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Abstract

As urban buildings become increasingly dense, indoor personnel are often exposed to noise
disturbances from adjoining rooms which can reduce working efficiency and affect mental
health. Closing the door is one of the ways to reduce noise transmission, but it can cause a
decrease in indoor air circulation. This paper investigates the sound insulation effect and
air ventilation performance of a door in a partially open state by numerical simulation. To
acquire the effect of sound insulation, an acoustic–structural solver is employed to calculate
the sound transmission losses with different door opening angles in the frequency domain.
To evaluate the ventilation performance, the mass flow rates across door opening are
calculated by computational fluid dynamics. The simulation results confirm the trade-off
relation between the sound insulation effect and the ventilation performance. To calculate
the effect of noise and ventilation on work efficiency, a comprehensive evaluation index
workplace environmental score (WES) was introduced and calculated by the Technique for
Order Preference by Similarity to Ideal Solution (TOPSIS) method. A clear sound insulation
effect corresponds to an opening angle (θd) of less than 15◦ with minimum air ventilation.
Good ventilation performance could be obtained when the door opening angle is larger
than 45◦, while the sound insulation effect is negligible. A good compromise between the
sound insulation effect and the air ventilation performance is found to be in the range of
θd = 15◦~25◦, which provides practical recommendations in daily routines.

Keywords: partially open door; sound insulation; air ventilation; numerical investigation;
workplace environmental score

1. Introduction
With the acceleration of urbanization, buildings are becoming increasingly dense, and

occupants are more often exposed to noise disturbances from adjoining rooms [1,2]. These
noise disturbances can reduce people’s working efficiency [3–5]. However, closing the doors
between rooms to create a quieter environment would reversely lead to a degradation of air
circulation and quality that can also affect the physical and mental health of occupants [6–8].

The insulation of sound by doors has received interest from acousticians and has
turned out to be an important factor in the design, construction and maintenance process
for buildings [9,10]. Generally, sound transmission through doors is considered twofold:
the structural transmission and the leak transmission, and they are of equivalent importance.
As a part of the walls, fundamental studies on the structural sound insulation by doors
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rely initially on the theories concerning panels. According to Sharp’s theory [11], the
acoustic impedances of thin, thick and multi-layer panels are related with the stiffness
and mass of the panel in different frequency ranges. Later, Hongisto [12,13] specified and
verified the prediction models for realistic door structures such as double panels with an
air cavity, rigid connection, and absorbents. Soni et al. [14] experimentally examined the
sound transmission loss through composite panel doors with different panel materials.
By comparison, it was found that a better sound transmission class could be obtained
with good design of the inner configuration. Besides structural insulation, it is also found
by researchers that sound transmission due to leakage is another important factor that
influences the total sound insulation of doors. This research direction has also yielded
many studies starting from the empirical formulae by Gompert [15,16] and Wilson et al. [17]
on the characteristics of sound leakage through gaps and slits in walls. Based on these
formulae, Hongisto provided specialized prediction models in the context of doors. Then,
improvements on the sound insulation of door sets with slits were proposed with sealings
such as absorbent treatments [18–20] and special structural silencer [21].

On the other hand, ensuring adequate air ventilation is equally critical for a healthy
indoor environment. Working in rooms with low air quality can reduce work efficiency and
affect physical and mental health [22,23], making natural ventilation a common necessity.
While the strategic opening of doors and windows is a widely used method to improve
the indoor thermal environment and air exchange [24,25], its effectiveness is governed by
complex dynamics. For instance, recent studies highlight how external factors like wind
flow can create unfavorable pressure conditions that impair ventilation performance [26].
In parallel, innovative passive systems, such as the Trombe wall, have been developed to
enhance air circulation without mechanical aid [27]. There is a direct trade-off between
the inherent complexity of achieving good ventilation and acoustic control, as simple
ventilation measures can also provide clear pathways for sound transmission.

It is acknowledged that the challenge of balancing acoustic comfort and natural venti-
lation is a complex, multi-scale problem influenced by numerous factors, from architectural
design to urban traffic, as rightly pointed out by environmental comfort researchers [28]. A
single measure, such as adjusting a door’s opening, cannot holistically solve these large-
scale issues. Therefore, the present study does not aim to propose the partially open door
as a universal, practical solution. Instead, it utilizes this geometry as a canonical, simplified
model to achieve a more fundamental objective of precisely isolating and quantifying the
basic physical trade-off between sound insulation and air ventilation. By focusing on this
elemental case, we aim to establish a robust methodological framework—coupling compu-
tational fluid dynamics, acoustic simulations, and multi-criteria decision analysis—that
can later be applied to more complex, real-world scenarios such as specialized ventilation
louvers or smart window systems.

Previous studies have focused more on evaluating the acoustic performance of doors
when they are closed, and the sound insulation and ventilation performance of doors when
they are partially open remains an unresolved issue [29]. However, in our daily routines, we
sometimes want doors to be partially open to maintain good air circulation between rooms,
while still requiring doors to have sufficient sound insulation. In this study, the above
issue is investigated by means of numerical simulation. In detail, the acoustic and flow
fields of one partially open door in a wall are simulated with the acoustic–structural solver
and Computational Fluid Dynamics (CFD) solver separately to acquire the door’s sound
insulation characteristics and the allowed flow rate through the door set. By changing the
opening angle of the door, the sound insulation and ventilation performance of partially
opened doors can be obtained. In order to more systematically assess the combined effects
of door opening angles on noise propagation and air quality in buildings, and to quantify
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their effects on work efficiency, this study introduces a new comprehensive evaluation
parameter, the Workplace Environmental Score (WES); the weight values are calculated
using the Entropy-Weight Technique for Order Preference by Similarity to Ideal Solution
(TOPSIS) method. This index provides data support for optimizing the door control design
through multi-dimensional quantitative analysis.

2. Methodologies and Validation
Figure 1 illustrates the flowchart of this study. The first step is to build the two-

room model. The second step is to numerically evaluate the acoustic and ventilation
performance of the partially opened door. We used an acoustic structure solver and a CFD
solver, respectively. The acoustic–structural solver calculates the sound field in a two-room
reverberant–anechoic configuration. Since sound energies could enter the receiver room
either by traveling across the door opening or by a transmission through the door body, the
acoustic–structural solver actually takes account the interaction between the sound field
and the vibration of the door body. The CFD solver is responsible for providing predictions
of mass flow across the door opening. The third step is the calculation of WES by the
TOPSIS method.

Figure 1. Working flowchart of this study.

2.1. Geometry of the Investigated Model

The numerical model investigated in this paper concerns two rooms separated by one
partially open door mounted in a wall as is shown in Figure 2. The door leaf is Hd = 2.05 m
in height, Wd = 0.8 m in width, and Td = 0.04 m in thickness. It is assumed that the door is
made of Walnut with a density of ρd = 532 kg/m3. The wall has a thickness of Tw = 0.24 m.
The domain of simulation has a dimension of Hb = 2.7 m, Wb = 2.2 m, and Lb = 3.4 m, which
is limited by the boundary surfaces. For acoustic–structural simulations, a reverberant–
anechoic configuration is employed according to ISO 10140-3 [30]. In particular, the acoustic
boundary conditions of the simulation domain follow the standardized laboratory test
setup described in ISO 10140-3, where the source side is modeled as a reverberant room and
the receiving side as an anechoic room. This approach ensures that the numerical results
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are comparable to standardized sound insulation measurements of building elements. For
flow simulations, the outer boundaries are treated as pressure inlets/outlets. Detailed
geometric parameters are listed in Table 1.

Figure 2. Sketch of the model geometry.

Table 1. List of geometric parameters.

Parameter Value

Hb (m) 2.7
Lb (m) 3.4
Wb (m) 2.2
Hd (m) 2.7
Wd (m) 0.8
Td (m) 0.04
Tw (m) 0.24

θd 0~90◦

ρd (kg/m3) 532
Ed (Pa) 8.2 × 109

νd 0.4

2.2. Numerical Methodologies
2.2.1. Acoustic–Structural Solver and Settings

The simulation of sound insulation by doors is conducted by an acoustic–structural
solver based on the finite element method (FEM) in the frequency domain. The solver
couples the acoustic field and the structural vibration of the door body. The acoustic part
of the solver solves the Helmholtz equation, Equation (1), in the air domain Ωa and the
structural part solves the fundamental equation of motion, Equation (2), on the door leaf
Ωa [31].

∆pa + k2 pa = Qm in Ωa (1)

ρdω
2u −∇ · S = Fveiϕ in Ωd (2)
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where pa denotes the acoustic pressure and k denotes the wavenumber of the sound. The
term Qm represents external pressure source. In Equation (2), u is the vibration velocity of
the structure. S is the stress tensor of the solid that is expressed as S = Edσ. σ is the strain
tensor of the solid. In the case of linear isotropic material, it is written as σ = λI :ϵ+2µϵ

where ϵ = 1/2((∇u)T +∇u). Fv is the external force exerted at the interface between the
air domain and the door leaf.

In the air domain, the sound source is defined as a sum of 2N uncorrelated planewaves
moving in the positive x direction and negative x direction with random wavenumbers
on the source surface indicated in Figure 2. The acoustic pressure on the source plane is
defined as [32,33]:

ps =
A√
2N

(
∑N

n=1 exp(− i
(
kn,xx + kn,yy + kn,zz

))
eiϕn

)
+

A√
2N

(
∑N

n=1 exp(− i
(
−kn,xx + kn,yy + kn,zz

))
eiϕn

)
(3)

where kn,x, kn,y and kn,z are calculated by kn,x = cosθn, kn,y = sinθncosφn, kn,z = sinθnsinφn;
A is the amplitude of the planewaves. θn, φn and ϕn are random variables. The surfaces of
Boundary 2 indicated in Figure 2 are set to have a perfectly matched layer (PML) attached
to them; A is the amplitude of the planewaves. θn, φn and ϕn are random variables. The
surfaces of Boundary 2 indicated in Figure 2 are set to have a perfectly matched layer
(PML) attached to them. This PML absorbs all the outgoing sound waves without reflection,
which creates an anechoic condition in the receiver room. The surfaces of Boundary 1, the
floor and the wall are set to be acoustically rigid which creates a diffused condition in the
source room.

The body of the door leaf is considered to be made of linear isotropic solid material
whose motion is solved with Equation (2). To couple the solution of the acoustic field and
the structural vibration, the surfaces of the door are set as interfaces that pass the solutions
between the acoustic solver and the structural solver.

The STL, which is used to quantify the insulation of sound by doors, is defined as
the ratio of the total incident power Pin relative to the total transmitted power Ptr as
shown below:

STL = 10log10(Pin/Ptr) (4)

Pin/tr =
p2

rms
4ρ0c0

Sin/tr with p2
rms =

1
2

pp∗ (5)

where Pin is incident power. Ptr is transmitted power. The surface for incident power is Sin,
as indicated in Figure 2, and that for transmitted power is Boundary 1.

2.2.2. CFD Solver and Settings

The prediction of flow rate across the door opening employs a CFD solver with a
standard k-ε turbulence model, which solves the incompressible viscous steady Navier–
Stokes equations. To drive the air flow across the door opening, a pressure difference is
applied between the source room and the receiver room. In the source room, Boundary 1 in
Figure 2 is set as a pressure-inlet with a positive total pressure pin. In the receiver room,
Boundary 2 is set as a pressure-outlet with zero total pressure pout = 0 Pa. All the other
boundaries in the model are set to no-slip wall condition. The flow rate across the door
opening is monitored during the steady-state simulation, and the solution is considered
converged when the flow rate changes negligibly with simulation iteration.

2.3. Workplace Environmental Score

To comprehensively evaluate the impact of indoor noise and air quality on worker
performance, the Entropy-Weighted TOPSIS method was employed. Through normaliza-
tion and weighting calculations, multiple influences were normalized to a single WES, and
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the higher this score, the greater the positive impact of the indoor environment on work
efficiency. The Entropy-Weighted TOPSIS method specific calculation Formulas (6)–(12) is
as follows: before analyzing the data for matrix construction and assuming that there are m
evaluation objects and n evaluation indicators, the evaluation matrix X is:

X =
(
xij

)
m×n (6)

The matrix is later normalized to obtain the normalized matrix (dij)m×n:

dij =
xij√

∑m
i=1 x2

ij

(7)

The information entropy ej for each indicator is calculated as:

ej = −K∑m
i=1 dijlnrij, K =

1
lnm

(8)

The weight wj of each indicator is calculated as:

wj =
1 − ej

∑n
j=1 1 − ej

(9)

The weighting for noise is calculated to be around 0.68, and the weighting for air
quality is calculated to be around 0.32, but Deng et al. [34] found that air quality has
a greater impact on work efficiency than noise, and set the weights for air quality to
be 0.6 and for noise to be 0.4, which were compared with the weights obtained by the
Entropy-Weighted TOPSIS method.

The normalized matrix is weighted by the weight values, and the maximum and
minimum values of the indicators in each column constitute the positive and negative
ideal solutions U+ (U+ = [u1

+,u2
+,· · · ,un

+]) and U−(U− = u1
−,u2

−,· · · ,un
−). The Euclidean

distance is calculated from the ith evaluation system to the positive ideal scenario and the
negative ideal scenario. The Euclidean distance to positive ideal scenario Di

+ and Euclidean
distance to negative ideal scenario Di

− are as follows:

D+
i =

√
∑n

j=1

[
uij − u+

0j

]2
(10)

D−
i =

√
∑n

j=1

[
uij − u−

0j

]2
(11)

The WES calculation formula is as follows:

WESi =
D−

i
D+

i + D−
i

(12)

2.4. Validation of the Acoustic–Structural Solver

A closed-door configuration is used to explain the validity of applying the acoustic–
structural model to solving the phenomenon of sound propagation and transmission across
the door. In this closed-door configuration, the sound waves in the source room could only
reach the receiver room by traveling through the body of the door leaf. This is a standard
configuration to experimentally and numerically test the sound insulation performance of
panels [18,35].

Figure 3 plots the frequency-dependent sound transmission loss simulated with the
current model. It could be noted from the figure that the STL decreases from 20 Hz to
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315 Hz with a gradient of approximately 4.3 dB per 1/3 octave band. This region is the so-
called stiffness-controlled region in the low-frequency range. The STL reaches its minimum
value at 315 Hz, which is near the 1st and 2nd eigenfrequencies of the door leaf. This
phenomenon corresponds to a resonance behavior of the door where the frequency of the
incident sound wave and the eigenfrequencies of the structure coincide. From 315 Hz up
to over 4000 Hz, the STL increases 1.7 dB per 1/3 octave band, with some fluctuations in
value. The increase in STL with frequency is the so-called mass effect, and the fluctuations
in STL are caused by resonance of the door leaf with the incident sound wave.

Figure 3. Sound transmission loss at 1/3 octave bands and the first 60 eigenfrequencies of the door.

Figure 4 plots the stress contours on the door surface and the eigenforms of the door
leaf in the resonance region. At the 1/3 octave band frequencies of 250 Hz, 315 Hz, 1000 Hz
and 2000 Hz, it could be observed that the forms of the stress on the door surface are similar
to the eigenforms of the door leaf at nearby eigenfrequencies. This coincidence confirms
that, at these frequencies, the eigenmodes of the door leaf are excited by the incident sound
waves. The excited door leaf becomes a good sound transmitter that transmits the sound
from the source room to the receiver room due to resonance.

 

Figure 4. Simulation results for the closed-door case, (a) stress on the door surface generated by
incident sound waves, (b) eigenforms of the body of the door leaf.

3. Results
3.1. Sound Transmission Losses with Different Opening Angles

To explore the sound insulation performance of a partially open door, acoustic–
structural simulations are conducted with the opening angle of the door θd ranging from 5◦
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to 90◦. The simulated frequencies are from 20 Hz to 4000 Hz at 1/3 octave bands. Since
the sound source is defined as 2N uncorrelated planewaves with wavenumbers generated
by a random number generator in Equation (3), each single simulation is performed three
times with different seeds, and the averaged values are used to eliminate the influence of
the random number generator on the source term.

The simulated sound transmission losses are shown in Figure 5. Compared with the
STLs of a closed door in Figure 3, the STLs of partially open doors are 30 dB to 50 dB
lower, which confirms the sound insulation ability of completely closed doors. For the
investigated partially open door, its STL increases with decreasing opening angle. The case
with opening angle θd = 90◦ is taken as a reference for comparison because we consider
that the existence of a door with an opening angle of θd = 90◦ could barely influence the
STL in the tested configuration. The differences in STL based on the reference case are
calculated and listed in Table 2. To estimate the loudness of the sound, the rule of thumb
in comparing decibels is used: +/−3 dB for just perceptible, +/−5 dB for noticeable and
+/−10 dB for apparent. If we apply the above rule of thumb to the total STL across 1/3
octave band frequencies, the door should be closed to a little bit less than θd = 30◦ for the
effect of door closure to be perceptible. If we want to have a noticeable reduction in sound,
the opening angle of door should be kept around θd = 10◦. If we need a significant sound
reduction from the door, its opening angle should be kept less than 5◦.

Figure 5. Sound transmission loss of partially open door with different opening angles.

Table 2. STL differences between different opening angles, reference STL at θd = 90◦.

Opening Angle
(θd) STLTotal *1 (dB) STLTotal *2 (dB) Change in

Loudness

5◦ 38.55 10.44 Apparent
10◦ 34.77 6.66 Noticeable
20◦ 31.74 3.63 Perceptible
30◦ 30.13 2.02 Barely perceptible
40◦ 29.28 1.17 Not perceptible
50◦ 28.80 0.69 Not perceptible
60◦ 28.48 0.37 Not perceptible
70◦ 28.26 0.15 Not perceptible
80◦ 28.23 0.12 Not perceptible
90◦ 28.11 0.00 Not perceptible

*1 STLTotal = 10log10

(
∑

f=4000
f=20 10STL f /10

)
. *2 ∆STLTotal = STLTotal(θd)− STLTotal(θd = 90◦).
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In terms of spectral characteristics, the sound insulation performance by door de-
creases with frequency to around 200 Hz as is shown in Figure 5. Then, the curves increase
slowly and steadily up to 4000 Hz. Different from the closed-door configuration, the STL
for a partially open door does not have a clear resonance region where the coincidence of
the incident sound frequency and the door’s eigenfrequencies results in a low STL. Figure 6
plots the pressure distributions in a sliced plane for two opening angles of the door at
160 Hz, 315 Hz, 800 Hz and 2000 Hz. The insulation of sound at different door opening
angles is shown at different frequencies.

Figure 6. Pressure patterns in sliced plane at z = 1.35 m and deformation of door leaf, (a) f = 160 Hz,
θd = 20◦, (b) f = 315 Hz, θd = 20◦, (c) f = 800 Hz, θd = 20◦, (d) f = 2000 Hz, θd = 20◦, (e) f = 160 Hz,
θd = 50◦, (f) f = 315 Hz, θd = 50◦, (g) f = 800 Hz, θd = 50◦, (h) f = 2000 Hz, θd = 50◦.
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3.2. Sound Insulation and Ventilation Performances with Different Opening Angles

Figure 7 plots the mass flow rates across the door opening with different opening
angles on its right y axis. From the figure, it could be observed that the mass flow rate has a
piece-wise linear form. From θd = 0◦ to θd = 50◦, the mass flow rate increases linearly with
the opening angle at a relatively high rate. From θd = 50◦ to θd = 90◦, the ratio between
the increase in mass flow rate and the opening angle becomes smaller but still keeps a
constant value. The simulation results indicate that there is a turning point at θd = 50◦.
For an opening angle larger than θd = 50◦, the benefit of enlarging the door opening on
the increase in flow rate decelerates. The turning point does not change with the pressure
differences in the source and receiver rooms for the values tested in this paper.

Figure 7. Total STL (left) and mass flow rate (right) as a function of opening angle of the door.

The left y axis of Figure 7 plots the total STL of the partially open door. It is obvious that
the variation in total STL with opening angle has a trade-off relation with the ventilation
performance. Therefore, in real practice, a compromise should be made. If a clear sound
insulation effect is preferred (∆STLTotal > 5 dB), the opening angle should be kept less than
15◦. However, the ventilation performance in this case is minimum. If good ventilation
performance is targeted, the opening angle should be larger than 45◦. According to Figure 6,
the difference in STL at θd = 45◦ and θd = 90◦ is less than 1 dB, which indicates a neglectable
difference in the sound insulation effect between these two opening angles. If both sound
insulation and ventilation performances are needed, the opening angle should be kept in
θd = 15◦ ∼ 25◦. In this range, the sound insulation effect is perceptible, as the ∆STLTotal

is larger than 3 dB. The corresponding mass flow rate is 30~45% of the maximum mass
flow rate.

3.3. Evaluation of the Impact on Work Efficiency at Different Opening Angles

The larger WES represents that the staff can achieve better work efficiency; Figure 8
demonstrates the WES at different opening angles. A key observation from the heatmap in
Figure 8 is that the influence of ∆p on the final WES is minimal compared to the dominant
effect of the door opening angle. This is because while ∆p has a negligible impact on
the STL, the opening angle alters it dramatically. Conversely, although ∆p does affect air
ventilation, its influence is considerably smaller than that exerted by the opening angle.
Consequently, the opening angle serves as the primary driver of the trade-off, and the
results are robust across the range of tested pressure differences. Figure 8a demonstrates the
WES when the weight values of the effect of air quality and noise on the work efficiency are
0.6 and 0.4, respectively. Previous studies have found that air quality has a greater impact
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on work efficiency. In the belief that air quality has a greater impact on work efficiency, WES
tended to increase with increasing door opening angle, increasing by 1.7% to 16.2%. Other
occupants may have greater sensitivity to noise, like in hospitals. Figure 8b demonstrates
the WES when noise is considered to have a greater impact on occupants; the minimum
value is obtained at a door opening angle of 40◦, and as the door opening angle increases,
the ventilation obtained improves the performance and the WES keeps increasing, but for
greater sensitivity to noise, the door opening angles of 5◦ and 10◦ have a higher WES, and
it is recommended to reduce the door opening angle. Mechanical ventilation can be used to
assist with air exchange.

 

Figure 8. (a) WES for different door opening angles with air quality weighting value of 0.60 and
noise weighting value of 0.40; (b) WES values at different door opening angles, with weight values
calculated using the entropy weight method.

4. Conclusions
In order to better understand how to maintain good air circulation while ensuring

soundproofing of the room, we investigated the sound transmission loss and air mass flow
rate of a partially opened door through numerical simulations. The WES considering the
effect of noise and air quality on work efficiency was also calculated by the TOPSIS method.
Based on the results of the calculations, the following conclusions were drawn:

(1) For high sound insulation requirements, it is recommended that the door opening
angle is less than 15◦, which can increase the WES by 20% to 25%.

(2) A good compromise between the sound insulation and ventilation performances is in
the range of θd = 15◦~25◦.

(3) The sound insulation effect is negligible once the opening angle is larger than 45◦. In
this case, it is suggested that the opening angle of the door to be kept with maximum
angle to guarantee a better ventilation performance. And as the door opening angle
increases, the WES also increases, increasing worker efficiency.

While the partially open door model is a deliberate simplification rather than a prac-
tical design solution, it serves as a critical canonical case. This approach allowed us to
quantify the fundamental trade-off between acoustics and airflow and to validate our
integrated simulation methodology. The resulting trade-off curves and decision-making
logic establish a robust foundation for automated environmental control systems in smart
buildings. Future work will extend this framework to more complex architectural elements,
such as windows and acoustic vents, and incorporate additional factors like temperature
and lighting to create a more holistic evaluation of indoor environmental quality.
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Abbreviations

Nomenclature
A amplitude of the planewaves, m
cj mass fraction
Ed young’s modulus of the door, Pa
Fv external force, N
Hb height of the domain, m
Hd height of the door, m
k wavenumber of the sound
Lb length of the domain, m
pa acoustic pressure, Pa
pin, pout total pressure at the inlet and outlet, Pa
Ptr transmitted power, W
S stress tensor of the solid, Pa
Td thickness of the door, m
Tw thickness of the wall, m
u vibration velocity of the structure, m/s
Wb width of the domain, m
Wd width of the door, m
Abbreviation
FEM finite element method
PML perfectly matched layer
STL sound transmission loss, dB
WES workplace environmental score
Greek Symbols
θd opening angle of the door, ◦

ρd density of the door, kg/m3

σ strain tensor of the solid
νd Poisson’s ratio of the door
θn, φn, ϕn random variables
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