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A B S T R A C T   

The pandemic of COVID-19 and its transmission ability raise much attention to ventilation design as indoor- 
transmission outstrips outdoor-transmission. Impinging jet ventilation (IJV) systems might be promising to 
ventilate densely occupied large spaces due to their high jet momentum. However, their performances in densely 
occupied spaces have rarely been explored. This study proposes a modified IJV system and evaluates its per-
formance numerically in a densely occupied classroom mockup. A new assessment formula is also proposed to 
evaluate the nonuniformity of target species CO2. The infector is assumed as the manikin with the lowest tracer 
gas concentration in the head region. The main results include: a) Indoor air quality (IAQ) in the classroom is 
improved significantly compared with a mixing ventilation system, i.e., averaged CO2 in the occupied zone (OZ) 
is reduced from 1287 ppm to 1078 ppm, the OZ-averaged mean age of air is reduced from 439 s to 177 s; b) The 
mean infection probability is reduced from 0.047% to 0.027% with an infector, and from 0.035% to 0.024% with 
another infector; c) Cooling coil load is reduced by around 21.0%; d) Overall evaluation indices meet the re-
quirements for comfortable environments, i.e., the temperature difference between head and ankle is within 3 ◦C 
and the OZ-averaged predictive mean vote is in the range of − 0.5 - 0.5; e) Thermal comfort level and uniformity 
are decreased, e.g., overcooling near diffuser at ankle level. Summarily, the target system effectively improves 
IAQ, reduces exhaled-contaminant concentration in head regions, and saves energy as well.   

1. Introduction 

The pandemic of COVID-19 raises concerns about indoor air quality 
(IAQ) more than ever because indoor transmission far outstrips outdoor 
transmission [1]. In a poorly ventilated restaurant, airborne trans-
mission is claimed as the reason for the outbreak of COVID-19 between 
unrelated families because there is no close contact between these 
families, and the infection distribution matches the transportation of 
exhaled virus-laden contaminants [2]. At the same time, the basic 
reproduction number of the pandemic variant increases [3]. Therefore, 
it remains crucial to improve ventilation performance in the 
post-pandemic period or after the reopening of society [4,5]. Addi-
tionally, ventilation is vital to reduce the risk of various airborne 
transmission viruses, e.g., influenza virus, respiratory syncytial virus, 
and MERS-COV [6]. 

Densely occupied spaces (e.g., classrooms, restaurants, and cinemas) 
require great cooling demand and high contaminant removal efficiency 

due to their high intensity of heat load [7,8] and a high concentration of 
contaminants [9]. More importantly, they may cause cross-infection 
because of short social distance and a large number of susceptible peo-
ple [10]. Many researchers tried to improve the ventilation performance 
for densely occupied spaces. Mikeska and Fan [7] proposed a porous 
ceiling as a diffuser to overcome the discomfort caused by high velocities 
when traditional diffusers were used in mixing ventilation (MV) sys-
tems. Wang et al. [11] and Yang et al. [12] studied performances of a 
displacement natural ventilation system resulting in improvements 
compared with traditional systems. 

Personal ventilation systems and physical partitions are proposed as 
well. Fathollahzadeh et al. [13] and Shokrollahi et al. [14] applied 
underfloor air distribution (UFAD) systems to cool densely occupied 
spaces and mounted a diffuser for each occupant. Additionally, physical 
partitions are proposed during the COVID-19 pandemic. On the one 
hand, these partitions effectively reduce the risk of cross-infection in a 
classroom equipped with an MV system due to their obstructive effect on 
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airflows [15,16]. On the other hand, they may increase the exposure of 
latter diners in a densely occupied canteen for the same reason [17]. 

There are many drawbacks of previously proposed systems for daily 
densely occupied spaces (e.g., classrooms) in the reopened society when 
there is still a risk of infection. Firstly, personal ventilation systems 
might be limited because they are too expensive to be used in large 
numbers and can only ventilate a fixed small area while occupants may 
move around. Secondly, the supplied air might be hard to reach occu-
pants at downstream rows when the supply momentum is low (e.g., 
displacement ventilation (DV), stratum ventilation (SV)). For instance, 
the horizontal supply jet for the SV system bends downwards [18], while 
the breathing zone for several rows of occupants keeps at a constant 
level. Thirdly, rather than facilities, occupants release the primary 
contaminants that affect cross-infection. Fourthly, partitions decrease 
the airflow in the indoor space, which reduces the risk of cross-infection 
but also decreases the ventilation effect. Lastly, the energy-saving per-
formance also plays an important role because of the long-term 
operation. 

Impinging jet ventilation (IJV) systems would be a promising alter-
native in cooling densely occupied spaces. Imping jet diffusers supply 
cold air with high momentum that impinges on the floor and forms a 
thin cold air layer [19]. This layer of air can reach far due to high mo-
mentum and negative buoyancy. This type of system may remove con-
taminants more efficiently and consume less energy than traditional MV 
systems. Wang et al. [20] reported that the IJV system has a higher 
contaminant removal effectiveness than MV systems in an intensive care 
unit. 

However, there are several research gaps regarding the performances 
of IJV systems for densely occupied spaces. Firstly, previous research on 
IJV performances focused primarily on small enclosures or spaces with 
few rows of occupants. For instance, Qin et al. [19,21] and Ye et al. [22] 
reported CO2 distribution in a small office with two staff; Wang et al. 
[20] investigated the contaminant removal for an intensive care unit 
occupied by four occupants. Secondly, investigations about IJV systems 
focused mainly on thermal comfort, IAQ, and energy saving, while IJV 
system’s performance on the risk of cross-infection is rarely studied. For 
example, thermal stratification was the main focus in Refs. [23,24]. 
Thirdly, the infectors (the source of virus-laden contaminants) were 
identified and fixed in previous research (e.g., Ref. [25]). In contrast, it 
is hard to locate the source of virus-laden contaminants in public spaces 
because some infected people are asymptomatic. Lastly, previously 
studied duct diffusers of the IJV system might be insufficient since 
densely occupied spaces demand high ventilation. 

Computational fluid dynamics (CFD) is an efficient tool for ventila-
tion research, as it is time-efficient and reliable when well-validated and 
has thus become a powerful tool due to the rapid development of 
computing power. CFD simulations can obtain distributions of param-
eters, such as temperature, velocity components, and various contami-
nants in an entire target space [26]. It has been widely used to simulate 
airflow patterns created by ventilation systems. For instance, Gilani 
et al. [27] simulated the temperature stratification of a DV system. Wang 
et al. [20] simulated the exhaled droplet distribution in an intensive care 
unit. Furthermore, Liu et al. [28] evaluated infection risk in a BSL-3 
laboratory via embedding the Wells-Riley model into a CFD model. 

This study proposes a modified type of IJV system to cool densely 
occupied spaces. A classroom is taken as the example to illustrate this 
IJV system’s performance in removing exhaled contaminants, saving 
energy, and providing a thermally comfortable environment. A tradi-
tional MV system is taken as a reference. It is assumed all occupants wear 
masks in the right way [29] and all of them are healthy or asymptomatic; 
thus, the released breathing contaminants are small enough [30] and are 
reliable to be modeled as a tracer gas [31]. 

2. Models and methods 

2.1. Physical model 

Current IJV systems generally use duct diffusers (Fig. 1a, see Refs. 
[23,25,32]), which might be insufficient to meet the large demand of 
ventilation rate for densely occupied large spaces. A modified IJV system 
is proposed in this study to cool a large space (11.3 × 7.2 × 5.0 m3) 
occupied by 50 occupants (Fig. 1b), i.e., about 1.6 m2 per occupant [15]. 
Occupants are simplified as columns with a size of 0.3 × 0.3 × 1.2 m3. 
The occupied zone (OZ) is from the floor to the height of 1.8 m and 1.0 m 
from each vertical wall. The exhaust/return-split layout [33] is 
employed, and the return vents (2.7 × 0.5 m2 each) are at the mid-level 
(2.25 m from the floor in this study) [34] to save energy. Two supply 
diffusers (2.3 × 0.2 m2 each) are mounted 0.6 m above the floor [35]. 
Two exhausts are located at the center of the ceiling with a size of 925 ×
700 mm2 each. Lamps are modeled as surfaces at the ceiling with a size 
of 9.3 × 0.3 m2. This study locates occupants symmetrically to the 
classroom’s central plane (x = 5.65 m) to reduce computing costs. An 
MV system (Fig. 1c) is used as a reference. Its supply diffusers are located 
near the ceiling, and return vents are near the floor [36,37]. The 
geometrical differences between the MV system and the modified IJV 
system (hereafter referred to as IJV system) are the return vents’ loca-
tion and the supply diffusers’ direction and location. 

2.2. Computational fluid dynamics model for airflows 

2.2.1. Governing equations 
Navier-Stokes equations in steady-state govern airflows in this study. 

Thermal buoyancy is critical to forming thermal stratification. It is 
usually modeled as a source term in the momentum conservation 
equation via Boussinesq approximation [38,39] or incompressible ideal 
gas law [40,41]. This study utilizes the incompressible ideal gas law. The 
radiative heat transfer is modeled by the discrete ordinates method [42]. 
The CO2 distribution is governed by the species transport equation [43]. 
The binary mass diffusion coefficient is determined by the Fuller cor-
relation [44,45]. The flow turbulence is modeled via the shear stress 
transport (SST) k-ω model [46]. The governing equation for the mean 
age of air (MAA) [47] is: 

ρ ∂τuj

∂xj
=

∂
∂xj

[(

2.88ρ× 10− 5 +
μeff

Sct

)
∂τ
∂xj

]

+ ρ (1)  

where τ is MAA in second, μeff is the effective viscosity, and Sct is the 
turbulent Schmidt number, 0.7 [48]. 

2.2.2. Boundary conditions 
Heat flux per manikin is 76 W (i.e., 1.0 met) [49]; thus, the heat flux 

boundary condition is approximately 50 W/m2. The light power is 10 
W/m2 for the room [50], i.e., 813.6 W for the entire room. The lamps’ 
heat flux is 58.3 W/m2 to meet the requirement of the light power 
because the lamps’ area is 13.95 m2 (Fig. 1). Previous research used 
various types of thermal boundaries to model vertical walls. For 
instance, Shokrollahi et al. [14] assumed vertical wall insulation, Fan 
et al. [34] modeled vertical wall heat transfer via heat transfer coeffi-
cient and outdoor air temperature, and Ye et al. [22] converted the heat 
transfer coefficient and outdoor temperature into a given heat flux. This 
study assumes a fixed heat flux of 12.5 W/m2 for vertical walls following 
ref. [22]. Fresh air for each occupant is 24 m3/h for classrooms [51], i.e., 
0.4 kg/s for the entire space with 50 students. Supply velocity (con-
sisting of fresh air and returned air) is 1.0 m/s, i.e., 0.92 m3/s for the 
entire room. The turbulent intensity at supply diffusers is calculated 
following Eq. (2): 

Tu = 0.16 Re− 0.125 (2)  

where Re is the Reynolds number calculated based on the length scale of 
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0.07 × dh, dh is supply diffuser’s hydraulic diameter. Carbone dioxide 
mass fraction at the supply diffuser is determined by mixing the return 
air and fresh air [22], which is calculated via the following equation: 

Ss =
Srṁr + Sfṁf

ṁs
(3)  

where Ss, Sr, and Sf are the species mass fraction at the supply diffuser, 
return vent, and fresh air, respectively, and ṁf , ṁr, and ṁs are the fresh 
air flow rate, the return air flow rate, and the supply air flow rate, 
respectively. Breathing jets are significantly weakened by the face mask, 
and most of them are entrained into the body plume [1]. Therefore, the 
occupant-generated CO2 is released in front of each manikin face above 
the floor 1.1 m. ASHRAE Standard [52] describes that the CO2 genera-
tion rate is 0.31 L/min. Carbon-dioxide density is 1.951 g/L under an air 
pressure of 1 bar and an air temperature of 0 ◦C. Therefore, the gener-
ation rate is ~0.01 g/s. The surgical mask filters particles larger than 0.1 
μm with >98% efficiency [30]. Thus, the exhaled virus-laden aerosols 
are modeled as tracer gas released in front of each manikin. The tracer 
gas can be CO2 or SF6; this study uses CO2 and calls it tracer gas to differ 
from CO2. The tracer gas at the supply diffusers is zero, i.e., the returned 
air is disinfected thoroughly. Table 1 summarizes the boundary condi-
tions for the simulations for both the modified IJV system and the MV 
system. 

2.2.3. Solution schemes and convergence criteria 
ANSYS Fluent 19.2 [48] is used to solve the CFD model. The velocity 

field is coupled with the pressure field via SIMPLEC algorithm. Con-
vection terms are discretized by the QUICK scheme. The solution is 
taken as converged when: a) scaled residuals do not drop with further 
iterations or residuals of the continuity equation and the energy equa-
tion drop to 1 × 10− 3 and 1 × 10− 6, respectively, and b) simultaneously, 
the monitored temperature oscillates within a tolerance of 0.1 K in 
respect to iteration. 

2.2.4. Model validation 
The CFD model is validated by comparing simulated velocity along 

the jet centerline (Fig. 2b) with velocity measured by Han and Li [53] in 
a room (7.0 × 5.4 × 3.16 m3) with a wall-attached jet supply (Fig. 2a). 
The supply diffuser and exhaust sizes are 2.0 × 0.05 m2 and 0.4 × 0.2 
m2, respectively. Details of the experiment can be found in Ref. [53]. 
The supply velocity, u0, is 1.0 m/s. The comparison between simulated 
velocity distributions and measured counterparts (Fig. 2c–d) shows that 
the centerline velocity (i.e., um,x and um,y) is simulated accurately. 
Therefore, the CFD model is validated. 

Additionally, the experiment in Ref. [53] was conducted under an 
isothermal situation. Validation of the heat transfer and thermal buoy-
ancy models can be found in our previous research [54,55]. The simu-
lated velocity, temperature, and turbulent kinetic energy were 
compared with measured data reported by Kobayashi et al. [23]. 
Another of our previous research [45] validated the species transport 
model by comparing the simulated contaminant concentration released 
from a surface in a virtual wind tunnel with the measured concentration 
reported by Saha et al. [56]. 

2.2.5. Grid independence test 
To eliminate the impacts of grids on simulated results, this study 

refines the grid (via ANSYS ICEM) till the finer grid does not change the 
simulated results anymore. The MV and IJV systems (see Fig. 1) are both 
tested. Only grids and results of the room with the IJV system are pre-
sented (Fig. 3) to illustrate the grid test procedure, and the room with 
the MV system is tested in a similar way. For the IJV system, three grids 
(Fig. 3a–c) are tested, i.e., the coarse (1,213,267 cells), the medium 
(2,948,428 cells), and the fine (5,562,778 cells). Grids in the wall vi-
cinity are refined to meet the requirement of the SST k-ω model, i.e., the 
first layer of cells should be located within the viscous sublayer (y+ < 5). 
Generally, y+ is recommended to be around one. Fig. 3d shows the 
contour of y+, in which most y+ of first layer cells are near 1, indicating 
the grids are fine enough in the wall vicinity. Temperatures along three 
lines in an aisle (Fig. 3e) are compared among various grids. Fig. 3f–h 
shows that differences resulting from these grids are limited. Quantita-
tively, the grid convergence index (GCI) [57] value is less than 5% (see 
Table 2), indicating these three grids are fine enough. This study selects 
the medium one because the coarse one is hard to converge during 
iteration. 

2.3. Evaluation indices 

2.3.1. Indoor air quality 
This study evaluates IAQ via MAA in the OZ, CO2 in the OZ, and CO2 

in the breathing zone. Regions with longer MAA indicate poor ventila-
tion because the supplied air is difficult to reach [32,58]. The transport 
of CO2 in the ventilated enclosure is reliable for representing the 

Fig. 1. The physical model of a densely occupied space cooled by a) an IJV system (merely serves as an example and is not investigated in this paper), b) a modified 
IJV system, and c) an MV system. 

Table 1 
Boundary conditions.  

Boundaries Conditions 

Floor/Ceiling Adiabatic 
Vertical walls 12.5 W/m2 

Lamps 58.3 W/m2 

Manikin 50 W/m2 

Supply diffuser 1.0 m/s, supply temperature is variable to achieve a 
thermoneutral environment 

Exhaust 0.2 kg/s for each exhaust 
Return vent Pressure outlet 
CO2 source/tracer gas 

source 
0.01 g/s 

Outdoor 30.8 ◦C [51]  
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transport of human-released pollutants [31]. Semi-volatile organic 
compounds [59] and suspended particles [60,61] obey transport equa-
tions like the species transport equation [62]. As reported, the measured 
variation of total volatile organic compounds regarding time is similar to 
that of CO2 in a classroom [63]. Additionally, the exposure index, 
evaluating the cross-infection risk, is defined as the ratio of inhaled CO2 
concentration over the ambient CO2 concentration [17]. 

2.3.2. Infection probability 
The infection probability P is calculated following Wells-Riley model 

[64], which introduces the concept of quanta as the dose of pathogens 
causing infection [6,28]. It is expressed as Eq. (4): 

P= 1 − e− nquantum = 1 − e
− IqptV

Q (4)  

where nquantum is the inhaled infectious quanta, p is pulmonary venti-
lation rate, t is the exposure time, I is the number of infectors, Q is the 

Fig. 2. Model validation: a) the tested room with a wall-attached jet supply; b) the schematic of the velocity along the jet centerline on the central plane; c) and d) the 
simulated velocity and experimentally measured velocity in the region I and region II, respectively. um,x and um,y are the maximum velocity at the section in 
the region. 

Fig. 3. Grid independence test for the IJV system: a-c) coarse, medium, and fine grids, d) an example of y+ distribution, e) location of lines for comparison between 
different grids, f-h) temperature along Lines 1–3 simulated based on coarse, medium, and fine grids. 
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ventilation rate for the room, V is the room volume. 
Considering perfect mixing rarely exists [65], the Wells-Riley model 

is modified [66] as follows: 

P= 1 − e− tpE (5)  

where E is the inhaled quanta concentration. 
This study uses tracer gas (i.e., CO2) to represent virus-laden aero-

sols. A unit mass of CO2 corresponds to the number of quanta calculated 
following Eq. (6): 

qCO2 =
q

QCO2
(6)  

where QCO2 is the generation rate of the tracer gas for each infector, q is 
the quanta generation rate. 

The local infection-risk based on tracer gas is as follows: 

P= 1 − e− θtpSCO2qCO2 = 1 − e− θtpSCO2q/QCO2 (7)  

where SCO2 is the local mass concentration of the tracer gas from CFD 
results, θ is the permeability coefficient of masks (0.05 [28]). The pa-
rameters to calculate P in this study are listed in Table 3. It is noteworthy 
that the infection probability in this study is for the relative magnitude 
of virus-laden aerosol concentration [67]. The tracer gas (CO2) distri-
bution for infection probability is simulated when only the infector re-
leases CO2 and no CO2 in the supply diffuser (i.e., no virus in returned air 
and fresh air). 

Inhaled contaminant intensity is usually modeled as a mass fraction 
at the breathing zone [69], generally a small cubic or sphere space near 
the nose or mouth [69,70]. This study uses the average contaminant 
mass fraction in the space surrounding the head as an alternative. The 
head region [71] is assumed as a cubic space surrounding the target 
manikin with a thickness of 0.1 m [72] from 0.9 m to 1.3 m above the 
floor (Fig. 4). 

2.3.3. Nonuniformity 
The thermal environment for several occupants is non-uniform in 

horizontal planes [73], which might induce discomfort in certain areas, 
although the average thermal environment is acceptable. Zhang et al. 
[74] proposed velocity nonuniformity index (VNI) and temperature 
nonuniformity index (TNI) to evaluate the nonuniformity. Accordingly, 
in this study, the VNI is defined, at both the ankle and the head levels, as 
below: 

VNI=
σU

U
, σU =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

Ai(Ui − U)
2

A

√

(8)  

where Ui is the area-averaged velocity magnitude at the ith discretized 
facet in the target plane, Ai is the area of the ith facet, U is the area- 
averaged velocity magnitude at the entire plane, and A is the overall 

area. However, the ANSYS Fluent does not store the face area for in-
ternal slices. This study replaces the facet area Ai and the entire area A 
with the cell volume Vi and the volume V of a thin layer of cells at the 
corresponding level in postprocessing. 

Similarly, TNI at the ankle level and head level is defined as: 

TNI=
σT

T
, σT =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

Ai(Ti − T)2

A

√

(9)  

where Ti is the area-averaged temperature at the ith facet, and T is the 
area-averaged temperature at the entire plane. 

In particular and more importantly, regarding the exhaled air dis-
tribution, a new assessment formula, the species nonuniformity index 
(SNI) of CO2 at the head level is proposed and expressed by Eq. (10) 
listed below: 

SNI=
σS

S
, σS =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

Ai(Si − S)2

A

√

(10)  

where Si is the area-averaged CO2 mass fraction at the ith facet, S is the 
area-averaged mass fraction at the entire plane. 

2.3.4. Energy consumption 
Cooling coil load, Qcoil, is used to evaluate the energy consumption 

performance of the system. For a system with the exhaust/return-split 
layout (Fig. 5), Qcoil is calculated by the following equation [75,76]: 

Table 2 
GCI values based on temperature.   

IJV MV 

Line-1 Line-2 Line-3 Line-1 Line-2 Line-3 

GCImc
a [%] 0.06 0.16 0.13 0.02 0.05 0.03 

GCIfm [%] 0.07 0.22 0.26 0.78 3.44 4.20  

a The subscripts c, m, and f denote the coarse, medium, and fine grid, 
respectively. 

Table 3 
Parameters to calculate infection probability P.  

t [h] θ [− ] p [m3/h] SCO2 [kg/m3] QCO2 [kg/h] q [quanta/h] 

1 [68] 0.05 [28] 1.222 [28] From CFD 0.036 (i.e., 0.01 g/s) 10.5 [25]  

Fig. 4. Head regions (i.e., a cubic around the head of each manikin).  

Fig. 5. Scheme of a system with exhaust/return-split layout. AHU is the air- 
handling unit. 
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Qcoil =Qspace − cpṁf
(
Te − Tf

)
(11)  

where Qspcae is the space cooling load (consisting of heat sources and 
external heat flux through walls), Te is the exhaust temperature, and Tf is 
the fresh air temperature. The fresh air flow rate ṁf equals the exhaust 
flow rate ṁe for airtight spaces. 

2.3.5. Thermal comfort 
Predictive mean vote (PMV) is used to evaluate the thermal comfort 

performance of the ventilation system. Local PMV value is calculated via 
Fanger’s model [77,78] based on the simulated variables (e.g., velocity, 
temperature, and mean radiant temperature). In this study, the meta-
bolic rate is 58 W/m2 (1.0 met), mechanical work is zero, the thermal 
resistance of clothing is 0.089 m2 K/W, and ambient relative humidity is 
60% [73]. The threshold of |PMV| < 0.5 is suggested for general thermal 
comfort [78]. 

The temperature difference between the head and ankles is calcu-
lated by the following equation: 

ΔT0.1− 1.1 =T1.1 − T0.1 (12)  

where T0.1 and T1.1 are average temperatures at z = 0.1 m and z = 1.1 m, 
respectively. The acceptable temperature difference is 3 ◦C [79]. 

2.4. The procedure to achieve thermoneutral occupied zone 

Demand-controlled systems are emerging, of which the indoor tem-
perature can be tuned to obtain a thermally comfortable environment 
and simultaneously save energy [9,80,81]. This study tuned the supply 
temperature to achieve a thermoneutral environment inside the OZ. The 
trial starts from an initial supply temperature of 18 ◦C, which results in 
OZ-averaged PMVs lower than − 0.5, i.e., the OZ is overcooled. A series 
temperature interim (i.e., 19–25 ◦C) follows. The final supply temper-
ature for both MV and IJV systems is finalized as the one leading to the 
OZ environment satisfying |PMV|<0.5 and the PMV as close to zero as 
possible. Hence, as shown in Fig. 6, the final supply temperatures for the 
MV and IJV systems are chosen as Ts = 22 ◦C and 24 ◦C, respectively. 

3. Results and discussions 

This study compares the performances of the newly modified IJV 
system with a traditional MV system. Contours in several key planes are 
shown to demonstrate the feature of velocity, temperature, and IAQ. 
These planes are visualized in Fig. 7. 

3.1. Velocity fields 

The velocity distribution is shown in Fig. 8. For the MV system, the 
cooled air jets through the diffuser and then flow downwards due to the 
buoyancy effects (Fig. 8a–b), consistent with the velocity distribution for 
an MV system reported by Zhong et al. [82]. The downward airflow 
eventually impinges onto the floor and spreads out (Fig. 8c). For the IJV 
system, the supplied air impinges onto the floor and flows upward when 
it encounters manikins (Fig. 8e). At the ankle level (i.e., z = 0.1 m), 
impinged air spreads mainly along aisles between occupants and forms 
branches when encountering manikins (Fig. 8f–g). The branches might 
be caused by the expansion of the jet flow in aisles and the interference 
between the airflow and manikins. 

Velocity distributions at the ankle level (z = 0.1 m) and the head 
level (z = 1.1 m) show that the IJV system leads to a less uniform ve-
locity than the MV system at the ankle level, while a more uniform ve-
locity at the head level (Fig. 8c–d & 8g-8h). Quantitatively, the VNI at 
the ankle level, VNI0.1, increases from 0.54 to 0.96 (Table 4). At the head 
level, the standard deviation of temperature, σU,1.1, drops from 0.12 m/s 
to 0.05 m/s though VNI1.1 increases a bit (Table 4), indicating a more 

Fig. 6. PMVs in the OZ under various supply temperatures for a) the MV system and b) the IJV system.  

Fig. 7. Selected planes for outputs demonstration of both ventilation systems.  
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uniform velocity distribution. 

3.2. Temperature fields and thermal comfort performances 

The temperature contours of MV and IJV systems are demonstrated 
in Fig. 9. When the MV system is used, the cold air is supplied near the 
ceiling and then cools the room via mixing (Fig. 9a–b). Temperature 
distributions at the ankle and head levels are relatively uniform 
(Fig. 9c–d), which indicates that the indoor air is well mixed. When the 
IJV system is used, thermal stratifications in the classroom can be 
observed along the vertical direction (Fig. 9e–f), indicating the satis-
factory operation of the system. At the ankle level, the IJV system de-
grades the uniformity of temperature (Fig. 9c–g, Table 4). Meanwhile, 
the temperature uniformity at the head level remains almost unchanged 
(Fig. 9d–h, Table 4). Summarily, the MV system produces more uniform 
temperature distributions than the IJV system. 

The temperature differences between the head and ankles are 
calculated using Eq. (12) at the level of 0.05 ◦C and 1.34 ◦C for the MV 

system and IJV system (Table 5), respectively. In other words, the IJV 
system enlarges the vertical temperature gradient between the head and 
ankles. On the other hand, both systems meet the requirement of vertical 
temperature gradient for an acceptable environment (ΔT0.1-1.1<3 ◦C). 

Distributions of local PMV are presented in Fig. 10. The overcooled 
region (i.e., PMV < − 0.5) mainly locates in the upper part of the room 
under the MV system (Fig. 10a–b). In the OZ, the overcooled region is 
observed (circled in Fig. 10c–d) due to the downward airflow. Under the 
IJV system, the upper part of the room is left uncooled while the OZ is 
cooled well (Fig. 10e–f). At the ankle level (Fig. 10g), a large area along 
the pathway of the jet flow is overcooled, which is consistent with the 

Fig. 8. Velocity contours a-d) of the MV system at Planes-a, b, c, & d, respectively, and e-h) of the IJV system at Planes-a, b, c, & d, respectively. Red squares mark the 
return vent location. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 4 
Nonuniformity indexes at the ankle and head levels.   

U at ankle U at head T at ankle T at head CO2 at head 

VNI0.1 [-] σU,0.1 [m/s] VNI1.1 [-] σU,1.1 [m/s] TNI0.1 [-] σT,0.1 [K] TNI1.1 [-] σT,1.1 [K] SNI1.1 [-] σS,1.1 [ppm] 

MV 0.54 0.13 0.61 0.12 0.0024 0.71 0.0022 0.67 0.28 375.7 
IJV 0.96 0.30 0.71 0.05 0.0041 1.24 0.0021 0.63 0.38 427.4  

Fig. 9. Temperature distribution a-d) of the MV system at Planes-a, b, c, & d, respectively, and e-h) of the IJV system at Planes-a, b, c, & d, respectively.  

Table 5 
Performances of the ventilation systems in IAQ and energy consumption.   

MAA [s] CO2 [ppm] PMV [− ] Qcoil [W] Te [K] ΔT0.1-1.1 [◦C] 

MV 439 1287 0.02 7762 28.7 0.05 
IJV 177 1078 − 0.08 6148 32.1 1.34  
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velocity and temperature fields. At the head level (Fig. 10h), most of the 
area is thermally comfortable (i.e., |PMV|<0.5), indicating the well- 
cooling of the head region with the IJV system. 

3.3. Indoor air quality 

IAQ is gauged via CO2 concentration and MAA, particularly at the 
breathing level. The CO2 distribution is shown in Fig. 11. Generally, CO2 
spreads upward due to the thermal plumes of manikins, which is 
consistent with previous research [46,61]. The indoor air is well mixed 
for the MV system; consequently, the CO2 concentration created by the 
MV system is more uniform than that created by the IJV system. On the 
other hand, the MV system results in a higher concentration of CO2 in 
the OZ than the IJV system. At the head level (i.e., z = 1.1 m), the CO2 
concentration is significantly reduced by the IJV system (Fig. 11c and f). 
The nonuniformity index and the standard deviation (see SNI1.1 and 
σS,1.1 in Table 4) of the IJV system is higher than that of the MV system. 
Therefore, the MV leads to a more uniformly distributed CO2 at the head 
level. For the IJV system, the CO2 in the diffuser vicinity (Fig. 11f) is 
higher than in the region away from the diffuser, which may be caused 
by the recirculation airflow (marked by dashed arrows in Fig. 11d). 

The MAA at the head level (Fig. 12) shows that the IJV system leads 
to a much lower MAA than the MV system. Quantitatively, the MAA in 

the OZ is shortened from 439 s to 177 s (Table 5). Summarily, the IJV 
system highly improves IAQ in the OZ. 

3.4. Cross-infection risk 

It is unknown whether one is infected or not in public indoor spaces 
until the syndrome of infectors is obvious. To evaluate the performances 
in cross-infection, this study locates the infector as the manikin owning 
the highest potential to transmit his/her tracer gas elsewhere. The tracer 
gas distribution (Fig. 13a & b) is obtained under the condition that all 
manikins release tracer gas. The lowest tracer gas concentration in the 
head region is at the position of Manikin-2 for the MV system and at the 
position of Manikin-1 for the IJV system (Fig. 13a & b). 

The infection probability is shown in Fig. 14. The highest risk for the 
IJV system is a bit higher than that for the MV system, while the mean 
risk of all occupants is lower. The average infection probability is 
reduced from 0.047% to 0.027% when the infector is Manikin-1 and 
from 0.035% to 0.024% when the infector is Manikin-2. For the IJV 
system, the highest risk position is near the supply diffuser, which agrees 
with the airflow field that thermal plumes flow upward and emerge into 
the recirculation airflow (Fig. 11d). Contaminants are accumulated near 
the diffuser due to the recirculation airflow. These high-risk positions 
partly coincide with the overcooled region marked in Fig. 10g, 

Fig. 10. PMV distributions a-d) of the MV system at Planes-a, b, c, & d, respectively, and e-h) of the IJV system at Planes-a, b, c, & d, respectively.  

Fig. 11. Carbon-dioxide distribution a-c) of the MV system at Planes-a, b, & d, respectively, d-f) of the IJV system at Planes-a, b, & d, respectively.  
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indicating that a larger margin between the supply and OZ might 
improve thermal comfort performance and reduce cross-infection risk 
simultaneously. 

3.5. Cooling coil load 

In this study, the energy consumption of cooling systems is evaluated 
by cooling coil load, Qcoil (calculated by Eq. (11)). The IJV system 

Fig. 12. MAA at the breathing level (z = 1.1 m) for the a) MV and b) IJV systems.  

Fig. 13. The tracer gas mass fraction in the head region when the supplied air is disinfected for a) the MV system and b) the IJV system.  

Fig. 14. Infection probability of each manikin a-b) for assuming Manikin-1 as the infector, and c-d) for assuming Manikin-2 as the infector.  
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reduces Qcoil from 7762 W to 6148 W (Table 5), i.e., a reduction of 
20.8%. The decrease of Qcoil is because a) the IJV system cools OZ and 
leaves upper space uncooled, b) a higher supply temperature can be 
used, and c) the exhaust temperature in the IJV system is higher than 
that in the MV system (Table 5), i.e., the wasted cooling load is reduced. 

3.6. Limitations 

There are several limitations to this study, despite the effectiveness 
of the modified IJV system in mitigating exhaled contaminants and 
saving energy. Firstly, the energy consumption is evaluated via cooling 
coil load, while a higher supply temperature means lower demands for 
exergy (e.g., a higher coefficient of performance of chillers [83,84]) to 
cool the returned and fresh air [85]. Therefore, the energy-saving per-
formance will be more significant if the energy conversion efficiency is 
considered. Secondly, the IJV system performs better than the MV sys-
tem in IAQ and energy saving but worse in thermal comfort. The IAQ is 
suggested to have a higher priority than thermal comfort due to the high 
basic reproduction number of COVID-19, and the thermal comfort may 
be adaptive due to personal conditions [86,87], e.g., the difference in 
clothes. This content will be further optimized. Thirdly, the infection 
probability is for the relative magnitude of risk. The quantum to cause 
infection [88] and its effects on infection probability need to be further 
investigated. 

4. Conclusions 

The pandemic of COVID-19 has been raising much attention on IAQ. 
This study proposes a modified IJV system to cool a densely occupied 
space in which all occupants wear masks, and it is unknown whether 
they are infected or not. The infector is assumed as the manikin owning 
the highest potential to transmit his/her tracer gas elsewhere, i.e., the 
one with the lowest tracer gas mass fraction in the head region. The 
manikin with the lowest tracer gas concentration under the IJV and MV 
systems are named Manikin-1 and Manikin-2, respectively. The Occu-
pants are assumed to release CO2 and virus-laden tracer gas at a given 
rate. The performance of the IJV system is compared with a traditional 
MV system. 

The main results can be drawn as below.  

a) The IJV system leads to higher IAQ and simultaneously consumes 
less energy than the MV system. The OZ-averaged CO2 concentration 
is reduced from 1287 ppm to 1078 ppm, and the OZ-averaged MAA 
drops from 439s to 177s. The mean infection probability is reduced 
from 0.047% to 0.027% when the infector is Manikin-1 and from 
0.035% to 0.024% when the infector is Manikin-2. The cooling coil 
load is reduced from 7588 W to 6148 W. 

b) However, the IJV system leads to a less uniformly distributed tem-
perature, velocity, and CO2. The vertical temperature difference 
(ΔT0.1-1.1) increases from 0.05 ◦C to 1.34 ◦C, and the region near the 
supply at the ankle level is overcooled. The VNI at the head level 
increases from 0.54 to 0.96, and of CO2 mass fraction increases from 
0.28 to 0.38. 

Summarily, the modified IJV system effectively removes exhaled 
contaminants in densely occupied spaces and simultaneously consumes 
less energy than traditional MV systems, indicating that the IJV system 
performs well in cooling and ventilating densely occupied spaces. 
However, this system might induce overcooling at the ankle level. Thus, 
further studies to improve nonuniformity are suggested. 

The study verifies the advantages (i.e., higher IAQ, lower infection 
probability, and lower energy consumption) of the IJV system over the 
MV system in cooling and ventilating densely occupied spaces and re-
veals the disadvantages (i.e., degradations of thermal comfort and uni-
formity) of the IJV system. Its conclusions offer a basis and direction for 
further investigations of the IJV system. 
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Nomenclature 

P [− ] infection probability 
p [m3/h] pulmonary ventilation rate 
q [quanta/h] quanta generation rate 
Qcoil [W] cooling coil load 
Qspace [W] space cooling load 
Re [− ] Reynolds number 
t [h] exposure time 
ta [◦C] average air temperature 
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tcl [◦C] clothing surface temperature 
tr [◦C] mean radiant temperature 
Te [◦C] exhaust temperature 
Tf [◦C] fresh air temperature 
Ts [◦C] supply temperature 
ΔT0.1-1.1 [◦C] temperature difference between the head and ankles 
ui [m/s] the ith component of velocity 
|U| [m/s] the velocity magnitude 
x, y, z [m] Cartesian coordinates 
y+ [− ] nondimensional distance from the cell centers of the first layer grid to the wall  

Greek symbols 
ρ [kg/m3] air density 
θ [− ] permeability coefficient of face mask 
ν [m2/s] kinematic viscosity of air  

Abbreviations 
IAQ indoor air quality 
IJV impinging jet ventilation 
MV mixing ventilation 
PMV predictive mean vote 
MAA mean age of air 
TNI temperature nonuniformity index 
OZ occupied zone 
SV stratum ventilation 
VNI velocity nonuniformity index 
SNI species nonuniformity index 
CFD computational fluid dynamics 
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