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Abstract: Ventilation, cooling, and heating systems play a crucial role in providing thermal comfort within
occupied environments, influencing productivity, well-being, health, and energy consumption. This research
focuses on leveraging Computational Fluid Dynamics (CFD) as a tool for studying fluid flows and analyzing
heating, ventilation, and air conditioning (HVAC) systems to achieve ideal room temperatures efficiently. Initially,
the thermal comfort study is conducted using the OpenFOAM software, aiming to compare and validate its
algorithm against a reference article that utilized proprietary software. By demonstrating the capabilities of
OpenFOAM as an open-source alternative, this research opens opportunities for analyzing HVAC systems using
an accessible program, facilitating the optimization of climatization strategies. Subsequently, an analysis of
ventilation systems is performed through a factorial design that involves altering the positions of air inlets and
outlets, as well as adjusting the insufflation velocity. The findings reveal that superior positions of air inlets lead
to improved thermal comfort results, as measured by the Air Diffusion Performance Index (ADPI). This research
provides an insights in the configuration of ventilation and air conditioning systems to enhance occupant’s thermal
comfort. By utilizing CFD simulations and exploring several parameters affecting thermal comfort, this research

contributes to advancing HVAC system analysis.

Keywords: computational fluid dynamics; thermal comfort; HVAC systems; OpenFOAM,; factorial design

1. Introduction

The design and construction of buildings are driven by the aspiration to create environments
that offer comfort and well-being to their occupants, regardless of external climatic conditions [1].
However, the inherent variability of external factors such as temperature and humidity often exceeds
the limits of human adaptability [2]. Consequently, the management of internal conditions becomes
imperative to establish a healthy and comfortable indoor environment [3,4]. In this pursuit, heating,
ventilation, and air conditioning (HVAC) systems play a pivotal role in ensuring optimal thermal
comfort for occupants.

An experimental exploration conduced by [5] investigated diverse ventilation scenarios to assess
their impact on air quality, cooling efficiency, and thermal comfort. Their study examined three distinct
air distribution methods: stratified ventilation (SV), mixing ventilation (MV), and displacement venti-
lation (DV). The findings revealed nuanced differences in thermal comfort requirements and cooling
efficiency among these approaches, shedding light on the pivotal role of adequate air distribution in
creating a comfortable indoor environment. Additionally, the work by [6] demonstrated the practical
application of ventilation concepts in modernizing commercial office HVAC systems. By integrating
management sensors, exhaust air dehumidification, and advanced particle filtration, they achieved a
remarkable 50% reduction in energy consumption while maintaining optimal internal comfort levels.

The term “comfort temperature ” is defined by the [7] standard as a “mental condition” that
expresses satisfaction with the thermal environment and is subjectively evaluated. Therefore, while
the environment may be comfortable for some individuals, others may experience some discomfort.
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This is because thermal sensation depends on physical and physiological parameters, as well as the
physiological responses of the human body to the environment. In an effort to standardize thermal
comfort, [8] quantified air quality and thermal comfort using the concept of “age of air” through the
Effective Draft Temperature (EDT) comfort rate, as shown in Equation (1).

EDT = (T, — T,) — 7.66(U; — 0.15), 1)

where EDT is the comfort rate, T; is the local temperature at a certain point, in Celsius degree (°C),
T, is the room setpoint temperature in Celsius degree (°C), and U; is the magnitude of velocity at a
certain point in meters per second (1m/s). The EDT index provides a quantifiable indication of comfort
at a discrete point in space by combining physiological effects, air temperature, and air movement on
the human body [9]. The point is considered comfortable if the results of the EDT equation is within
the range of —1.7 to +1.1, and the measured velocity at the point is less than 0.35 m/s.

The EDT index is commonly used in assessing comfort temperature in conditioned spaces with
ventilation. However, measuring the local velocity distribution of the airflow required by EDT is
considered complex, even with the use of CFD, as this velocity distribution is highly influenced by the
discharge angle [10].

The Air Diffusion Performance Index (ADPI) is a numerical index used in conjunction with EDT
to evaluate the air distribution system in a space, and is defined as the number of points that satisfy
the criteria within an occupied zone, as stipulated by [7], as shown in Equation (2).

No
ADPI =100—, (2)
where ADPI is the Air Diffusion Performance Index, N8 is the number of locations where EDT
complies with the standard, and N is the total number of locations where measurements were taken.

Furthermore, ADPI was designed as a performance index for thermal uniformity, quantifying the
HVAC system’s performance while supplying or distributing conditioned air at different positions
[11]. Thus, ADPI represents the percentage of locations where the obtained values comply with the
reference for EDT (—1.7 < EDT < +1.1) and air velocity (U; < 0.35 m/s). A value of 100% for
the index indicates that the most desired situation has occurred, as the entire environment will be
thermally uniform according to the standard. According to [7], the thermal comfort analysis in an area
subject to cold drafts should indicate an ADPI value greater than 80%, meaning that a higher ADPI
corresponds to a more thermally comfortable sensation for individuals.

The work of [12] demonstrated the development of first and second-order numerical models to
simulate the displacement ventilation system of an office, and the ADPI index was used to assess the
simultaneous effects of three variables in displacement ventilation: location of displacement diffusers,
supplied air temperature, and exhaust position. The results indicated that the supplied air temperature
was the most significant factor in determining the ADPI response. The second-order model indicated
that the air temperature factor is independent of the others. With the aim of evaluating the performance
of a cooling system within a two-dimensional space, [13] employed CFD using the FLUENT ANSYS
software. The cold air flow was studied by varying the temperature of the supplied air, the supply
velocity, and the room’s thermal load. The thermal comfort was analyzed based on the ADPI index.

In order to investigate the airflow pattern numerically, [14] employed a computational solver
in OpenFOAM. The calculation was used for a case of natural ventilation system with laminar and
turbulent approaches in a chemistry laboratory. The configuration of the HVAC system in the code
followed five steps: climatological characteristics (temperature, relative humidity, and air velocity),
room data (design, material, thermal zones, and internal loads), definition of HVAC parameters
(system type, power, flow, efficiency, operating temperature, and operating schedule), simulation with
OpenFOAM (development of the HVAC model simulation), and documentation of the configuration
(defining the best fit for the room model). The simulation was validated according to the HVAC Spanish
standard’s. The internal region was able to achieve better comfort temperature than the intermediate
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region, confirming that the proposed material maintains a constant temperature according to the
standard [14].

The [8] evaluated temperature, indoor air quality, and heat exchange through simulations in
OpenFOAM for occupants in an indoor swimming pool gymnasium. For this purpose, an algorithm
was developed to predict various parameters such as air velocity, temperature, and relative humidity.
It was concluded that the software was able to predict velocity, temperature, and humidity, as well as
propose the EDT to quantify indoor air quality and the comfort temperature for the occupants.

Hence, through the utilization of CFD tools provided by the OpenFOAM software, a comprehen-
sion of airflow dynamics is attainable. This approach facilitates the extraction of critical parameters
such as velocity, temperature, and pressure distributions originating from HVAC systems within
specified indoor settings. By amalgamating the EDT metric and the ADP], a framework emerges for
proposing optimal design strategies. This encompasses the adjustment of air supply and exhaust
rates and the strategic placement of air conditioning. The overarching goal is to ensure superior air
quality in cooled environments, thereby preventing the proliferation of pathogens, including bacteria,
fungi, and viruses, while concurrently managing carbon dioxide concentrations and other potential
contaminants [15].

The present paper undertakes the objective of unraveling airflow patterns in conditioned indoor
spaces, identifying zones characterized by recirculation tendencies that can compromise occupant
well-being. A focal point of investigation lies in the assessment of thermal comfort, accomplished
through the ADPL. The strategy unfolds by employing CFD methodologies, with OpenFOAM as the
designated simulation platform. Factorial design planning augments this exploration, enabling the
simulation of diverse scenarios by varying air supply and exhaust configurations.

2. Mathematical Model

The mathematical model adopted in this article utilizes the equations of mass, linear momentum,
and energy balances, applied in steady state of the incompressible flows of Newtonian fluids. And
the Boussinesq approximation is employed to represent variations in specific mass, and the Reynolds-
Averaged Navier-Stokes (RANS) modeling is used with the ¥ — € - RNG turbulence closure model:

d1; .
. 19po , 0 ou; | 9j B(T —
axj(ulu]) = "5, + ax; (v+w) (E)xj + 2%, +5iB(T — Ty), (4)
d - O oT $
aij(M]T) aij (06+06t)ach +E, 5)

where u; is the mean velocity component in [1/s] in the x; direction, g is the gravity vector, assumed
as § = (0.0,9.81,0.0) in [m/(s?)], p is the fluid density in [kg/m3], and t is the time in [s], T is the
temperature in [K], C, is the specific heat of the fluid in [J/(kg.K)], ¢ is the viscous dissipation, f is the
thermal expansion coefficient, given by g = 1/Tp, where Tj is a reference temperature. In this article, a
reference temperature of Ty = 296.9 K is adopted for all simulations conducted, the overbar operator
() denotes the temporal averaging of the respective variable, v; is the turbulent viscosity, and «; is the
turbulent thermal diffusivity, calculated by the turbulent Prandtl number Pr; = v;/a;, with Pry = 0.85.
po is a modified pressure given by incorporating the turbulent kinetic energy term into the pressure
gradient, pgp = p + 2/3px, where « is the turbulent kinetic energy.

The x — € turbulence model is a closure model with two equations of balance to viscosity. The
standard model is based on the concepts presented by [16-18]. The equation for turbulent kinetic
energy is given by:
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D
ﬁ(px) = v.(0Dx/x) + P — pe, (6)

where « is the turbulent kinetic energy, Dy is the effective diffusivity for k, P is the turbulent kinetic
energy production rate, and e is the turbulent kinetic energy dissipation rate. The turbulent kinetic
energy dissipation rate is given by:

D Cie 2 €2
D (P€) = V-(pDeve) + = (P +Cazkv -u) — G (7)

where D¢ is the effective diffusivity for €, C; and C, are coefficients of the model.

The x — € closure model of turbulence has other versions, and in the present paper, the x — e —
RNG closure model is adopted due to the implementation of the Renormalization Group (RNG) Theory
[17]. This model is suitable for complex shear flows involving room ventilation. The modification in
the RNG version is related to the viscous transport term in the € balance equation, where the C; term
is no longer treated as a constant but is adopted as a dynamical function:

cy/\3 (1 — /\%)
ca(Xt) =cor+ ———7>

1+BA3 7
k
A= - 25iSij, ©9)
Then, the equation for turbulent viscosity is:
2
K
Ut = Cy?/ (10)

where Cy, is a constant coefficient, and its value, along with the other constants of the x —e — RNG
model used in this study;, is:

¢y = 0.085; 0 = 0.72;0c = 0.72;cc1 = 1.44;ce0 = 1.68; = 0.012; A, = 4.38. (11)

2.1. OpenFOAM Setup

OpenFOAM is a free, open-source computational software that provides functions and tools
encompassing various fields of engineering and science, both in industrial and academic settings. It
enables the resolution of complex flow problems [19]. In general, the OpenFOAM software functions
by editing different files arranged in folders, which provide options for simulation parameters. These
parameters can be adjusted by editing the simulation to match the desired physical model to be
investigated. By modifying the files located in the folders “0”, “constant”, and “system”, it is possible
to change the fluid’s physical parameters, boundary and initial conditions, turbulence models, analysis
geometry, mesh configuration and refinement, simulation intervals, and more.

In the “constant” folder, values considered constant for the simulation are stored, such as the
gravitational acceleration. The turbulence model and its constants are inserted in momentum Transport
file. The thermophysical properties of the fluid are adjusted in the thermophysical Properties file, allowing
for the adaptation of the Prandtl number and dynamic viscosity for the specific fluid. Finally, in the
“system” folder, the mesh configuration and simulation geometry are set in the blockMeshDict file. The
simulation time and data storage intervals are edited in controlDict, all the files used in first simulation
presented in Results section are displayed in Appendix A.1. Despite the algorithm derived from
the OpenFOAM library having default data, it is possible to manipulate the values according to the
required analysis and add specific characteristics of the simulated flow.

The solver used in all simulation is defined in the controlDict file, located within the system folder.
Within the available options, the buoyantSimpleFoam algorithm is chosen, where the second-order finite
volume method is applied to solve heat transfer flow in a steady-state regime using the “Semi-Implicit
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Method for Pressure-Linked Equations” (SIMPLE), which is a numerical algorithm used to solve the
pressure-velocity coupling. Equations (4) and (5) are solved to obtain the intermediate velocity fields.
Therefore, the mass flow values obtained from the equations are estimated. The Poisson equation is
used to find the correction term for the pressure field. Adding this term to the estimated pressure
results in the corrected pressure. This process is iteratively repeated until the pressure and velocity
fields satisfy mass conservation [19].

In the controlDict file, the number of iterations, data logging interval, and simulation time are
also defined. Since the equations to be solved are suitable for steady-state conditions, in OpenFOAM,
the variable AT = 1 corresponds to 1 iteration and is no longer related to time. Furthermore, the
buoyantSimpleFoam algorithm offers the option to choose from various RANS turbulence models
and variable density models. Among the variable density models, the Boussinesq approximation is
included. Therefore, the chosen algorithm solves Equations (3)—(5) using the x — e — RNG turbulence
model (Equations (6) and (7)).

For the interpolation functions required in the second-order finite volume method [20-22], the
“Gauss linear” method is used for the approximations in Equations (4), (5) and (7), while the “Gauss
upwind” method is used for Equation (6).

In the foSolution file, the convergence criteria for the simulation, as well as relaxation factors, are
defined. The choice of the convergence criterion was based on the data provided by [13]. The choice of
the turbulence model is specified in the momentumTransport file, where the model to be implemented is
defined. This allows for the modification of constants in simulation cases where these constants differ
from the default model. The thermophysical properties are modified in the thermophysicalProperties file.
Thus, data such as Prandtl number, dynamic viscosity, and the equation of state are adjusted according
to the working fluid, which in this study is atmospheric air. The Boussinesq approximation, as seen in
the energy balance equation Equation (4), is adopted as the equation of state. Therefore, it is necessary
to assign values to B, temperature, and reference mass density.

In the folder “0”, the files related to the initial and boundary conditions of all variables in the
problem are located. In this folder, you can find data that pertains to both the turbulence model
equations (alphat, epsilon, k, and nut) and the values of pressure (p), gauge pressure (p_rgh), temperature
(T), and velocity (U). All boundary conditions are listed in Table 1.

Table 1. Boundary and initial conditions adopted.

Condition U Pron T K € vt ot
initial (0.0,0.0,0.0) 0.0 300 0.10 0.01 0.0 0.0
inlet (0.8,0.0,0.0) | 9P/on = 0.0 287.15 0.0 4.0e-6 0.0 0.0
outlet dU/on =0 0.0 dT/dn = 0.0 0.0 4.0e-6 0.0 0.0
left, right, top | (0.0,0.0,0.0) | 0P/dn =0.0 | 9T/dn = 950.57 0.0 4.0e-6 0.0 0.0
botton (0.0,0.0,0.0) | oP/0n =0.0 | oT/0on = 2281.37 0.0 4.0e-6 0.0 0.0
front, back empty empty empty empty | empty | empty | empty

It is worth noting that in OpenFOAM software, all discretized equations are three-dimensional.
However, there is the option to simplify one or two directions using the “empty” boundary condition.
In the simulations of this paper, the third dimension is simplified, and only two-dimensional simu-
lations are performed. And the temperature gradient value is inserted when dealing with heat flow.
Therefore, it is necessary to calculate the temperature gradient based on the heat flux for each surface
of the room, except for the inlet and outlet. As for the region where the temperature value is calculated
considering the thermal conductivity of air k = 0.0263 W/ (m.K). Thus, the temperature gradient is
given by:

vr = I (12)
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such that g, is the heat flux (W/ m?), k is the thermal conductivity (W/(m.K)), and VT is the tempera-
ture gradient (K/m).

The analyzed environment has a height and length of 2.44 m x 2.44 m. The analyzed space is
two-dimensional, therefore, the depth coordinate is considered unitary for the analysis. The air inlet
opening is located in the upper corner of the left wall, while the air outlet has a dimension of 8.0 cm
and is located in the lower corner of the right wall, as shown in Figure 1. This analysis space is divided
into a structured and non-uniform computational mesh, as presented in Figure 2.

To simulate the thermally conditioned airflow in the room depicted in Figure 1 using the Open-
FOAM software, it is necessary to configure the blockMeshDict file to define the points that represent
the vertices of the geometry, as shown in Figure 1. The faces formed by the vertices of the geometry are
named, thus implementing specific features for each of the 8 blocks. This allows us to determine which
block represents the air inlet and outlet, as well as adjust the mesh refinement in a particular block.

Top
Inlet -
E
Wall 3 Wall
~
’ 2,44 m :
|=> Outlet
Botton

Figure 1. The two-dimensional room model used in the numerical study generated by the OpenFOAM
blockMesh algorithm: room geometry.
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Figure 2. The two-dimensional room model used in the numerical study generated by the OpenFOAM
blockMesh algorithm: mesh with 44 x 44 non-uniform volumes.

3. Results and Discussion

In order to evaluate the performance of a ventilation and air conditioning system, two sets of
simulations are proposed. Firstly, to understand the computational characteristics of the OpenFOAM
software, the same problem proposed in [13] is solved. They used the FLUENT ANSYS software to
simulate the flow of cold air provided by an air conditioner in a two-dimensional space. In the second
group of simulations, this flow is studied by varying the temperature of the supplied air, the supply
velocity, and the thermal load of the room. As a result, thermal comfort is analyzed based on the ADP],
Equation (2).

3.1. Validation of the Computational Parameters to Be Used in OpenFOAM.

In order to compare the results obtained by the OpenFOAM solver with the data presented by [13]
two analyses are conducted, the first being mesh refinement and the second involving the modification
of available interpolation functions. The simulations employed the following parameters, Temperature
of air inlet 14 °C; Velocity of air inlet 0.8 m/s; Inlet length of air 8.0 cm; Volumetric flow inlet 24.0 L/s;
and the Temperature setup 24.0 °C. Figures 3 and 4 present comparisons between different meshes for
horizontal velocity profiles obtained at x/L = 0.5. The profile labeled as Ref is the reference profile
taken from the work of [13].

In Figure 3, it can be viewed that the more refined the mesh, the closer the results will be to the
reference. Therefore, despite the simulation by [13] being performed with a mesh of 44 x 44 volumes,
OpenFOAM requires a more refined mesh to obtain more accurate results. In the Figure 4 is shown
the comparison between different interpolation functions applied in the HVAC simulations, for the
horizontal velocity profile at x/L = 0.5.

Interpolation functions play a significant role in obtaining results, while mesh refinement improves
the results in regions close to the walls. From Figure 4, it can be observed that using two different
interpolation functions for different properties is a viable alternative in OpenFOAM.
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Malha 22x22

=0 R Adyad
;_..,5 Malha 4dx:

Malha BExEB

Malha 132x132
— et

u (m/s)

Figure 3. Vertical profile of horizontal velocity, obtained at x/L=0.5: Mesh refinement.

—Upwind

Linear

—QuICK
Caso 1- Ref.

Linear/ Upwind

u (m/s)
Figure 4. Vertical profile of horizontal velocity, obtained at x/L=0.5: Interpolation function.

Finally, a comparison was made between the ADPI values resulting from the simulation and the
values provided by [13], that the ADPI is 65.0%. In the present work the ADPI obtained is 66.0%.

3.2. Analysis of the Systems of Ventilation Using Factorial Design

The goal is to find a combination of factors in which the cooling process fulfills its function of
promoting thermal comfort efficiently i.e. to determine which of the configurations has the highest
value of the ADPL The configurations are determined through a 32 factorial design in which the factors
of air inlet position, exhaust position, and air supply velocity are combined, as indicated in Table 2.

Table 2. Parameters for the 33 factorial design.

Inlet position | Outlet position | Air supply velocity (m/s)
Bottom Bottom 0.5
Center Center 0.8
Top Top 1.2
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The simulated environment has the same size as presented in the previous section. The dimensions
of the air inlet and outlet were kept the same in all simulated cases, with the air inlet opening measuring
4.0 cm, while the outlet opening has a height of 8.0 crm. Figure 5 shows the positions defined as“bottom”,
“center” and “top”, with red arrows indicating the inlet and green arrows representing the outlet. The
mesh division is not shown in Figure 5, and it should be clear that for each case in the factorial design,
only one “inlet and outlet” pair is enabled.

Inlet- Top Outlet- Top

Inlet- Center Outlet- Center

Inlet- Bottom Outlet- Bottom

Figure 5. Air inlet and outlet positions.

The generated mesh is structured and non-uniform, consisting of 300 x 300 volumes, and the
algorithm used is buoyantSimpleFoam with one million iterations. All other physical and computational
parameters are the same as established in preview section and are kept unchanged. The focus of the
thermal comfort analysis lies in the variation of the air inlet and outlet positions for different air supply
velocities. After conducting the 27 simulations, the EDT index (Equation (1)) is calculated for the entire
domain, and values corresponding to y = 1.8 m are extracted. With this data, the ADPI is calculated
for each simulation.

We present only three cases of 27, the worst, the best and an intermediated scenarios. For cases
where air enters through the bottom of the environment and is extracted from both the bottom section
and the center section, the ADPI results indicated a situation with the lowest possible ADPL. In the
Figure 6 is shown that the temperature distribution in the environment for case at both, inlet and outlet,
are at the bottom.

According to Figure 6, it can be observed that despite the supply of cold air into the environment,
the area representing the sensation of thermal comfort, as per the standard, has ambient temperatures
above the values required by [7]. Thus, the result of the EDT exceeds the permissible limit at all
analysis points. Therefore, the ADPI of the environment is considered as 0.0%. Despite the variation in
velocity, the ADPI does not improve, indicating that for these cases, the positioning of air supply and
exhaust were detrimental to the thermal comfort outcome.

In the Figure 7, which comprise the case where air intake is performed through the center of the
room, with lower intake velocity (0.5 m/s), it can be concluded that the magnitude of the velocity was
insufficient to promote the necessary air circulation to cool the environment. By increasing the intake
velocity in the configurations with middle air intake, the ADPI result indicated data above the range
of 13%. Although the calculated ADPI value is below 80%, the increase in velocity showed that, for
these conditions, velocity has an impact on the outcome, unlike the variation in the position of the air
exhaust.
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330

— 320

Y (m)
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Figure 6. Temperature field: air supply both inlet and outlet at the bottom.
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295

2.9e+02
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Figure 7. Temperature field: air supply both inlet and outlet at the center.

The group of simulations that involve both air supply and exhaust at the top achieved the best
ADPI results the resulted in an ADPI value of 100%, meaning that the EDT data obtained are in
agreement with the limits imposed by [7]. In the temperature field in Figures 8 and 9. It can be
observed that the entire environment is cooled, and the area with the lowest temperature is the wall
near the inlet. Since the air inlet velocity is relatively low, the colder air does not remain in the
EDT calculation zone and therefore does not directly affect the result. Due to heat exchanges, the
environment is cooled to a temperature close to the comfort temperature.
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Figure 8. Simulations with air supply and exhaust at the top: Temperature field.
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Figure 9. Simulations with air supply and exhaust at the top: Streamlines.
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The streamline patterns, color-coded by velocity, exhibit three zones of recirculation, as shown in
Figure 9. The uppermost recirculation area corresponds to the calculation zone of the thermal comfort
index. To have an impact on the result, the velocity magnitude should be greater than 0.35 m /s, which
is not the case for this simulation. Therefore, these re-circulations do not affect the EDT and the ADPI.

4. Conclusions

Simulations of airflow generated by air conditioning systems were conducted. In a specific
environment, the air supply velocity and the positioning of air inlets and outlets were varied. Thus,
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the impact of different configurations on thermal comfort was investigated using the concepts of EDT
and ADPL

It was observed that OpenFOAM is capable of providing results similar to proprietary platforms
for problems involving heat transfer in flows. However, the user is required to study mesh refinement,
equation compatibility, interpolation functions, and adjust constants and turbulence models for each
simulated problem.

Factorial design enables comparative analysis of airflow behavior with heat transfer. The results
confirmed the rationale for installing cooling systems at the top of the environment, as the simulations
that met the requirements of [7] for thermal comfort were those with air supply positioned in the
upper portion of the room. The importance of installing air outlets or exhaust fans, which contribute
to proper air renewal in the environment, was also emphasized. However, they must be properly
positioned, and air supply velocities must be adjusted to ensure thermal comfort.
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Abbreviations

The following abbreviations are used in this manuscript:

ADPI Air Diffusion Performance Index

CFD Computational Fluid Dynamics

DV Displacement Ventilation

EDT Effective Draft Temperature

HVAC Heating, Ventilation, and Air Conditioning
MV Mixing Ventilation

OpenFOAM  Open Field Operation And Manipulation
RANS Reynolds-Averaged Navier-Stokes

RNG Renormalization Group Theory

SIMPLE Semi-Implicit Method for Pressure-Linked Equations
SV Stratified Ventilation

Appendix A

Appendix A.1

In the present work, OpenFOAM version 8.1 is used with the buoyantSimpleFoam solver to address
steady-state flow problems. Generally, OpenFOAM solvers are organized in folders that separate the
initial and boundary conditions for the simulation. Parameters can be adjusted to characterize the flow
according to the user’s requirements. Figure Al displays the code’s directory structure.

With files located in the “0”, “constant”, and “system” directories, it becomes possible to adjust
input parameters, boundary conditions, turbulence models, analysis geometries, mesh configurations
and refinements, and simulation intervals. This stage is referred to as “preprocessing”.

In the “0” folder, files related to problem variables, their initial conditions, and boundary con-
ditions are located. According to the directory structure, this folder contains data relevant to the
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turbulence model (alphat, epsilon, k, and nut), pressure values (P), static pressure minus gauge pressure
(“P_rgh”), temperature (T), and velocity (U).

— ¢ € € € € € ¢ ¢C

alphat  epsilon k nut p p_rgh T u

0

constant
C c Cc Cc C

blockMesh  controlDict  fvSchemes fuSolution  setFieldDict

system Dict

—@—c ¢c ¢ ¢ c

polyMesh boundary faces neighbour owner  points

Cc Cc C Cc

g momentum pRef  thermophysical
Transport Properties

Figure A1. Directory structure of buoyantSimpleFoam.

The constant directory stores values considered constant for the simulation, such as the gravita-
tional acceleration (g). The turbulence model and its constants are included in momentumTransport. The
fluid’s thermophysical properties are adjusted in the thermophysicalProperties file, enabling adaptation
of the Prandtl Number and dynamic viscosity for the specific fluid.

Finally, in the “system” folder, the mesh configuration and simulation geometry are specified in
the blockMeshDict file. Simulation time and data storage intervals are edited in controlDict. Although
the algorithm in the OpenFOAM library has default data, it allows for adjusting values according to
the required analysis and adding specific flow characteristics to be simulated.

The choice of interpolation functions is applied in the fuSchemes section. According to [20-22],
the purpose of the interpolation function is to provide relationships between nodal points so that it is
possible to calculate the value of the function and its derivatives at control volume interfaces. The aim
is to propose a function with minimal error, involving the fewest nodal points necessary to generate a
matrix. Figure A2 indicates the interpolation function used for each term of the simulation.
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8 FoamFile

9{
10 version 2.0;
11 format ascii;
12 class dictionary;
13 location "system";
14 object fuSchemes;
15}
16//***********************************1
17
18 ddtSchemes
19 {
20 default steadyState;
21}
22
23 gradSchemes
24 {
25 default Gauss linear;
26 }
27
28 divSchemes
29 {
30 default none;
31
32 div(phi,u) Gauss linear;
33 div(phi,e) Gauss linear;
34
35 div(phi, k) Gauss upwind;
36 div(phi,epsilon) Gauss linear;
37
38 div(phi,Ekp) Gauss linei
39
40 div(((rho*nuEff)*dev2(T(grad(U))))) Gauss linear;
41}
42
43 laplacianSchemes
44 {
45 default Gauss linear corrected;
46 }
47
48 interpolationSchemes
49 {
50 default linear;
51}
52
53 snGradSchemes
54 {
55 default corrected;
56 }
57 wallDist
58 {
59 method meshWave;
60 }
61
62 // 1/

Figure A2. File of interpolation functions.

It is noted that two interpolation methods were used in the simulations: linear and upwind. This
choice was based on studying the impact of interpolation functions on OpenFOAM results compared
with the literature. Applying the upwind interpolation method to the divergence term for turbulent
kinetic energy led to improved results.

In the fuSolution file, convergence criteria, relaxation factors, and solver applications for the
simulation are defined. Figure A3 presents the adopted values for all simulated cases.


https://doi.org/10.20944/preprints202410.2385.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 October 2024 d0i:10.20944/preprints202410.2385.v1

15 of 21

18 solvers

19 {

20 p_rgh

21 {

22 solver GAMG;

23 //preconditioner DIC;

24 tolerance le-06;

25 relTol 0.01;

26 smoother GaussSeidel;
27 }

28

29

30

31 "(U]e|k|epsilon)"

32 {

33 //solver PBiCGStab;
34 //preconditioner DILU;
35 //tolerance le-06;
36 //relTol 08.1;

37 solver smoothSolver;
38 smoother GaussSeidel;
39 nSweeps Z3

40 tolerance le-08;

41 relTol 0.01;

2 3}

43}

44

45 SIMPLE

46 {

47 nNonOrthogonalCorrectors ©;
48

49 pRefCell 0;

50 pRefValue 0;

51

52 residualControl

53 {

54 p_rgh le-8;

55 u le-5;

56 e le-7;

57

58 // possibly check turbulence fields
59 "(k|epsilon|omega)" le-5;
60 }

61}

62

63 relaxationFactors

64 {

65 fields

66 {

67 p_rgh 8:5;

68 }

69 equations

70 {

71 u 0.3;

72 e 0.3;

73 "(k|epsilon|R)" 0.3;

74

Figure A3. File for defining solvers, algorithms, tolerances, and relaxation factors.

In OpenFOAM, the turbulence model is implemented in the momentumTransport file, where the
model is selected, allowing for changes to constants from the default model if necessary (see Figure
A4).
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18 simulationType RAS;

19

20 RAS

21 {

22 model RNGkEpsilon;
23

24 turbulence on;

25 printCoeffs on;

26

27 // Optional model coefficieints
2 cmu 0.0845;

29 1 1.42;

30 c2 1.68;

31 c3 0.0; //-0.33;
32 beta 0.012;

33 etao 4.38;

34 sigmaEps 0.71942;

35 sigamk 0.71942;

36 alphak 1.393;

37 alphaEps 1.393;

38

39}

40

41

42 // b

Figure A4. File for turbulence model.

Thermophysical properties are adjusted in the thermophysicalProperties file. Thus, properties like
Prandtl Number, dynamic viscosity, and the equation of state are set according to the working fluid, in
this case, air. The Boussinesq approximation, applied as the equation of state in the energy balance
equation (Equation (5)), requires values for 8, reference temperature, and reference density (see Figure
ADb). Values were assigned considering air as an ideal gas at 300 K.
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18 thermoType

19 {

20 type heRhoThermo;
21 mixture pureMixture;
22 transport const;

23 thermo eConst;

24 equation0fState Boussinesq;

25 specie specie;

26 energy sensibleInternalEnergy;
27 }

28

29 mixture

30 {

31 specie

32 {

33 molWeight 28.97;

34 }

35 equation0fState

36 {

37 rho@ 1.178;

38 TO 296.9;

39 beta 3.368e-03;
40 }

41 thermodynamics

42 {

43 Cv 719.23;

44 Hf 0;

45 }

46 transport

47 {

48 mu 1.828e-05;
49 Pr 0.708;

50 DT [0 2 -1 0 0 6 0] 17.748e-6;
51 }

52}

Figure A5. File for Thermophysical Properties.

In the U file, velocity can be assigned for each boundary in the simulation geometry. Boundaries
with no-slip conditions are labeled as n0Slip. The boundary where air enters (inlet) has a fixed air
velocity value. Figure A6 shows the velocity configuration file representing the flow simulated of the
Table 1, following [13].
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8 FoamFile

9{

10 version 2.0;

11 format ascii;

12 class volVectorField;
13 object u;

14}
15//****************
16

17 dimensions [61-10000];
18

19 internalField uniform (0 0 0);
20

21 boundaryField

22 {

23 frontAndBack

24 {

25 type empty;
26 }

27

28 top

29 {

30 type noSlip;
31 }

32

33 bottom

34 {

35 type noSlip;
36 }

37

38 left

39 {

40 type noSlip;
41 }

42

43 right

a“ {

45 type noSlip;
46 I

47

48 inlet

49 {

50 type fixedValue;
51 value uniform (0.8 0 0);
52 }

53

54 outlet

55 {

56 type pressurelnletOutletVelocity;
57 value $internalField;
58

501

Figure Aé6. File for velocity boundary conditions.

In OpenFOAM, the temperature gradient value is set in the T file for constant heat flux. Thus, the
temperature gradient must be calculated based on the heat flux for each room surface except the inlet
and outlet, see Equation (12). The inlet face sets the supply air temperature, while the outlet adopts a
zero-gradient temperature boundary condition, which calculates temperature based on air thermal
conductivity k = 0.0263 W/ (m - K), as shown in Figure A7.
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17 dimensions [peol10606e];

18

19 internalField uniform 300;

20

21 boundaryField

22 {

23 frontAndBack

24 {

25 type empty;

26 }

27

28 top

29 {

30 type fixedGradient;
31 gradient uniform 950.5703422;
32 }

33

34 bottom

35 {

36 type fixedGradient;
37 gradient uniform 2281.368821;
38 }

39

40 left

41 {

42 type fixedGradient;
43 gradient uniform 950.5703422;
4 }

45

46 right

47 {

48 type fixedGradient;
49 gradient uniform 950.5703422;
50 }

51

52 inlet

53 {

54 type fixedValue;

55 value uniform 287.15;
56 }

57

58 outlet

59 {

60 type zeroGradient;
61 }

62}

63

64}

Figure A7. File for energy boundary conditions.

The solver used in the OpenFOAM simulation is modified in the controlDict file. In this command,
the buoyantSimpleFoam solver is specified. The number of iterations and data logging intervals are also
modified in this file, as shown in Figure AS.

The checkMesh command verifies any errors in the generated mesh. The numerical solution is
obtained by implementing the buoyantSimpleFoam command, which performs calculations to achieve
convergence

Visual analysis of results is conducted in ParaView software using the paraFoam command in the
Linux terminal. These programs were chosen as they are open-source, as is OpenFOAM. This approach
allows visualization and extraction of simulation data. Data can also be exported to spreadsheets to
create velocity, temperature, or pressure graphs related to the flow.
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8 FoamFile
9{
10 version 2.0;
11 format ascii;
12 class dictionary;
13 location "system";
14 object controlDict;
15}
17
18 application buoyantSimpleFoam;
19
20 startFrom startTime;
21
22 startTime 0;
23
24 stopAt endTime;
25
26 endTime 100000;
27
28 deltaT 1;
29
30 writeControl timeStep;
31
32 writeInterval 1000;
33
34 purgeWrite 0;
35
36 writeFormat ascii;
37
38 writePrecision 6;
39
40 writeCompression off;
41
42 timeFormat general;
43
44 timePrecision 6;
45
46 runTimeModifiable true;
47
48
49 //

Figure A8. ControlDict File.
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