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Abstract: With increases in the time spent on indoor activities, the interests and technological
demands regarding indoor air quality (IAQ) have also increased. Indoor air pollution is often
caused by furniture or construction materials and chemical substances, such as volatile organic
compounds (VOCs). As a way to remove such pollutants, efforts have been made to promote the
management of indoor air quality through emission experiments. To conduct an experiment, such
as the pollutant emission experiment involving substances harmful to the human body, a chamber
to control various factors should be developed. By using such chambers, experimental variables
can be minimized, quantitative analyses may be conducted, and the basic theory may be discussed.
When the chamber is installed, it is not easy to change the existing installed conditions. Therefore,
it is necessary to review feasibility with an accurate design. However, there is limited research on
both how to quantitatively design the chamber and evaluate it. Therefore, this study investigates
suitable chamber design methods and performance through ventilation performance evaluation to
discuss potential development methods. In the chamber design step, a computational fluid dynamics
(CFD) analysis was performed to estimate the ventilation efficiency according to the inlet and outlet
positions to develop an 8-m3 chamber. Next, a ventilation experiment was performed using the
tracer gas method for the performance evaluation, while the chamber interior airflow was simulated
based on the CFD analysis. In a ventilation experiment using a tracer gas, the variation in gas density
leads to concentration imbalance; as a result of concentration imbalance at each point, errors may
occur in ventilation efficiency depending on the measurement point, causing the accuracy of the
performance evaluation to fall. An attempt was made to resolve this problem by performing the
ventilation experiment with a ceiling fan. The result indicated that the performance evaluation
could be conducted without altering ventilation efficiency, coinciding with the CFD analysis result.
Furthermore, when the concentration field was examined according to time in the CFD analysis,
uniform concentration of chamber interior air allowed the ventilation efficiency to be calculated
irrespective of the measurement point. Based on the findings, this study suggests a quantitative
method of performance evaluation with an experiment in an 8-m3 chamber and a concurrent CFD
analysis.

Keywords: 8-m3 chamber; ventilation efficiency; computational fluid dynamics (CFD); carbon
dioxide (CO2); performance evaluation

1. Introduction

With the increasing time spent on indoor activities, the interest and technological
demands regarding indoor air quality (IAQ) have increased. Indoor air pollution is often
caused by furniture or construction materials and chemical substances, such as volatile
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organic compounds (VOCs). As a way to remove such pollutants, efforts have been
made to promote the management of indoor air quality through emission experiments,
and test methods and standards for regulating the emission of pollutants from furniture
or construction materials have been suggested. Caron et al. conducted experiments
investigating VOCs emitted from wood particle board in a chamber. They found that VOCs
diffusion related to VOCs mass transfer from a material’s surface to the surrounding air
was the limiting step in VOCs emission for the solid material studied, and should therefore,
be considered when developing ventilation strategies [1]. Zhixiang et al. researched
catalysis for VOCs removal in technology and application [2]. Additionally, Shrubsole et al.
reviewed IAQ guidelines for VOCs that were toxicological for the various pollutants [3].
The emission test could be conducted in FLEC (Field and Laboratory Emission Cell), which
is a small device for measuring VOCs emissions. However, a large chamber could be used
to conduct various experiments, such as particulate pollutants, including microorganisms,
and removal efficiency using air purifiers in relation to IAQ. To conduct an experiment
such as the pollutant emission experiment involving substances harmful to the human
body, a chamber to control various factors should be developed. This is why it is important
to construct an adequate chamber. When a chamber is installed, it is not easy to change
the existing installed conditions. Therefore, it is necessary to review feasibility with an
accurate design. However, there is limited research on how to both quantitatively design
the chamber and evaluate it. This study aimed to investigate suitable chamber design
methods, as well as performance, through ventilation performance evaluation and discuss
potential methods. A ventilation experiment using a tracer gas was conducted for the
ventilation performance evaluation, while a suitable tracer gas was selected by reviewing
previous studies reporting tracer gas experiments [4–7].

In this study, CO2 was used as a tracer gas, which should be safe (non-toxic, non-
allergenic, non-flammable), non-reactive (it should not react chemically or physically with
the environment), and easily measurable (preferably it can be measured with low cost
instrumentation which should be able to measure low concentrations). Moreover, the
tracer gas should perfectly mix with air (similar density) and be distinguished from the
constituents of air [8]. Alemida et al. performed a ventilation experiment using SF6 and
CO2 tracer gases in a detached house condition to discuss suitable tracer gases. This
previous study also showed that velocity was the most significant factor when the indoor
or outdoor temperature was not clearly defined, with changes in ventilation rate occurring
when the indoor to outdoor temperature gradient exceeded 3 ◦C [9]. CO2-based methods
are convenient as CO2 is inert, its emission sources (people) are present in all buildings
and usually well dispersed throughout occupied spaces, it is inexpensive, reasonably
accurate in terms of measurement, and logging instruments are available. Occupant-
generated CO2 has been widely used as a tracer gas for estimating ventilation rates [10].
Kabirikopaei et al. conducted a study on 220 classrooms in mid-western regions in the U.S.
to estimate the rate of required ventilation based on data on CO2 generated by occupants
of the classrooms. The team also claimed that the calculation accuracy for the required
ventilation rate should be enhanced to better understand actual conditions, while indoor
air quality should be evaluated [11]. On the utility of CO2, the American Society of Heating,
Refrigerating and Air-Conditioning Engineers (ASHRAE) recommends that ventilation
be evaluated and regulated, and indoor air quality be managed based on CO2 gas [12,13].
Batterman reviewed the potential use of CO2 as a tracer gas in the ventilation experiments
of classrooms and stated that, based on the level of CO2 generated via the respiration of
classroom occupants, the level of ventilation should be regulated according to the number
and behavioral patterns of the occupants, while CO2 could prove to be useful in various
studies regarding energy consumption in buildings [14].

Furthermore, a computational fluid dynamics (CFD) analysis for numerical interpre-
tation can be performed and compared with the experimental results for a more accurate
discussion of ventilation efficiency. In particular, a CFD analysis may be performed to
measure indoor airflow and distribution of CO2 gas [15]. Using CO2 as the tracer gas, the
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concentration distribution is disproportionate in a given space, which may be quantitatively
interpreted via a CFD analysis [16]. In addition, Khaoua et al. performed a numerical
analysis according to wind velocity and direction to define the optimal ventilator locations
in a greenhouse, using the data to locate and compartmentalize the vents [17]. As such,
proposed designs can be reviewed in advance by contemplating ventilator locations with
suitable levels of efficiency [18].

A chamber to achieve suitable target ventilation efficiency can be developed through a
CFD-based numerical analysis, even in the chamber design step. The chamber should allow
constant air density and pressure on the interior, in addition to the constant temperature and
humidity conditions, while variables should be minimized towards a level of performance
with controlled errors. For this, ventilation performance evaluation can be conducted to
verify that the chamber has a suitable performance level. This study aimed to suggest
a method for such performance evaluation. When the mixing is perfect, the course of
concentration changes in the transient phase, and concentration levels at a steady state are
completely described by a single system parameter, the nominal time constant [19]. Hence,
for an accurate calculation of ventilation efficiency, the state of perfect mixing should be
maintained throughout the experiment. To develop a chamber for such performance with
controlled variables, accurate design and performance evaluation are required. However,
there is a lack of reliable guidelines on specific design and performance evaluation methods
to achieve a chamber with a controlled environment. In addition, few studies have been
conducted regarding a ventilation experiment for performance evaluation using an 8-m3

chamber, which is relatively small in terms of required area and demands low installation
cost, allowing small-scale home appliance experiments.

In this study, a CFD-based numerical analysis was performed in the designing step
of an 8-m3 chamber to identify the inlet and outlet positions showing the most suitable
ventilation efficiency. Next, considering the utility in construction, the chamber gas inlet and
outlet were installed, and the ventilation experiment and CFD-based chamber performance
evaluation were conducted. For the ventilation experiment, CO2 was used as the tracer gas.
This could cause an imbalance in gas concentration due to the difference in density with air
and possibly induce variations in concentration according to the measurement point and
consequent errors in the calculation of ventilation efficiency. To resolve this concentration
imbalance problem, a suitable performance evaluation method was suggested. The chamber
design and evaluation methods were also discussed based on the CFD analysis simulating
the 8-m3 chamber and the quantitative evidence. Based on the above descriptions, the
roadmap of this study is shown in Figure 1 as follows.
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2. Feasibility Study for Chamber Construction Plan
2.1. Construction of Chamber According to Ventilation Effectiveness Using Steady-State Analysis
2.1.1. Definition of Ventilation Effectiveness

In this study, we assume indoor air is well mixed, as it is a common assumption
for 8-m3 chambers. The methodology discussed in this study focuses on single zone
systems: chambers. In addition, for the sake of simplicity, infiltration or exfiltration are
not considered in this study on the assumption that the supple air is balanced with the
return (exhaust) air; this is why chamber studies should be conducted in confidential
conditions. In experimental ventilation studies using tracer gas CO2, equilibrium analyses
are frequently used to calculate ventilation rates from indoor CO2 concentrations. This
technique is based on a mass balance of CO2 in space. For a mechanically ventilated space,
the mass balance of CO2 concentrations can be expressed as:

V
dc
dt

= Q(C0 − C(t)) + G(t) (1)

where V is the space volume, C(t) is the indoor CO2 concentration at time t, Q is the
volumetric airflow rate (fresh air) (into and out of), C0 is the outdoor CO2 concentration,
and G(t) is the CO2 generation rate at time t. If we assume Q, C0, and G(t) are constant,
Equation (1) can be solved as follows:

C(t) = C0 +
G(t)

Q
+

(
C(t)− C0 −

G(t)
Q

)
e−It (2)

where C(0) is the indoor CO2 concentration at time 0, I = Q/V, air change rate. It has a
unit of time, which is a reciprocal of the nominal time constant. The air change rate is a
dimensionless number divided by ventilation time [20]. Equation (2) is used as an essential
tool to dynamically calculate the ventilation rate in this study when C(t), C0, G(t), and t
are known. If the CO2 generation rate is constant for a sufficient time, the last term on the
right side of Equation (2) converges to zero, and the equation can be rewritten as:

Ceq = C0 +
G(t)

Q
(3)

where Ceq is called the equilibrium CO2 concentration. Equation (3) is referred to as the
equilibrium analysis, as previously mentioned [21]. This equation can be used as an
indicator when performing a ventilation experimental study.

2.1.2. Ventilation Effectiveness According to the Age of Air

In designing an 8-m3 chamber in this study, a steady-state CFD analysis was per-
formed to construct a chamber exhibiting the most outstanding ventilation efficiency. In
addition, chamber performance was evaluated through a ventilation experiment based on
the concentration decay method using CO2 as the tracer gas; the result was compared with
the CFD analysis result. For comparison, ventilation efficiency may be evaluated using
the concept of the age of air [22]. In the case of limited devices and experimental setup, an
unsteady-state CFD analysis may be performed to accurately simulate the tracer gas exper-
iment and age of air [23]. Thus, whether a numerical analysis could simulate a ventilation
experiment in an 8-m3 chamber to a certain level or above was verified. For this, the room
mean age of air (RMA) was calculated and then used to estimate the ventilation efficiency.

The room mean age of air can be obtained as the area of the time-dependent concen-
tration decay curve as the integration of the concentration decay according to time [24].
Therefore, it can be formulated in Equation (4), as follows. Hence, a ventilation experiment
using an 8-m3 chamber was performed, and the concentration decay was examined. Next,
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the concentration decay curve was used to calculate the room mean age of air, and based
on the consequent ventilation efficiency, the chamber performance was evaluated.

τp =

∫ ∞
0 t× Ce(t)dt∫ ∞

0 Ce(t)dt
(4)

2.1.3. Ventilation Effectiveness of the 8-m3 Chamber According to Position of Inlet and
Outlet Using Steady-State Analysis

Prior to the installation of a large-scale 8-m3 chamber, a commercial CFD program,
Fluent, was used to perform a numerical analysis to review the inlet and outlet positions.
Five cases were set with a fixed inlet position and varying outlet positions, as illustrated in
Figure 2. Then, the boundary conditions for all five cases were set, as presented in Table 1,
and the CFD analysis was performed in the condition of a 1.0 air change per hour (ACH)
[1/h]. The turbulence model was validated as described in prior research and as follows;
Fang et al. compared the measured and the simulated air temperatures and velocities at
the four different locations using three different available turbulence models: SST k-ω
model, Standard k-ε model, and RNG k-ε model, respectively. Results of the SST k-ω
model performed better than the other two in terms of simulating both air temperature and
velocity profile in chamber [25]. Kobayashi et al. also investigated four turbulence models.
By comparing all the results obtained from the experiment and numerical calculations, it
was concluded that the turbulence model of SST k-ω model has a sufficient accuracy to
analyze the target room [26]. As such, the SST k-ω turbulence model was adopted because
it showed high reliability in the room.
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Table 1. Boundary conditions for numerical analysis.

Boundary Conditions

Cells 180,000 ± 10,000
Turbulence model SST k-ω

Temperature 25 ◦C
Velocity inlet The velocity of profile-centric: 0.6 m/s

Table 2 presents the analysis results of the changes in chamber interior airflow using the
steady-state CFD analysis, calculating the room mean age of air and ventilation efficiency.
Comparing the five cases according to the inlet and outlet positions showed that ventilation
efficiency for a suitable level of performance was the highest for Case 1, followed by Cases 5
and 2. This may indicate that the target ventilation efficiency has been achieved, as the fresh
air injected through the inlet was adequately mixed with the chamber’s interior air before
leaving the chamber. For Cases 3 and 4, the ventilation efficiency decreased, presumably
because the fresh air through the inlet did not adequately mix with the chamber interior
air before leaving through the outlet. Hence, the large-scale 8-m3 chamber was designed
based on Case 1 and the 8-m3 chamber is shown as Figure 3.
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Table 2. Ventilation efficiency of five cases.

Case 1 Case 2 Case 3 Case 4 Case 5

Age of air 3573 s 3715 s 3967 s 4299 s 3643 s
Ventilation efficiency 100.7% 96.9% 90.8% 83.7% 98.9%
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3. Comparison of Experiments and Numerical Analysis for 8-m3 Chamber Evaluation
3.1. CFD Boundary Conditions for Ventilation Experimental Study
3.1.1. Species Transport Equation for Performance Evaluation of Chamber

To simulate a ventilation experiment using CO2 as the tracer gas, the species transport
equation was applied. The chemical reactions are incorporated inside the chamber by
selecting the species transport model. Various species, e.g., CO, H2, CH4, CO2, N2, O2,
H2O, and C(s), were included in the model. The chemical reaction follows the conservation
equation for each species’ convection, diffusion, and reaction.

The standard form of species transport equation is defined as:

∇· (ρ→v Yi) = −∇ ·
→
Ji + Ri + Si (5)

where diffusion flux
→
Ji for turbulent flow is given by:

→
Ji = −

(
ρDi,m +

µt

Sct

)
∇Yi − DT,i

∇T
T

(6)

Species transport equations are solved individually for each species in Ansys fluent.
In this equation, Yi is the mass fraction of species. The subscript i represents the species
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(i.e., CO, H2, CH4, CO2, N2, O2, and H2O), and Ri denotes the net rate of production of
species i by chemical reaction. Di,m is the mass diffusion coefficient, and DT is the turbulent
diffusivity. The source term Si describes the destruction or creation of species due to
chemical reactions. Turbulent Schmidt number Sct is 0.7, which is the turbulent viscosity
ratio to eddy diffusivity ratio [27].

3.1.2. Velocity Profile of Inlet

In a chamber environment where both temperature and humidity are controlled,
the airflow introduced through the inlet is the most significant factor in a ventilation
experiment. Thus, the velocity profile was produced to set the pattern of flow and velocity
at the inlet as the boundary conditions for CFD analysis. To produce the velocity profile,
8 m3/h of flow rate was applied corresponding ACH of 1.0 [1/h] for the 8-m3 chamber,
and measurements were taken. As Figure 4 shows, an air velocity meter was installed at
21 measurement points, at which data were collected in 5-min intervals.
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For CFD analysis, the inlet pipe supplying the air to the chamber was modeled, and the
pipe flow was analyzed. Next, the model showing the fewest errors across the 21 points and
the most similar pattern to the measured values at each point was reviewed per turbulence
model. The turbulence model was selected with the highest accuracy model compared
to actual measurements, and the steady-state method was used for analysis by creating
approximately 88,000 grids.

Based on measurements for the velocity profile formed according to the injected flow
ACH of 1.0 [1/h], the boundary conditions for the velocity profile with the highest similarity
to the numerical values in the CFD analysis were examined. As a result, the conditions
for the velocity profile with a similar pattern to that shown in Figure 5 were determined
to be applicable. In line with this, the velocity at each of the 21 measurement points was
compared. Figure 6 shows the comparison of the standard k-ε turbulence model and the
SST k-ω turbulence model used to determine which one had better accuracy. The standard
k-ε turbulence model was chosen because it showed greater accuracy on each velocity of
the points. The relative error rate was within 5% at all points, except for the four close to
the walls. Thus, the velocity profile with the highest trend was used in the CFD analysis to
increase the accuracy of the numerical analysis.
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3.1.3. Boundary Condition Using a Fan

For a case study using the ceiling fan, the measured values were compared with the
CFD analysis data. The airflow rate at a specific point was measured at 900 revolutions per
minute (RPM) and at 1800 RPM for the operation of two ceiling fans in an actual chamber.
In line with this, the airflow rate at the identical point was compared with the model of the
CFD fan condition. The measurement points were at 300 mm and 1500 mm from the floor
based on the center of each fan, and the velocity was measured for approximately 10 min.
The locations are as shown in Figure 7.
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Using the mean velocity at the measurement points, the pressure jump regarding the
CFD fan boundary condition was estimated. Compared to the measured values, the CFD
calculation accuracy at 900 RPM yielded a 4% relative error at Point 1, and a 2% relative
error at Point 3, as shown in Figure 8. The airflow was low at Points 2 and 4, as the mean
velocity was ≤0.15 m/s; the error rate was interpreted as low. In addition, the accuracy at
1800 RPM was 2.5% relative error at Point 1, and 1.8% relative error at Point 3, compared to
the measured values, as shown in Figure 9. The accuracy of the numerical analysis could
be increased through comparison against the changes in airflow with the operation of a fan,
by which the airflow conditions on the chamber interior were simulated.
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3.2. Experimental Study in the 8-m3 Chamber

To suggest a guideline and quantitative evidence regarding the measurement points
in the ventilation experiment for performance evaluation, the ventilation experiment
was performed with the CFD-based numerical analysis. The instrument was installed at
400 mm, 1000 mm, and 1700 mm from the floor of the 8-m3 chamber, as shown in Figure 10.
Throughout the ventilation experiment, the outdoor CO2 concentration was 490 ppm, while
the chamber temperature was maintained at 25 ◦C. The experimental conditions were set
to examine concentration decay from the initial concentration of 7497 ppm of the injected
CO2 tracer gas.
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After the injection, the fan was used to adequately mix the chamber interior air and
tracer gas for 20 min to form a state of complete mixing. Figure 11 shows the change in
concentration from CO2 injection to fan operation at each point. The complete mixing
state was reached within about 20 min after operating the fan. The operation of the fan
was halted, and fresh air was injected 1.0 ACH to perform the ventilation experiment. In
addition, concentration fields and airflow that cannot be examined in an actual experiment
were studied in the CFD analysis with identical boundary conditions.
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Figure 12 shows the results of the ventilation experiment in 1.0 ACH conditions,
indicating the lack of significant variation compared to the rate of concentration decay,
calculated by Equation (2). As a result, the level of performance of the 8-m3 chamber used
in this study was determined to be suitable for ventilation experimentation. Subsequently,
the accuracy of CFD analysis according to the operation of the fan was compared, and a
case study was conducted in accordance with the fan RPM.
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4. Results and Discussions
4.1. Comparison Measurements and CFD

With identical boundary conditions to the previous ventilation experiment, a CFD
analysis was performed. At identical measurement points, data were collected in 10-sec
intervals to draw the concentration decay graph, and the mean age of air was compared at
localized points. As can be seen in Figure 13, the relative error between the experiment and
the CFD analysis at each measurement point was 9%, 1%, and 4% at the point closest to
the floor toward the point farthest from the floor, based on the mean age of air at localized
points. The error rate indicated that, despite the points being localized, the accuracy was
high with the variation in room mean age of air <1%. The CFD analysis was shown to
simulate the ventilation experiment with high accuracy when the velocity profile was
produced with high accuracy in the controlled chamber environment, while the reliability
of the results was shown to be high.
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Figure 13. Comparison of the CFD and measurements value: (a) concentration decay of 400 mm
point; (b) concentration decay of 1000 mm point; and (c) concentration decay of 1700 mm point.

The result of a CFD analysis that precisely simulates the chamber environment by time
to examine the chamber interior concentration field is shown in Figure 14. An imbalance
in the concentration field was detected as time passed, caused by the gradual downward
movement of the high-density gas over time, due to the density difference between CO2
and air.
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In this study, the imbalance in the concentration field due to the density difference
between air and CO2 as the tracer gas in the ventilation experiment was examined in the
CFD analysis. What the results indicated was the potential variation in the room mean age
of air according to the location of the instrument. Furthermore, an error in the calculation
of room mean age of air could prevent the calculation of accurate ventilation efficiency.
Even if several instruments were installed, the locations could not be specified; the result of
which would be an inaccurate performance evaluation.

4.2. Comparison Measurements and CFD Depending on the Operation of the Fan

As previously described, the measurement points could not be specified based on
chamber conditions in a ventilation experiment using a tracer gas with a density difference
from air. Therefore, this study performed the ventilation experiment with the operation of
the fan with the case study based on the fan RPM. Three cases were set for the ventilation
experiment: the case with the fan at 900 RPM; the case with the fan at 1800 RPM; and the
case without the operation of the fan. The results were compared with numerical analysis.
The measurement time throughout the experiment was set to 30 min, as it allowed the trend
of significant concentration decay to be examined at half of the nominal time constant. As
shown in Figure 15, the results indicated that ventilation efficiency was almost identical in
the three cases. Thus, it was shown that the operation of the fan did not affect ventilation
efficiency, and fan RPM could not be a variable in a ventilation experiment.
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Figure 15. Results of ventilation experiments using tracer gas (CO2) according to the fan operation.

A case study was subsequently performed in a CFD analysis with identical conditions
to the experiment. As shown in Figure 16, the rate of concentration decay was almost
identical between the experiment and the CFD analysis. The analysis with the operation of
the fan also produced almost identical results. Table 3 presents the ventilation efficiency
in each case and the relative error compared to the experiment. In all cases, the relative
error was within 4%, which verified that the CFD analysis could simulate the experiment
with high accuracy. In addition, as shown by the experiment, ventilation efficiency was
not affected by the operation of the fan or the fan RPM. This implied that, for performance
evaluation, ventilation experiments could be performed with the operation of the fan
without any problems.
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Table 3. Comparison of the ventilation efficiency depending on the fan operation.

Measurements Value
CFD Analysis

0 RPM (No Fan) 900 RPM 1800 RPM

Age of air 3659 s 3701 s 3545 s 3779 s
Ventilation
efficiency 97.7% 97.3% 101.6% 95.3%

Relative error - 0.41% 2.47% −3.98%
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In this study, the boundary conditions for CFD analysis that can simulate the ventila-
tion experiment with high accuracy were predominantly investigated. Then, the imbalance
of the time-dependent concentration field was examined in an unsteady-state numerical
analysis. Next, after verifying the lack of variations in the ventilation efficiency, based on
the presence or absence of the fan, the effect of the fan operation was examined through
CFD analysis. The results showed a uniform distribution of concentration fields in the
ventilation experiment with the operation of the fan, as shown in Figure 17. This implied
that the problem of concentration imbalance caused by the density difference could be
resolved by performing the ventilation experiment with the operation of the fan, regardless
of the fan RPM, with a negligible impact on ventilation efficiency. The results suggested
that the operation of the fan had no effect on the results of the ventilation experiment in
performance evaluation.
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In addition, a significant concentration decay was found when concentration variation
was examined at the outlet positions most frequently used for measurements to calculate the
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spatial mean age of air in a previous study. Figure 18 shows the room mean concentration
decay and the outlet positions according to the fan operation conditions. The room mean
age of air could be measured at a single position regardless of the measurement points if
the ventilation experiment could be performed with the operation of the fan. The room
mean age of air could also be calculated without the calculation of the first moment of area
at the outlet position.
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5. Conclusions

This study investigated the ventilation efficiency according to the inlet and outlet
positions in a large-scale 8-m3 chamber, applying the results in the chamber design. A
performance evaluation was conducted in the subsequent ventilation experiment using
a tracer gas in the 8-m3 chamber. The most widely used tracer gas is CO2; however, an
imbalance in the concentration field due to the density difference with air unavoidably
occurs with CO2. This caused errors in ventilation efficiency according to measurement
points. A way to resolve such errors would be to use data from three or more instruments
to obtain the mean, but there was insufficient evidence to determine the measurement
points. To resolve these problems, the ventilation experiment in this study was performed
with the operation of the fan; the results are as follows:

• Ventilation experiments could be performed without significant variation in ventilation
efficiency, even with the operation of a fan.

• Ventilation experiments using a tracer gas with the operation of a fan solved the
problem of concentration imbalance caused by the density difference between the gas
and air, as a state of complete mixing was maintained throughout the experiment.

• As the concentration field was maintained uniform, the room mean age of air (RMA)
could be estimated irrespective of location, even with the installation of a single
instrument.

A problem in the conventional ventilation experiment using a tracer gas was pointed
out, and a method to resolve the problem was suggested. In addition, by performing
the ventilation experiment, the chamber performance was evaluated, and a method of
performance evaluation was suggested. Thus, by combining the ventilation experiment and
CFD analysis in an 8-m3 chamber, quantitative evidence for the performance evaluation
was presented, and its potential use was verified. The 8-m3 chamber used in this study
satisfied the target ventilation performance, thereby being verified as a chamber that can
ensure the performance in homes or small-scale standard tests. In addition, among large-
scale chambers with mechanical ventilation and suitable air tightness, the 8-m3 chamber is
advantageous with a small area and relatively low installation cost. A follow-up study will
be conducted with a glove box allowing an experiment with a UV lamp for sterilization
and microorganisms, for which the design and development are complete. Through the
use of the box, fine particulate matter and microorganisms could be generated to conduct
an experiment to control indoor air quality.



Int. J. Environ. Res. Public Health 2022, 19, 13556 16 of 17

Author Contributions: Conceptualization, S.P. (Seonghyun Park); methodology, S.P. (Seonghyun
Park) and S.P. (Seongwoo Park); writing-original draft preparation, S.P. (Seongwoo Park); Supervision,
J.S. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) granted
funded by the Korea government (MSIT) (No. 2021R1A2B5B02001469) (No. 2021R1C1C2003596).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We appreciate the assistance and technical support of UNITECH CO.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Caron, F.; Guichard, R.; Robert, L.; Verriele, M.; Thevenet, F. Behaviour of individual VOCs in indoor environments: How

ventilation affects emission from materials. Atmos. Environ. 2020, 243, 117713. [CrossRef]
2. Zhang, Z.; Jiang, Z.; Shangguan, W. Low-temperature catalysis for VOCs removal in technology and application: A state-of-the-art

review. Catal. Today 2016, 264, 270–278. [CrossRef]
3. Shrubsole, C.; Dimitroulopoulou, S.; Foxall, K.; Gadeberg, B.; Doutsi, A. IAQ guidelines for selected volatile organic compounds

(VOCs) in the UK. Build. Environ. 2019, 165, 106382. [CrossRef]
4. Cheong, K.W. Airflow measurements for balancing of air distribution system—Tracer-gas technique as an alternative? Build.

Environ. 2001, 36, 955–964. [CrossRef]
5. Han, H.; Shin, C.Y.; Lee, I.B.; Kwon, K.S. Tracer gas experiment for local mean ages of air from individual supply inlets in a space

with multiple inlets. Build. Environ. 2001, 46, 2462–2471. [CrossRef]
6. Kiwan, A.; Berg, W.; Fiedler, M.; Ammon, C.; Gläser, M.; Müller, H.J.; Brunsch, R. Air exchange rate measurements in naturally

ventilated dairy buildings using the tracer gas decay method with 85Kr, compared to CO2 mass balance and discharge coefficient
methods. Biosyst. Eng. 2013, 116, 286–296. [CrossRef]

7. Chao, C.Y.; Wan, M.P.; Law, A.K. Ventilation performance measurement using constant concentration dosing strategy. Build.
Environ. 2004, 39, 1277–1288. [CrossRef]

8. Cui, S.; Cohen, M.; Stabat, P.; Marchio, D. CO2 tracer gas concentration decay method for measuring air change rate. Build.
Environ. 2015, 84, 162–169. [CrossRef]

9. Almeida, R.M.S.F.; Barreira, E.; Moreira, P. A Discussion Regarding the Measurement of Ventilation Rates Using Tracer Gas and
Decay Technique. Infrastructures 2020, 5, 85. [CrossRef]

10. Hänninen, O.; Shaughnessy, R.; Turk, B.; Egorov, A. Combining CO2 data from ventilation phases improves estimation of air
exchange rates. In Proceedings of the Healthy Buildings Conference, Brisbane, Australia, 24 February 2012.

11. Kabirikopaei, A.; Lau, J. Uncertainty analysis of various CO2-Based tracer-gas methods for estimating seasonal ventilation rates
in classrooms with different mechanical systems. Build. Environ. 2020, 179, 107003. [CrossRef]

12. Standard 62.1-2019; Ventilation for Acceptable Indoor Air Quality. ASHRAE: Peachtree Corners, GA, USA, 2019.
13. Kapsalaki, M. ASHRAE Position Document on Indoor Carbon Dioxide; ASHRAE: Atlanta, GA, USA, 2022.
14. Batterman, S. Review and Extension of CO2-Based Methods to Determine Ventilation Rates with Application to School Classrooms.

Int. J. Environ. Res. Public Health 2017, 14, 145. [CrossRef] [PubMed]
15. Mahyuddin, N.; Awbi, H.B.; Alshitawi, M. The spatial distribution of carbon dioxide in rooms with particular application to

classrooms. Indoor Built Environ. 2014, 23, 433–448. [CrossRef]
16. Mahyuddin, N.; Awbi, H. The spatial distribution of carbon dioxide in an environmental test chamber. Build. Environ. 2010, 45,

1993–2001. [CrossRef]
17. Khaoua, S.O.; Bournet, P.E.; Migeon, C.; Boulard, T.; Chasseriaux, G. Analysis of greenhouse ventilation efficiency based on

computational fluid dynamics. Biosyst. Eng. 2006, 95, 83–98. [CrossRef]
18. Chung, K.C.; Hsu, S.P. Effect of ventilation pattern on room air and contaminant distribution. Build. Environ. 2001, 36, 989–998.

[CrossRef]
19. Sandberg, M. What is ventilation efficiency? Build. Environ. 1981, 16, 123–135. [CrossRef]
20. Han, H.T. Numerical approach to calculate ventilation effectiveness. Mag. Soc. Air Cond. Refrig. Eng. Korea 1992, 21, 271–281.
21. Lu, T.; Lü, X.; Viljanen, M. A novel and dynamic demand-controlled ventilation strategy for CO2 control and energy saving in

buildings. Energy Build. 2011, 43, 2499–2508. [CrossRef]
22. Seo, S.Y.; Kim, M.H.; Han, H.; Kim, Y.I. Ventilation Effectiveness Measurements Utilizing Tracer Gas in a Thermal Environmental

Chamber; The Society of Air-Conditioning and Refrigerating Engineers of Korea: Seoul, Korea, 1997; pp. 415–420.
23. Han, H.T. Numerical analysis of ventilation effectiveness using turbulent airflow modeling. Mag. Soc. Air Cond. Refrig. Eng. Korea

1992, 4, 253–262.

http://doi.org/10.1016/j.atmosenv.2020.117713
http://doi.org/10.1016/j.cattod.2015.10.040
http://doi.org/10.1016/j.buildenv.2019.106382
http://doi.org/10.1016/S0360-1323(00)00046-9
http://doi.org/10.1016/j.buildenv.2011.05.023
http://doi.org/10.1016/j.biosystemseng.2012.11.011
http://doi.org/10.1016/j.buildenv.2004.03.012
http://doi.org/10.1016/j.buildenv.2014.11.007
http://doi.org/10.3390/infrastructures5100085
http://doi.org/10.1016/j.buildenv.2020.107003
http://doi.org/10.3390/ijerph14020145
http://www.ncbi.nlm.nih.gov/pubmed/28165398
http://doi.org/10.1177/1420326X13512142
http://doi.org/10.1016/j.buildenv.2010.02.001
http://doi.org/10.1016/j.biosystemseng.2006.05.004
http://doi.org/10.1016/S0360-1323(00)00051-2
http://doi.org/10.1016/0360-1323(81)90028-7
http://doi.org/10.1016/j.enbuild.2011.06.005


Int. J. Environ. Res. Public Health 2022, 19, 13556 17 of 17

24. Fang, G.; Deng, S.; Liu, X. A numerical study on evaluating sleeping thermal comfort using a Chinese-Kang based space heating
system. Energy Build. 2021, 248, 111174. [CrossRef]

25. Kobayashi, T.; Sugita, K.; Umemiya, N.; Kishimoto, T.; Sandberg, M. Numerical investigation and accuracy verification of indoor
environment for an impinging jet ventilated room using computational fluid dynamics. Build. Environ. 2017, 115, 251–268.
[CrossRef]

26. Pandey, B.; Prajapati, Y.K.; Sheth, P.N. CFD analysis of the downdraft gasifier using species-transport and discrete phase model.
Fuel 2022, 328, 125302. [CrossRef]

27. Kwon, K.S.; Lee, I.B.; Han, H.T.; Shin, C.Y.; Hwang, H.S.; Hong, S.W.; Han, C.P. Analysing ventilation efficiency in a test chamber
using age-of-air concept and CFD technology. Biosyst. Eng. 2011, 110, 421–433. [CrossRef]

http://doi.org/10.1016/j.enbuild.2021.111174
http://doi.org/10.1016/j.buildenv.2017.01.022
http://doi.org/10.1016/j.fuel.2022.125302
http://doi.org/10.1016/j.biosystemseng.2011.08.013

	Introduction 
	Feasibility Study for Chamber Construction Plan 
	Construction of Chamber According to Ventilation Effectiveness Using Steady-State Analysis 
	Definition of Ventilation Effectiveness 
	Ventilation Effectiveness According to the Age of Air 
	Ventilation Effectiveness of the 8-m3 Chamber According to Position of Inlet and Outlet Using Steady-State Analysis 


	Comparison of Experiments and Numerical Analysis for 8-m3 Chamber Evaluation 
	CFD Boundary Conditions for Ventilation Experimental Study 
	Species Transport Equation for Performance Evaluation of Chamber 
	Velocity Profile of Inlet 
	Boundary Condition Using a Fan 

	Experimental Study in the 8-m³ Chamber 

	Results and Discussions 
	Comparison Measurements and CFD 
	Comparison Measurements and CFD Depending on the Operation of the Fan 

	Conclusions 
	References

