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In modern society, a significant proportion of time is spent indoors, where exposure to
volatile organic compounds (VOCs) emitted by various office equipment and materials is
common. These harmful gases can cause irreversible health damage upon inhalation.
Therefore, reducing the concentration of indoor VOCs has become a topic of great concern.
Selecting an appropriate ventilation strategy is an effective and practical method to lower
pollutant concentrations. In this study, a typical office and its ventilation system were
numerically simulated using the standard k-¢ turbulence model and the component
transport model in FLUENT. Four scenarios with different inlet airflow velocities and three
scenarios with varying inlet airflow angles were evaluated. The concentrations and
distributions of VOCs were analyzed at both seated and standing breathing planes as well
as within the overall space. It was observed that higher inlet airflow velocities, within the
limits of human comfort, accelerated indoor air exchange, reaching dynamic equilibrium
more swiftly. Additionally, both the breathing zone and the indoor space exhibit lower
average concentrations of VOCs after equilibrium was achieved as the inlet velocity
increased. Furthermore, under a constant inlet velocity, an upward 45 <airflow angle was
found to create more effective indoor air mixing, reduce stagnant zones, and facilitate VOC
removal, thereby lowering indoor VOC concentrations. Based on the findings, a ventilation
strategy employing a larger inlet airflow velocity combined with an upward airflow angle
is recommended to efficiently reduce indoor VOC concentrations, improve air quality, and
mitigate health risks. These results provide valuable guidance for the design and
implementation of ventilation systems in real-world engineering applications.

1. INTRODUCTION

World Health Organization (WHO), indoor air pollution has
been implicated in 36% of respiratory diseases, 22% of

With the rapid advancement of societal development and
urbanization, the proportion of time spent indoors has
significantly increased. However, during interior decoration,
the use of materials containing VOCs is often unavoidable,
resulting in concerns regarding indoor air quality. According
to national standards for the coatings industry, VOCs are
defined as any organic liquids and/or solids that can naturally
evaporate under normal atmospheric temperature and pressure
[1]. In typical office environments, the primary sources of
VOC emissions include coatings such as wood varnishes used
on desks and chairs. These compounds are released from the
coatings into the indoor air, where they can be inhaled by
occupants.

On average, individuals spend approximately 90% of their
time indoors, with the duration being even higher for
vulnerable populations such as the elderly and children.
Consequently, the quality of indoor air is closely linked to
human health [2]. VOCs contain substances that pose
significant health risks, including benzene, formaldehyde, and
other well-known harmful compounds, many of which exhibit
strong carcinogenicity and toxicity [3-5]. According to the
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chronic lung diseases, and 15% of tracheitis and bronchitis
cases [6].

Mitigating the harmful effects of VOCs has become a matter
of increasing concern. Current methods for VOC degradation
include persulfate oxidation [7], titanium dioxide (TiOz)
photocatalytic degradation [8], and adsorption using
engineered carbon materials [9]. However, these approaches
primarily focus on source control and pollutant treatment. In
everyday life, the most convenient and effective method for
reducing indoor VOC concentrations involves improving
ventilation, thereby reducing the concentration of VOCs
indoors.

In studies addressing the improvement of indoor air quality
through ventilation, Computational Fluid Dynamics (CFD)
techniques are primarily utilized for numerical simulations.
These simulations generate airflow streamlines, wind
velocities at various locations, and concentrations of VOCs,
among other parameters. Such data enables the determination
of pollutant concentration distributions and variation patterns
under different ventilation methods, thereby providing
theoretical support and guidance for the selection of
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appropriate ventilation strategies.

Numerous studies have been conducted by research
institutions and experts on VOC emissions and ventilation.
Hun et al. [10] investigated 179 residential buildings in the
United States and identified a strong correlation between the
total volatile organic compound (TVOC) concentrations and
factors such as building design, construction age, frequency of
indoor-outdoor air exchange, indoor temperature, and seasonal
variations. Yang and Chen [11] employed the Reynolds-
averaged Navier-Stokes equations and the RNG k-¢ vortex
viscosity turbulence model to numerically simulate the
distribution of indoor pollutant concentrations and the
effectiveness of pollutant removal under different ventilation
strategies, providing theoretical guidance for optimizing
ventilation designs. Sun et al. [12] utilized direct numerical
simulation (DNS) techniques to calculate indoor ventilation
flow fields, describing airflow evolution and vortex structures
within indoor environments. Verniers et al. [13] discussed in-
situ indoor measurements of PM and VOCs caused by
cooking, vacuuming, and burning candles under different
ventilation options, emphasizing the importance of creating
healthy indoor spaces by reducing air pollutants and ensuring
comfort. Zemitis et al. [14] analyzes VOC concentration
changes from various sources in both closed and ventilated
environments, revealing three distinct dynamics, and suggests
that post-painting, hazardous VOC levels may persist for 12
hours under regulated ventilation, with data aiding future
studies, prediction methods, and ventilation standards. Yan et
al. [15] simulated velocity and temperature fields under natural
ventilation conditions for two residential layouts using
FLUENT, recommending optimal ventilation layouts based on
the findings. Lee and Awbi [16] combined numerical
simulations with experiments to investigate how the
placement of pollution sources and spatial configurations in an
upward airflow mode affected pollutant concentration
distributions and ventilation efficiency. Pereira et al. [17] used
model experiments to analyze the effects of four ventilation
strategies on indoor pollutant distributions. Visagavel and
Srinivasan [18] simulated fresh air flow rates for two
ventilation schemes using FLUENT, concluding that
increasing window height could enhance cross-ventilation
efficiency. Cheong et al. [19] integrated numerical simulations
with experimental data to study pollutant distributions in an
office model with planar pollution sources. Ye et al. [20]
introduced two new methods—the characteristic ventilation
rate method and the two-stage ventilation rate method—for
predicting ventilation rates based on building material
emissions, revealing that ventilation rates vary with reference
standards, materials, emission areas, and can be reduced by
half with steady-state rates due to the overestimation tendency
of the characteristic method, with complete emission periods
spanning 2.5 to 5 years. Hernandez et al. [21] investigated the
impact of airtightness and ventilation on VOC concentrations
in newly-furnished unoccupied houses and controlled
simulated occupancy rooms, revealing that airtightness delays
the peak VOC concentration and slows decay, while
mechanical ventilation significantly reduces TVOC levels but
may not suffice to protect occupants from prolonged exposure
after chemical use. Kang et al. [22] investigated the VOC
emission and sorption characteristics of adhesive-bonded
materials in a radiant floor heating system, focusing on
emission-dominated (e.g., plywood/epoxy) and sorption-
dominated (e.g., PVC wallpaper/starch-based
adhesive/gypsum board) materials, using numerical analysis
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validated by experimental data, and discussing the impact on
indoor air quality. Xiao et al. [23] studied the adsorption of
VOCs on a new swirling fluidized bed through numerical
simulation and experiments, expanding its application in VOC
removal, and found optimal conditions for maximum
adsorption efficiency with minimal activated carbon damage.
Liu and Li [24] investigated a long-term numerical study on
airflow patterns, benzene VOC distribution, and a ventilation
strategy in a typical apartment building in China's severe cold
region. Song et al. [25] established an analytical model to
investigate VOC emission from wood furniture, enabling the
prediction of mass transfer characteristics and proposing a
rapid experimental method to determine key mass transfer
parameters.

In this study, the standard k-¢ turbulence model and
component transport model in FLUENT were employed to
simulate air conditioning ventilation schemes in a typical
office. The effects of inlet airflow velocity and angle on
reducing VOC concentrations were explored. Reasonable
ventilation strategies were analyzed and proposed to provide
reference guidance for the design of ventilation layouts.

2. BASIC THEORY
2.1 Mass conservation equation

Mass conservation refers to the rate of change in the mass
of fluid within a control volume, which is equal to the net mass
flux into the volume over a given time interval. The equation
is expressed as:

(1

where, p is the airflow density, u; is the airflow velocity, with
the subscripts i=1,2,3 corresponding to the x, y, and z
directions, respectively, and S,, is the source term.

In indoor fluids, air can be treated as an incompressible gas;
thus, the continuity equation can be simplified to:
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2.2 Momentum conservation equation

Momentum conservation refers to the rate of change in
momentum of the fluid within a control volume, which is equal
to the sum of the external forces acting on that volume. The
expression is given by:
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where, p is the static pressure, 7; is the stress tensor, g; is the
gravitational body force in the i-th direction, and F; is the
external body force in the i-th direction.

2.3 Component equation
In a system with multiple chemical components, each

component must satisfy the mass conservation law. In this
study, a component transport model without chemical



reactions was employed. The component mass conservation
equation for component s is expressed as:

9(pss)
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where, ¢, is the volume concentration of component s; pc; is
the mass concentration of component s; and D; is the diffusion
coefficient of component s.

2.4 Turbulence control equations
The equation for turbulence kinetic energy £ is given by:
ok 0 [( +yt>6k
p ot 0x; K o,/ 0x;

]+Gk+Gb_p€_YM (5)

The equation for turbulence dissipation rate ¢ is given by:
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where, Gy is the production of turbulent kinetic energy due to
the mean velocity gradient, G, is the production of turbulent

kinetic energy due to buoyancy, and Yy is the effect of
compressible turbulent fluctuations on the total dissipation
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rate.

2.5 VOC mass fraction and concentration conversion
equation
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where, ¢ is the VOC concentration (mg/m?); myocs is the mass
of VOCs (mg); Va is the volume of air (m?); P, is the density
of air (kg/m?); m, is the mass of air (kg); and wyocs is the mass
fraction of VOCs.

3. MODEL DEVELOPMENT

A common office was selected as the model for the
simulation and the model was simplified for the purpose of
analysis. The indoor dimensions of the office were 6.45 m x
5.6 m x 285 m. A 0.4m x 0.25 m air conditioning inlet was
placed 1.5 m above the ground as the air intake. A 1.95 m %
0.85 m door was positioned diagonally opposite the air intake
as the exhaust outlet. A 1 m x 1 m x 1 m cube was placed at
the center of the office floor as the pollution source, emitting
pollutants from five surfaces. The x-axis was aligned with the
width, the y-axis with the length, and the z-axis was oriented
vertically upwards. The geometric model is shown in Figure
1(a), and the mesh division is shown in Figure 1(b).

S

—

/

\K/

—
B

Pollution source

‘ Air outlet

(b) Mesh division

Figure 1. Geometric model and mesh division
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Boundary conditions: The initial VOC concentration
indoors was set to 0. The air intake consisted of air with a VOC
content of 0. The inlet boundary condition was defined as a
velocity inlet. The pollution source of VOCs was modeled as
a mass flow inlet, with a constant release rate of 7.2e-11 kg/s.
The air outlet was simplified as a pressure outlet. The office
walls were treated as adiabatic boundaries, and radiation heat
transfer was neglected.

4. NUMERICAL SIMULATION AND ANALYSIS

Several factors influence the effectiveness of ventilation,
including the position, quantity, specifications, and type of the
air intakes and outlets; the inlet air velocity and angle of
incidence; the indoor air temperature and humidity; as well as
the room shape. This study focuses on the effects of two key
factors on ventilation effectiveness: the inlet airflow velocity
and the angle of incidence of the air intake on the indoor VOC
concentration field. Initially, the impact of varying air
velocities on pollutant concentration distribution was
considered when the angle of incidence was fixed (45° relative
to the horizontal plane and vertical wall, maintaining a
horizontal angle in the vertical plane), which corresponds to
operating conditions 1, 2, 3, and 4. Subsequently, under the
optimal wind velocity, the horizontal angle was maintained
while the vertical inlet angle was varied, representing
operating conditions 5 and 6, as illustrated in Figure 2.

Air intake
ISy

Operating conditions 1,2,3,4,5,6

Pollution source

Air outlet

(a) Top view

Operating condition 5

et
Y/

Operating condition 6

Air outlet

Air intake Operating conditions 1,2, 3,4

Pollution source

(b) Front view

Figure 2. Schematic diagram of inlet airflow angles for
different operating conditions

The VOC mass fraction distribution contour maps at the
z=1.2 m plane (representing the breathing height while seated)
and the z=1.5 m plane (representing the breathing height while
standing) were extracted and the average VOC mass fractions
at the corresponding planes were monitored in order to reflect
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the pollutant concentration distribution in the two-dimensional
horizontal plane. Additionally, the average VOC mass fraction
across the entire flow field was monitored to represent the
pollutant concentration in three-dimensional space, thus
indicating the potential harm of VOCs to human health. This
data was used to compare various ventilation methods, with
the most effective ventilation strategy being identified.

4.1 Simulation and analysis of different inlet airflow
velocities

The effect of different air velocities on the pollutant
concentration was first studied, assuming a fixed incident
angle. Considering that the air velocity from air conditioning
systems should not cause discomfort to the human body, the
air velocity was not set to excessively high values. Air
velocities of 1 m/s, 1.5 m/s, 2 m/s, and 2.5 m/s were selected
for the simulations. The VOC mass fraction distribution during
3600 seconds of ventilation was calculated for each air
velocity, corresponding to operating conditions 1, 2, 3, and 4.
The results are presented in Figures 3 and 4. The average VOC
mass fractions for both planes under each air velocity were
calculated and provided in Table 1. The variation of the spatial
average VOC mass fraction with time is shown in Figure 5.

1.0m/s 1.5m/s

2.0m/s 2.5m/s

contour-1.2m
Mass fraction of wood_vol

1.72e-07
1.55e-07
1.38e-07
1.20e-07
1.03e-07
- 8.60e-08
6.88e-08
5.16e-08
3.44e-08
1.72e-08
0.00e+00

Figure 3. Distribution of VOC mass fractions at the z=1.2
m plane for different inlet airflow velocities

1.0m/s 1.5m/s

2.0m/s 2.5m/s

contour-1.5m
Mass fraction of wood_vol

1.72e-07
1.55e-07
1.38e-07
1.20e-07
1.03e-07
8.60e-08
6.88e-08
5.16e-08
3.44e-08
1.72e-08
0.00e+00

Figure 4. Distribution of VOC mass fractions at the z= 1.5
m plane for different inlet airflow velocities

It can be observed from Figures 3 and 4 that fresh air is
introduced horizontally through the inlet into the office space.
As it passes the location of the pollution source, VOCs are



carried along by the airflow. Upon encountering the walls, the
direction of airflow is altered, leading to the formation of a
vortex zone. Ultimately, the air exits through the outlet. This
process results in a lower VOC mass fraction near the inlet and
a higher VOC mass fraction near the pollution source. The
formation of the vortex zone leads to the creation of "dead
zones" at the lower left and upper right corners, where the
VOC mass fraction is elevated. Comparing the VOC mass
fraction distribution diagrams at different wind velocities, as
well as referring to Table 1, it can be noted that the VOC mass
fraction at the z = 1.2 m plane is always higher than that at the
z= 1.5 m plane. This is due to the proximity of the z=1.2 m
plane to the pollution source. Regardless of the plane, whether
atz =12 m or z = 1.5 m, the average VOC mass fraction
decreases as the wind velocity increases.

Table 1. Average VOC mass fractions at different planes for
various inlet airflow velocities

v=10m/s v=15m/s v=2.0m/s v=2.5m/s
1.10e-07 1.07e-07 1.02e-07 9.45e-08
1.01e-07 9.75e-08 9.35e-08 8.60e-08

z=1.2m
z=1.5m

1.20E-07

1.00E-07

8.00E-08

6.00E-08 -

VOC mass fraction

ap0B-08 i/ 2.5ms

2.00E-08 y:

000E+00 Fe 0 L 1
0 600 1200 1800 2400 3000 3600

Time(s)

Figure 5. Variation of spatial average VOC mass fraction
over time

From Figure 5, it can be observed that the trends in the
variation of spatial VOC mass fraction over time are consistent
across different inlet airflow velocities. Initially, the VOC
mass fraction increases with time, as an insufficient amount of
fresh air enters the room to expel the pollutants through the
outlet. After a certain period of ventilation, the pollutant mass
fraction tends to stabilize, signifying that a dynamic
equilibrium state has been reached in the airflow within the
room. It can be seen from the figure that curves corresponding
to higher wind velocities reach the inflection point of the curve
earlier and achieve a lower stable value. This indicates that,
with higher wind velocities, the airflow within the space
reaches dynamic equilibrium more quickly, and the VOC
concentration within the space is reduced to a lower level.

An analysis combining both two-dimensional plane and
three-dimensional spatial perspectives reveals that higher inlet
airflow velocities result in lower VOC concentrations within
the room, thereby improving the ventilation effectiveness.

4.2 Simulation and analysis of different inlet airflow angles

Under the optimal ventilation wind velocity condition (2.5

m/s), simulations were conducted to investigate the impact of
different inlet angles on the indoor VOC concentration
distribution. The inlet angle was fixed at 45° in the horizontal
plane, while in the vertical plane, it was set to horizontal, 45°
upward, and 45° downward (as shown in Figure 2), i.e.,
operating conditions 4, 5 and 6. The resulting VOC relative
mass fraction distribution at 3600 s is depicted in Figures 6
and 7, and the streamlines are shown in Figure 8. The average
VOC mass fractions for the two planes at each wind speed
were calculated and are presented in Table 2. The variation of
spatial VOC average mass fraction over time is illustrated in
Figure 9.

contour-1.2m
Mass fraction of wood_vol
1.72e-07

1.55e-07
1.38e-07
1.20e-07
1.03e-07
8.60e-08
6.88e-08
5.16e-08
3.44e-08
1.72e-08
0.00e+00

Operating condition 4 Operating condition 5

Operating condition 6

Figure 6. Distribution of VOC mass fractions at the 1.2 m
plane

contour-1.5m
Mass fraction of wood_vol
1.72e-07

1.55e-07
1.38e-07
1.20e-07
1.03e-07
8.60e-08
6.88e-08
5.16e-08
3.44e-08
1.72e-08
0.00e+00

Operating condition 4 Operating condition 5

Operating condition 6

Figure 7. Distribution of VOC mass fractions at the 1.5 m
plane

Table 2. Average VOC mass fractions at different inlet
airflow angles

Operating Operating Operating
Condition 4: Condition 5: Condition 6:
Horizontal Upward 45° Downward 45°
z=12m 9.45e-08 8.43e-08 8.89e-08
z=15m 8.60e-08 7.77e-08 8.36e-08

It can be observed from the plane distribution cloud maps
that when fresh air enters the room at different angles, the
VOC mass fraction near the inlet is lower, while the VOC
mass fraction near the pollutant source is higher. The varying
angles of inflow lead to different levels of disturbance in the
indoor air, which results in changes in the locations and areas
of the "dead zones" of pollutants within the plane. The VOC
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mass fraction in the plane of operating condition 4 is generally
higher than in conditions 5 and 6, while the "dead zone" area
in operating condition 5 is smaller than in operating condition
6. Based on the data in Table 2, it can be concluded that the
VOC mass fraction at the z= 1.2 m plane is greater than at the
z = 1.5 m plane for all conditions, primarily due to the
proximity of the z = 1.2 m plane to the pollutant source. The
average VOC mass fractions at both thez=12mandz=1.5
m planes follow the order of operating condition 4 > operating
condition 6 > operating condition 5.

Velocity
2.51e+00
1.88e+00
- ke ts
1.25e+00 i
Operating condition 4 Operating condition 5
6.27e-01 S
0.00e+00 TL4
[m sA-1] Sy
e i
Operating condition 6
Figure 8. Streamlines for different inlet airflow angles
1.00E-07
8.00E-08
; ..
2
S 6.00E-08
&
w
w
E .
O 400E-08 Horizontal
c  \ysais T Upward 45°
> - Downward 45°
2.00E-08
0.00E+00 4 - L L L !

0 600 1200 1800

Time(s)

2400 3000 3600

Figure 9. Variation of the average VOC mass fraction in
space over time

From the streamline diagram (Figure 8) and the curve graph
(Figure 9), it can be observed that in operating condition 4,
with horizontal inflow, when the airflow contacts the wall, a
boundary layer flow is formed along the wall, gradually
reducing in velocity, resulting in longer streamlines. The
vortex zone created by the airflow recirculation is larger,
which increases the residence time of the gas within the space.
The airflow mainly disturbs the upper portion of the room,
with minimal disturbance to the lower half. Due to the higher
density of VOCs compared to air, the pollutants tend to deposit
in the lower part of the space, preventing them from being
effectively expelled through the outlet, leading to a higher
average VOC mass fraction in the space. In operating
condition 5, with an upward 45° inflow, the disturbance to the
air in both the upper and lower directions is more significant,
allowing the airflow to carry the pollutants more efficiently to
the outlet, thereby reducing the average VOC mass fraction in
the space. In operating condition 6, with a downward 45°
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inflow, although similar to condition 5, there is a better
disturbance to the VOCs that are deposited in the lower portion
of the room; the location of the pollution source obstructs the
movement of the air, resulting in a large "dead zone" on the
leeward side of the source. This accumulation of pollutants
contributes to a higher average VOC mass fraction in the space
for this condition. As can be clearly seen in Figure 9, although
the time for the curves to reach the inflection point is similar
for all three conditions, the dynamic equilibrium is reached at
the lowest average VOC mass fraction in condition 5.

A comprehensive analysis of both the two-dimensional
plane and three-dimensional space reveals that, in terms of
reducing VOC concentrations, the upward 45° inflow is more
effective than the downward 45° inflow, and the downward
45° inflow is more effective than the horizontal inflow in the
operating conditions with three different inlet airflow angles.

4.3 Conversion of simulation results

The average VOC mass fractions for the planes and the
space of each operating condition were converted into VOC
concentrations using Eq. (7). This conversion allowed for the
determination of whether the results of each operating
condition complied with the VOC concentration limit of 0.60
mg/m?, as specified by the Indoor Air Quality Standard (GB/T
18883-2022) [26]. The results are shown in Table 3.

Table 3. Conversion of simulation results

Operating Location Mass Concentration
Condition Fraction (mg/m?)
Condition z=1.2m 1.10e-07 0.130
) z=1.5m 1.01e-07 0.120
Indoor space 1.06e-07 0.126
Condition z=1.2m 1.07e-07 0.127
) z=1.5m 9.75e-08 0.116
Indoor space 1.03e-07 0.122
Condition z=1.2m 1.02e-07 0.121
3 z=1.5m 9.35e-08 0.111
Indoor space 9.85e-08 0.117
Condition z=1.2m 9.45e-08 0.112
4 z=1.5m 8.60e-08 0.102
Indoor space 8.96e-08 0.106
Condition z=1.2m 8.43e-08 0.100
5 z=1.5m 7.77¢-08 0.092
Indoor space 7.64¢-08 0.091
Condition z=1.2m 8.89¢-08 0.105
6 z=1.5m 8.36e-08 0.099
Indoor space 8.35e-08 0.099

A comparison of the results shows that the average VOC
concentrations for both the planes and the indoor space across
all operating conditions are less than 0.60 mg/m?, indicating
compliance with the standard.

5. CONCLUSIONS

The following conclusions were drawn in this study:

(a) In terms of the inlet airflow velocity, it was found that,
without affecting human comfort, the faster the airflow, the
more rapidly the indoor air exchange reached dynamic
equilibrium. Furthermore, whether at the breathing plane or
within the indoor space, a higher inlet airflow velocity
consistently led to a lower average VOC concentration once
equilibrium was reached. Therefore, an inlet airflow velocity



of 2.5 m/s can be considered more effective in reducing indoor
VOC concentrations.

(b) Under a fixed inlet airflow velocity, the 45° upward
airflow provided more thorough disturbance to the indoor air.
The area of the “dead zone” generated was smaller, enabling
more efficient transport of VOCs to the outdoor environment,
thereby reducing indoor VOC concentrations.

(c) Based on the simulation results from the six operating
conditions, although all six ventilation methods ultimately
achieved indoor VOC concentrations below the national
standard, the ventilation method with a 2.5 m/s inlet airflow
velocity and 45° upward airflow was found to facilitate faster
indoor air exchange for an equilibrium and achieve lower final
VOC concentrations compared to other ventilation methods.
This, in turn, leads to a reduced potential harm to human
health.

(d) Considering all factors, a ventilation method with a
larger inlet airflow velocity and an upward inlet airflow angle
is recommended, as it can efficiently reduce indoor VOC
concentrations, improve indoor air quality, and minimize the
harmful effects of pollutants on human health.
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