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Abstract: Nowadays computational fluid dynamics now assists ventilation system designers and
architects in understanding the induced flow behaviour in the indoor environment. The use of
large-eddy simulation is a novel methodology for these types of assessments. The method requires
that the computational domain be adequately discretized in order to resolve the majority of the
flow. The last five years of publications of Elsevier, SAGE, and Multidisciplinary Digital Publishing
Institute were screened. Indoor flow categories were utilized to assess the differences. Based on the
papers reviewed, the cell size requirement was considered as a key factor of computational demand.
Specifications were made for each type of indoor flow simulation.

Keywords: indoor flow; natural ventilation; mechanical ventilation; large-eddy simulation; dispersion;
thermal comfort; mesh size; mesh quality

1. Introduction

Analysis of indoor air quality is a well-studied and frequently researched topic; many
review articles also highlight that it has many relevant sub-levels, both in measurement [1–3]
and in computational fluid modelling [1,3–7].

As most human activity nowadays takes place indoors, it is critical to have adequate
indoor air quality (IAQ) [1,8,9]. A room with adequate IAQ can provide adequate thermal
comfort, has low levels of air pollution or contaminants, and has no draughts. Indoor air
flow can have an effect on all of the factors influencing IAQ. Indoor flow can be induced in
a building in a variety of ways, such as by opening the windows and letting breeze flow
through the building, but airing the room must be performed with caution due to the fact
that high velocities [10] should not be allowed in most cases [11]. Airing the room could
also have other disadvantages, such as the uncontrolled air quality and quantity which
should not be preferred in environments where the comfort requirements are high. As
a result, mechanical ventilation systems are mostly preferred, due to their better control
over the flow structures. Mechanical ventilation has two common designs: mixing and
displacement ventilation. With mixing ventilation (MV) the aim is to mix the fresh air into
the domain, while displacement ventilation (DV) aims to “push out” the used air with the
help of fresh air. These kinds of mechanical ventilation systems could create different flow
structures in the examined area [12,13]. The key question about these ventilation methods is
always: how much used or contaminated air can be extracted from the room with the least
amount of fresh air? For a long time, the decisions of designers were based on previous
experience. Nowadays, as the availability of complex simulations is growing, designers
can create scenarios for their current work to evaluate or strengthen their inspirations, or
simply use a research paper that can provide a helpful idea to begin the design process.

With computational fluid dynamics (CFD) and by using some governing equations, a
digital model of the indoor environment can be created, in which flow patterns, velocity fluctua-
tions, or the movement of a pollutant can be tracked in isothermal or non-isothermal scenarios.

There are two approaches to using CFD simulations to describe an indoor flow: the
most common one is to use a steady or unsteady Reynolds-averaged Navier–Stokes
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(RANS or URANS) simulation, and the other one is large-eddy simulation (LES). The
RANS and URANS methods are widely used because they produce accurate and quick
results with low computational cost, and, furthermore, give researchers safety since it is a
commonly used method. Even in novel studies [14–17] RANS methods are still favoured.

While the LES method requires significantly more computational power [18], URANS
counterparts can be similarly accurate to some extent. This fact was investigated in numer-
ous papers where RANS and LES numerical [19,20], and experimental [21] results were
compared. The similarity of the flows was consistent but, as Zhang et al. [22] demonstrated,
the fine vortex formations did not appear in the RANS version of a cross-ventilated room.
Furthermore, when Auvinen et al. [23] examined pollutant risk reduction methods, the
accuracy of LES was more reliable than that of other methods.

The reason for this is that, with RANS, the small-scale velocity fluctuations are mod-
elled, while LES resolves the majority of them and the rest is filtered. For a relatively
smaller environment with complex flow patterns, LES would be a suitable option [24]. A
detailed comparison of RANS and LES has been made by Blocken [25] for indoor flow
modelling to have a clear view of the main differences in general.

This review focuses on the computational demands of the LES method for indoor
flows to provide additional guidance when deciding for RANS or LES. To oversimplify
the computational demand, the examined domain should be sliced into sufficiently small
volumes and the unsteady process should be sliced into sufficiently small time steps. These
two variables largely determine the computational requirements and time. The former was
investigated, whereas the latter received less attention because it is dependent on additional
external effects that cannot be considered uniformly. For example, airflow covers a greater
distance in a large indoor area [26] than in a closed laboratory room [27]. Of course, adding
thermal or particle movement governing equations can make the model more challenging.

Thus, the task was to collect and assess indoor flow-related, large-eddy simulation
studies from the previous five years. The limitation of this study is that it does not deal
with adjacent research areas such as atmospheric boundary layer assessments of urban
regions or sole evaluations of air terminal units or any other part of a ventilation system
using the LES method.

2. Materials and Methods

For this assessment, research and review papers were collected from the beginning
of 2018 to June 2023, from the Elsevier, SAGE, and MDPI (Multidisciplinary Digital
Publishing Institute) databases using the keywords: indoor, ventilation, and large-eddy simu-
lation. Keywords could be found in the title, abstract, or keywords. In total, 182 publications
were screened, 73 were mentioned, and 37 were used for the evaluation. Conference papers
and irrelevant works were excluded; the pivotal papers in the field, as well as relevant
references in research papers, were additionally included. Figures from research papers are
intentionally not presented.

The review evaluates the applicability of the LES method for indoor flows, specifically
its discretization requirement (e.g., the cell size), accuracies, and model purposes. It would
also highlight the flaws and potential new research areas associated with this method.

3. Results

Each year, the terms “large-eddy simulation” or “indoor” generated thousands of
publications, according to Web of Science data demonstrating that these fields are relevant
and well-studied. Surprisingly, when the two keywords were searched together, only a
fraction of the amount was revealed. So far, an average of fifteen to twenty publications
have been produced per year; see Figure 1 for additional distributions. The trend is
increasing steadily; additionally, it suggests that the field may have potential.
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The reason for the steady increase could be that graphics processing units [28,29] and
high-performance computing are becoming more and more available.

3.1. Cell Size

In a CFD model after defining the geometry of the computational domain, the meshing
has to be created and, when it is carried out for the discretized points, the governing
equations are calculated. That is why it is relevant to know that, when a coarse mesh is
used, it might affect the results of the model and, when a fine mesh is, the accuracy does not
decrease but the computational demand can reach the computational capacity. Typically,
the number of the used cells is determined by a grid convergence index (GCI) developed
by Roache [30]. By using three different meshing sizes, one can determine whether the
mesh is influenced by the computational grid. The cells in LES have high-quality demand;
thus, hexahedral cells are favoured since the structured mesh has excellent mesh quality in
the free-flow zone (outside the boundary layer). At the near-wall zone, other unstructured
types of cell geometries are required to describe the domain. On the surfaces ten to twenty
prismatic cells are applied, which are usually shorter than the hexahedral cells. The first
layer height is defined by a non-dimensional number, y+, which is calculated by a CFD
software, and it should be below one to get accurate results. The upper limitations of y+

could also be exceeded by choosing different kinds of simulation methods but even with
hybrid RANS-LES models [31] the value was kept below. The upper cells are allowed to
be larger; however, the growth rate should be revised and keep in mind that between the
prismatic and hexahedral meshes the transitional cells could have low quality.

3.2. Types of Research

Only publications from the last five years were examined. The screened publica-
tions revealed three major types of simulations. In “Natural Flow Type” (NFT), wind
tunnel assessments were made to examine wind-induced, natural ventilation flow patterns
through certain buildings. The “Dispersion Flow Type” (DFT) publication assesses particle
dispersion in indoor environments. Publications of the “Thermal Flow Type” (TFT) assess
ventilation effectiveness by simulating buoyancy influenced airflow patterns.

Figure 2 represents a sketch of the mentioned three main types of studies; overlapping
between categories could occur; however, these are the three main flow types in the study.
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3.3. Sub-Grid Quality Indicators

RANS employs various turbulence models [32,33], whereas LES utilizes sub-grid scale
models to resolve the stress tensor

∣∣S∣∣ [34], from which the sub-grid scale eddy viscosity
(νSGS) can be calculated. The distinction between the various types of sub-grid models will
be made here.

With a few exceptions, the studies under consideration share many characteristics.
The Wall-Adapting Local Eddy-viscosity Model LES (WALE-LES) was used in most cases,
except one research group that preferred the Wall Modelled LES (WM-LES) [21,35–38].

The WALE-LES model computes sub-grid scale eddy viscosity (νSGS) as follows:

νSGS = (CW·∆)2·
∣∣S∣∣ (1)

where CW is a constant for this method between 0.3–0.6 [39] and ∆ is the filter length or cell
size. This model requires slightly less computational power than its predecessors. It is also
accurate at near-wall flow; the only downside of it is that fine meshing is required; thus, it
would be pivotal to know the recommended cell size.

Another quality indicator for cell size could be the Courant–Friedrichs–Lewy (CFL)
condition [40]. It is a stability condition for unsteady flows, which is expressed as follows:

CFL = v·∆t/∆ < 1 (2)

where v is the magnitude of the velocity at the cell, ∆t is the time step size, and ∆ is the
cell size.

Now, it is clear that ∆ is important for the LES method and, because the velocity regime
is typically low in an indoor environment (vmax ≈ 1 m/s even when some requirement
level is exceeded), the time step and cell size may exhibit some uniform characteristics.

When the cell size is established, the size of the time step could be determined by
maintaining the CFL condition. According to the screened papers, the time step is usually
a fraction of a millisecond [22,41].

Before dealing with the total duration of the simulation, the flow-through time should
be mentioned. This flow-through duration demonstrates how long it takes to move along
the indoor environment at a given velocity. Typically, for naturally ventilated and dispersed
particle tracking cases, a simulation should investigate 24–30 flow-through times no matter
the size of the indoor environment. As demonstrated by Thysen et al. [42], a simulation with
28 flow-through times and 1 ms time step duration divided the simulation into a quarter
million time steps. These parameters correspond to another review for internal flows [43].
Thermal related studies can be less computationally expensive, with a significantly lower
total number of time steps [44].
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3.4. Attained Dimensions

As the average ∆ is rarely stated on paper, some calculation is required, resulting in
minor inaccuracies when determined.

The mesh density is the ratio of the number of cells (which is the product of the mesh
sensitivity analysis) to the volume of the computational domain. Then, since most meshes
have a hexahedral shape, the cubic root of the cell volume can give an average cell size. This
value includes the inaccuracy due to the size difference between the boundary layer and the
transitional unstructured mesh. It is worth noting that only one study used unstructured
mesh [45] and it is usually used for RANS. The level of inaccuracies is around one digit
between the free flow cell size and the average cell size. When the boundary layer is so
small that the experimental measurement cannot depict it, the near-wall zones can be
thoroughly analysed using CFD, as demonstrated by Bazdidi-Tehrani et al. [46].

3.4.1. Natural Flow Type Studies

In an indoor environment natural flow occurs when due to the opened building
envelope the wind might blow through its hollow structure. As Xiao et al. [47] summarized,
the wind has turbulent behaviour and it is affected by the buildings around the domain
in scope. Both direction and magnitude may fluctuate in time, which makes it difficult to
add a boundary condition for a naturally ventilated room. That is why in these studies the
building is placed in a wind tunnel (see Figure 2a). The scale of the open area could vary
from a small enclosure [26] through a repetitive pattern [7,48,49] to a section of a city [50,51].

This category is often limited to assess solely the natural flow since the induced
mechanical ventilation, or buoyant flow, could only slightly alter the main flow structure.
Another common feature was that the examined rooms were hollow [41,52,53] and they
had no obstacles in them. Multiple zones were considered to be unique [54,55].

The limitations of these studies arise from the need to describe the movement of the
atmospheric boundary layer (ABL). The reason for this is that buildings are located in the
viscous sublayer of the ABL, where LES typically predicts the velocity distribution less
accurately. Furthermore, the prismatic layers that are commonly used in CFD simulations
are not always present in an indoor environment. Hooff et al. [56] demonstrated that
near-wall flows were less relevant, which could reduce inaccuracies. When compared to
wind tunnel measurements, it is clear that the boundary layer of the indoor flow had no
significant effect on the speeds.

The NFT subcategory could be represented by the work of Zhang et al. [53], where
the wind flow created various kinds of indoor flow patterns based on where the open-
ings were placed. In addition, the aim can be a combination of subcategories as in
Bazdidi-Tehrani et al. [46], where the pollutant removal capabilities of the natural flow
were assessed and a thermal comfort calculation could be performed which was showcased
by Hirose et al. [10].

With a few exceptions, the mentioned paper only investigated ventilation effectiveness.
Hirose et al. [7,10] conducted a thermal analysis of naturally ventilated rooms. It can also
be seen that, when an additional thermal model is used, this helps only a little to gain
better accuracy when compared to a similar study by Adachi et al. [52]. Laetitia et al. [55]
conducted an additional assessment by combining the LES model with a zero-dimensional
building energetic model.

The ∆ is typically less than 50 mm (see Table 1) but it can be as low as 1 mm depending
on the size of the domain, which necessitates minimal computational demand. However,
when the scale is robust, the ∆ can reach 1 m, as demonstrated by Hwang et al. [50], who
created an urban scale model to evaluate a single room.
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Table 1. NFT studies.

Authors Cell Size (mm) Ventilation Type Room Type

Zhang et al. [53] 6.6 NV SR with doors
Carrilho da Graça et al. [41] 43.7 NV SR (corner office)

Hwang et al. [50] 1289.2 NV SR
Hirose et al. [7,10] 1 NV SR is modelled using a block array
Adachi et al. [52] 10 NV
Laetitia et al. [55] 28.8 NV Multiple room

Bazdidi-Tehrani et al. [46] 13.9 NV SR
Zhang et al. [22] 42.5 NV SR

Arinami et al. [49] 18.2 NV SR with various orientations and
guide vanesDai et al. [48] 5 NV

Hawendi et al. [54] 1.5 NV Multiple rooms
NV: natural ventilation, SR: single room.

3.4.2. Dispersion Flow Type Studies

Indoor flow research has two distinctive aims, one of which examines the particle dis-
persions, focusing on how a certain particle type contamination threat can be reduced (DFT),
and the other one focuses more on the influence of buoyant flow (TFT). The dispersed
particle can be anything; nowadays viruses [57,58] are more common; however, they could
also be combustion products [59].

Figure 2b shows that, in the DFT studies, there is a specific type of pollutant source
in the domain that could contaminate other residents with the indoor flow. As a result of
these studies, the HVAC designer should be able to select and place the most favourable air
terminal unit in the room [8].

In these DFT works, the particle transport prediction mechanism varied from La-
grangian and LES coupled model [45] to the Multi Relaxation Time Lattice Boltzmann
Method [44], also a combination of fast fluid dynamics and a Markov chain model, which
was validated by LES [60]. Because the small particles must be accurately described, this
method is computationally intensive. Li et al. [61] demonstrated that these types of LES
models give good agreement with particle image velocimetry measurements.

Usually, the contaminated flow is situated outside of the boundary layer; thus, it
makes the LES method an accurate tool.

From Table 2 it can be concluded that isothermal mixing ventilation ∆ is usually
around 30–40 mm and it only becomes finer when a coupled model, such as a rotating
ceiling fan [61], is also added to the system or buoyant flow is present [23].

Table 2. DFT studies.

Author Cell Size (mm) Ventilation Type Room Type

Zheng et al. [62] 26.4 Door opening and MV Hospital rooms
Li et al. [61] 19.2 Ceiling fan and MV M

Chu et al. [63] 10.3 NV Garage
Laitinen et al. [64] 25–6.25 MV M
Thysen et al. [42] 6.3 DV M

Auvinen et al. [23] &
Oksanen et al. [57] 8.4 DV with buoyant flow Restaurant

Salinas et al. [3] 29.7 MV SR
Li et al. [12] 79.4 MV + DV SR with obstacles

Sajjadi et al. [44] 79.4 MV SR
Vuorien et al. [58] 25 MV M

Feng et al. [65] 24 Buoyant flow M
Liu et al. [60] 42.5 MV Two rooms

Hooff et al. [19] 36.2 MV SR
Zhang et al. [45] 38.9 MV M

Kosutova et al. [20] 31.2 MV SR
NV: natural ventilation, MV: mixing ventilation, DV: displacement ventilation, SR: single room, M: manikin(s) in
a single room.
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In contrast to NFT, these studies used manikins to create obstacles in the indoor
environment. Their goals were to create a more realistic flow pattern.

Interestingly, these types of studies focus solely on the mixing ventilation-caused flow
patterns, which impact the near-wall flow less.

3.4.3. Thermal Flow Type Studies

In a ventilated and in a non-ventilated room, the air flow patterns and velocity magni-
tudes could be significantly different due to the thermal plume effect [13,66]. The thermal
plume is the result of the buoyant flow which is caused by the temperature difference
between the surface and the air. This flow structure could easily be obliterated even with a
slight breeze. In a complex environment many heat sources are present [65] and even fire
could occur [67,68].

Studies of this category in the last five years were rare, which has two reasons. The
buoyant flow often coupled with external flow [23,57,63,65] and the RANS method is still
favoured as it was mentioned previously.

This category was assumed to have the highest computational demand by default
because the thermal convection around the examined area must be accurately described.
This is because the y+ for the thermal boundary layer should be even smaller. The experi-
mental values did not show but the numerical model showed the signs of boundary layers
in the work of Hurnik et al. [21], where a jet flow was assessed in a room. The cell count
of their LES model had to be doubled to have independent and acceptable results when a
non-isothermal model was utilized.

From the screened LES papers, the smallest ∆ used for the TFT studies (see Table 3)
could be attributed to the small volume and the coupled thermal model. Also, these types
of studies turned out to be nowadays the rarest.

Table 3. TFT studies.

Author Cell Size (mm) Ventilation Type Room Type

Fang et al. [67] 100 Buoyant SR
Huang et al. [68] 183 Buoyant SR
Hurnik et al. [21] 6.4 SWJ SR

Larkermani et al. [69] 12.2 Buoyant Between a cold and a
warm room

Zasimova et al. [37] and
Ivanov et al. [35,36,38] 11.9 SWJ SR

Taghinia et al. [27] 19.3 SWJ M
SWJ: sidewall jet, SR: single room, M: a manikin in a single room.

3.4.4. Comparison

The applied cell sizes from Tables 1–3 are summed up in Figure 3 to compare the
categories; because there are few peaking scenarios on Figure 3, they are intentionally not
depicted but they are included in the statistical analysis.

So as to give a recommendation for mesh size, it would be relevant to know what
we should take into account. Firstly, the mean value of the screened studies could be
misleading due to the peaking studies [50,67,68], since the mean values of cell size of the
categories were: ∆meanNFT = 132 mm, ∆meanDFT = 29 mm, and ∆meanTFT = 38 mm. How-
ever, the 25% and 75% quartile values for the categories were ∆quartileNFT = 5–42.5 mm,
∆quartileDFT = 10.3–36.2 mm, and ∆quartileTFT = 11.9–19.3 mm. Excluding the peaking scenar-
ios would cause the mean value and the median value to become closer to each other and
the mean value would be in the quartile range.

The cell sizes are close to each other when using median values of ∆meadianNFT = 13.9 mm,
∆meadianDFT = 25 mm, and ∆meadianTFT = 11.9 mm. In general, for any indoor-LES-related
model the cell size should be less than 40 mm; furthermore, researchers should aim
for ∆ = 10 mm. Now that a recommendation is known, it would be useful to know how
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many cells are used. Larkermani et al. [69] had the highest cell count with 127 million and
the domain was 233 m3. The average cell count in the studies was less than 5 million. The
mentioned mesh size is achievable nowadays even with a desktop computer. It is also
notable that the minimum cell size was above 6 mm which could help the reader not to
choose too fine a mesh. By selecting arbitrarily from RANS studies two could be mentioned,
one that uses cell size close to the 75% quartile ∆ = 33 mm [70] and another one, which has
a significantly smaller cell size in the domain ∆ = 0.08 mm [71]. Yet for large-scale Direct
Numerical Simulation (DNS) ∆ = 3.15 mm [72] was used, which is fine for LES, though for
DNS it could be coarse similarly to a two-dimensional flow study with ∆ = 18 mm [73].
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4. Conclusions

A systematic review of indoor flow-related research using the large-eddy simulation
method was conducted. The screened studies identified three types of flow, Dispersion
Flow Type, Natural Flow Type, and Thermal Flow Type pattern. All of them served
different purposes and differed primarily in whether an external domain was added or
additional tasks were completed. It should be noted that the indoor flow analysis does
not include ventilation duct, air handling unit, or air terminal unit flow analysis. The aim
was to establish a recommended cell size range for indoor flows, while the length of the
calculation time still remained open, since more complex methods or geometries could
extend the duration of the solver process. Based on the screened papers the following
conclusions were made:

• The large-eddy simulation is now a more suitable tool for assessing a more detailed
flow pattern than RANS. From an architectural standpoint, LES cross-ventilation can
be designed and its accuracy has been demonstrated by experimental data. It also
has the potential to assess the effectiveness of mechanical ventilation when pollutant
levels are high in the indoor environment.

• The screened papers show that in the scope of indoor flow the topic of simulation with
LES particle dispersion is more frequent than thermal flow related topics.

• One of the limitations of the study is its scope. It heavily focuses on indoor LES
research, on which only a few articles have been published in recent years. This could
be explained by the high computational demand and scarcity of the LES method
application. RANS is preferred with relatively coarser mesh and lower computational
capacity, making researchers biased when selecting flow description methods.

• Many RANS studies could have been conducted using the same computational grid
and the LES method. This observation is also supported by the fact that many of the
studies examined focus on comparing LES with RANS and conclude that only minor
differences exist.

• The studies focused on the cell size of the used mesh in LES studies and it was con-
firmed that fine meshing was required, which means that a higher load on the memory
was required. Another requirement that was only marginally taken into account was
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the number of time steps required to consider a model to be calculated. GPU-based
solvers provide hope for reducing the difficulties caused by simulation length.

• All papers included in the cell size evaluation were compared to experimental studies
and found to be in good agreement. The calculation in the viscous sublayer is still
regarded as difficult but the WALE-LES method handled it well. More and more
dispersion-related research showed that more and more accurate methods were being
developed, proving that the previous, less computationally demanding, methods were
also less accurate.

• The element size could vary regardless of the size of the dispersed particle.
• Larger element sizes were allowed because the viscous sublayer had little influence on

the main free flow structure.
• The maximum recommended cell size became 40 mm and the minimum became 10 mm.
• If the model calculated particle dispersion or thermal convection in the flow, the lower

limit should be used.
• The upper limit can be used for isothermal flow pattern assessment.

To mention a potential under-researched field, purely thermal and flow-related prob-
lems are unique, with only a few studies using LES in the last few years. This could be
due to the flaws mentioned earlier. However, because the created flow patterns can be
more accurately described around the manikins or humans in the tested rooms, it may be a
relevant field in thermal comfort assessment.
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