the specifications of the studied plenums, boundary conditions, and scale of the
UFAD systems are quite case-dependent. As a result, the results or conclusions may not be
directly generalized to compare with other studies. Field measurements are planned to be
performed to validate the current CFD simulations in the future.

6. Conclusions

This study investigates the uniformity of the air velocity with different ductwork
arrangements and outlet positions in the plenum for the UFAD in a large circular conference
room. The findings can be used as a theoretical basis to optimize the plenum design in
UFAD to obtain better air velocity uniformity and improve indoor thermal comfort. In
comparison with previous studies, the current research sheds new light on the improved
air supply design in the plenum, considering both air velocity contours and non-uniformity
coefficient. For the first time, the plenum in UFAD for such a large system is simulated
with CFD. The findings reported in this study should contribute to a better understanding
of the airflow characteristics in the plenum of UFAD and facilitate the use of UFAD for
large rooms.

The simulated plenum in this paper has a circular structure, large-scale (radius of
15 m), big height difference (height of 0.9~2.9 m), and numerous underfloor diffusers (up
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to 503). This type of air supply uniformity in a plenum has rarely been studied using the
CFD method. The results in this paper can be used as a basis for suggesting the UFAD
system design, especially for UFAD with larger scale and complex structured plenums.

The main conclusions are as follows:
In a centralized air supply layout, airflow from the outlet interferes with each other,

resulting in local vortexes and a highly non-uniform airfield inside the plenum. As a result
of adding branches extending into the plenum, i.e., uniform air supply mode, outflows
become parallel to one another with less interference. Thus, multiple branches can re-
duce local disturbance and improve air velocity and pressure distribution uniformity in
the plenum.

A bottom surface outlet (case D) will cause the air outflow to be blocked and slowed
down before reaching the diffuser, resulting in dense yet low-velocity vortices. Compared
with case B (top outlets) and case C (side outlets), case D maintains good uniformity
in the plenum and increases uniformity at the diffusers by reducing the influence of air
flow pressure.

The air velocity distribution at different cross-sections in the plenum and diffuser centers
was further quantified by the air velocity non-uniformity coefficients. The results show that case
D has the lowest velocity non-uniformity coefficient and low non-uniformity coefficient at three
horizontal sections of the plenum. A uniform air supply with bottom outlets (case D) is the best
scheme based on airflow distribution and non-uniformity coefficients.
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Nomenclature

u arithmetic average velocity of measuring points (m/s)
Cµ, C1ε, C2ε adjustable constants
Gb turbulent kinetic energy produced by buoyancy
Gk turbulent kinetic energy produced by average velocity gradient
ku non-uniformity coefficient
wu root mean square deviation (m/s)
n number of monitoring points
p pressure (Pa)
S source term
u air velocity (m/s)
ui average velocity (m/s)
ui
′

fluctuating velocity (m/s)
YM fluctuation dilation in compressible turbulence
µt turbulent viscosity (m2/s)
σ Prandtl number
Abbreviation
CFD computational fluid dynamics
UFAD underfloor air distribution
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Greek symbols
µ dynamic viscosity (m2/s)
ρ density (kg/m3)
k turbulent kinetic energy
ε turbulent kinetic energy dissipation rate
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