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Abstract: Buildings are responsible for a large part of energy demand worldwide. To collaborate to re-
duce this demand, this paper aims to present a computational model to analyze the performance of an
earth–air heat exchanger (EAHE) based on computational fluid dynamics using the ANSYS/Fluent®

software in the simulations. This passive air conditioning system uses the soil as a heat exchanger,
taking advantage of the fact that the temperature of the soil at a certain depth remains relatively
constant, regardless of the weather conditions above the surface, promoting heating, cooling, or
ventilation for buildings. The air temperature values obtained were compared with experimental
data from sensors installed in an EAHE at the Federal University of Technology—Parana, Ponta
Grossa/Brazil (25.1◦ South, 50.16◦ West) to validate the computational model. A high computational
effort would be demanded to perform these simulations involving the whole soil domain and the
climatic boundary conditions. In order to optimize the numerical analysis of EAHE, two reduced
models for the soil and heat exchanger domains were verified. First, a constant temperature of 23.7 ◦C
was imposed on the surface of the exchanger tube, corresponding to the average soil temperature at
a depth of 1.5 m. Afterward, a reduced soil domain extending 0.5 m in all directions from the heat
exchanger serpentine was considered. Likewise, constant temperatures were imposed on the upper
and lower surfaces of the soil domain, also obtained experimentally. In both cases, the temperature
values obtained through the fast simulations showed good agreement compared to the experimental
values. Barely explored in the literature, the thermal behavior of the two identical indoor environ-
ments at the university was also compared, in which the climatized environment, with the EAHE
working in a closed loop, obtained milder and smaller amplitude air temperatures.

Keywords: earth–air heat exchanger; passive air conditioning; computational fluid dynamics

1. Introduction

Currently, there is a great demand for more sustainable alternatives to meet human
needs involving the expenditure of electricity since energy consumption is growing every
year worldwide. In Brazil, commercial, residential, and public buildings were responsible
for 51.2% of the total annual electricity consumption, according to the 2021 National Energy
Balance [1].

Besides being a sustainable alternative in civil construction with an emphasis on the
air conditioning field, the earth–air heat exchanger (EAHE) can also reduce electricity costs
and ensure thermal comfort in environments. This device takes advantage of the high
thermal inertia of the soil, where it can maintain a practically constant temperature at
specific depths, thus allowing it to heat the air on cold days and cool it on hot days. This
type of process can be called passive climatization; its operation consists of moving the air
through underground pipes before leading it to the environment, causing it to exchange
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heat with the soil, thus, having the only expenditure of energy with the circulation of the
air through a fan.

Many authors describe the EAHE as an efficient way to reduce air conditioning
costs. For example, Vaz [2] carried out an experimental and numerical study of an EAHE,
conducted in southern Brazil in the city of Viamão. The results showed that the heat
exchanger used for heating reached up to 3 ◦C temperature increase, with the prospect
of reaching 8 ◦C. For cooling, the potential would get to 4 ◦C for the analyzed climate.
Maoz et al. [3] used the response surface method (RSM) to optimize a open loop earth–air
heat exchanger (EAHE) system installed in Peshawar city in Pakistan. Parametric analysis
was conducted for the three variables: pipe length, diameter, and air velocity. A regression
equation also was developed to predict the cooling load considering the weather and
soil conditions.

Greco and Masselli [4] researched the parameters that optimize the thermal perfor-
mances of a horizontal single-duct EAHE installed in Naples, Italy. Geometrical character-
istics, such as the pipe length, diameter, burial depth, and the thermal and flow parameters
of humid air were studied. The work showed that the thermal performance of the EAHE
increased with length until the saturation distance was reached, with smaller diameters and
slower air flows. Peña and Ibarra [5] evaluated the energy saving obtained by installing
an EAHE in a tropical climate in Colombia. A mathematical model was implemented
in TRNSYS® software to predict the heat exchanger’s thermal performance and cooling
capacity. Parameters such as the pipe length, diameter, material, thickness, airflow mass,
soil, local atmospheric conditions, building features, and economic feasibility of the project
were verified.

In Abadie et al. [6], the heating and cooling potentials of a heat exchanger in three
cities in southern Brazil (Porto Alegre, Curitiba, and Florianópolis) were numerically
analyzed using the building energy simulation tool (TRNSYS®). The study showed that
climatic conditions and solar radiation must be considered in the calculations. Furthermore,
Curitiba, located 100 km from where our study was conducted with very similar soil and
climatic conditions, obtained the best results.

Serageldin et al. [7] developed a parametric study of an EAHE through simulations in
ANSYS/Fluent® to analyze the effects of the dimensions and material of the pipes on the
thermal performance. The authors concluded that the increased tube diameter promotes
decreased air temperature at the EAHE exit due to a rise in the contact surface between
the tube and air. In addition, the authors found that increasing air velocity decreases the
heat transfer rate with the soil. Regarding the pipe material, minimal differences between
the results were observed, in which PVC (polyvinyl chloride) was indicated as a good
option due to its lower cost. Elminshawy et al. [8] conducted an experimental study of a
heat exchanger using a copper tube where air circulated at a controlled temperature. The
authors evaluated the thermal performance of three soils regarding their compaction and
verified the application in arid and hot places. The most compact soil presented the best
performance, and the intermediate one, the worst, for cooling effects.

Liu et al. [9] studied the thermal performance of EAHE in hot summer and cold
winter areas in Changsha, China. The influence of the soil, supply air, and outdoor air
temperatures in the COP and heat transfer were analyzed for one week.

Menhoudj et al. [10] used an experimental model of an EAHE installed in Algeria and
validated the numerical model using TRNSYS® to evaluate the thermal performance by
optimizing some constructive parameters: length, depth of installation, and diameter of
the pipe. A length of 25 m, a depth of 2 m, and a diameter of 120 mm were the optimal
values obtained. In this study, the test cell corresponded to two adjoining rooms having
the same geometric dimensions: 4.7 m × 3.7 m × 2.8 m. In the first room, the energetic
performance of a direct solar floor was tested, whereas the second was used as a reference
room in which measure instrumentations were installed.

Li [11] analyzed the effectiveness of an EAHE experimentally located in Songbei
District, Harbin, China, where the air temperature showed an average decrease of 14.6 ◦C,
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and the average total cooling capacity was 8792. W. Liu et al. [12] proposed an experimental
study in a vertical earth-to-air heat exchanger system (VEAHE) to validate its thermal and
economic feasibility. The energy metrics analysis indicated that the proposed system was
economically viable.

Congedo [13] presented the experimental validation of a mathematical model imple-
mented using CFD Fluent for the simulation of an EAHE located in Rubiana, Turin, Italy.
The authors observed that the transient thermal performance of the EAHE was independent
of the thermal conductivity of the soil but was dependent on burial depth.

Tang et al. [14] developed a time-saving numerical model on the MATLAB/Simulink®

platform. The experimental validation results indicated that the maximum absolute relative
deviation was 3.18% between the model results and the experimental data. Several para-
metrical influences in the heat transfer performance also were carried out. Hegazi et al. [15]
developed analytical solutions for EAHE systems to predict and optimize the effects of
different parameters on the outlet air temperature that supplies the air-cooling unit in an op-
eration room in a hospital in Egypt. The performance of the cooling system was evaluated
in terms of compressor power consumption, overall power savings, overall cost reduction,
and payback period. The maximum reduction in compressor power consumption and
annual costs was estimated to be 44% and 16.6%, respectively.

Hacini et al. [16] validated a numerical study from experimental data found in the
literature. The authors also compared the performance of an EAHE in three regions of
Algeria: Jijel (humid climate), Djelfa (semi-arid climate), and Timimoun (desert climate),
each with a different soil type. The study concluded that a depth of 5 m should be used
in Timimoun, and 2 m for other locations, with pipe lengths of 45 m, 30 m, and 30 m,
respectively. Furthermore, the cooling potential for a typical hot day was estimated to be
26.21 kWh, 13.83 kWh, and 7.66 kWh for Timimoun, Djelfa, and Jijel, respectively.

Vivas and Guerra [17] developed a three-dimensional numerical model of the EAHE
using ANSYS/Fluent® to evaluate the influence of airflow velocity, length, and diameter
of the pipe on the thermal performance of this system adapted to climatic conditions and
the soil characteristics of Belém City, in Brazil. From the results obtained, a maximum
relative difference of 4.14% was verified between the experimental and computational data.
Furthermore, they concluded that using lower airflow velocities reduces the length needed
to obtain a specific decrease in temperature.

Nejad et al. [18] numerically investigated the use of an underground air-conditioning
tunnel for Tehran’s climate also using the ANSYS/Fluent® software. The results showed
that the heat exchanger created comfortable conditions except for a short period of the
day. The work also verified that due to the thermal saturation of the soil, the system was
not suitable for continuous work, and a depth of 3 m was appropriate to bury the pipe to
prevent the effect of ground surface heat. Qi et al. [19] evaluated the effect of humidity
and condensation on the thermal performance of an EAHE using CFD. The distribution
of relative humidity in the pipe, the impact of inlet air relative humidity, the effects of
inlet air temperature, and the volume flow rate on the performance of the heat exchanger
were analyzed. The authors observed that condensation had little effect on the airflow
distribution uniformity of the EAHE, and the humid air in a small-diameter pipe tended
to condense more easily. The influence of the configurations on the air condensation’s
performance was also verified.

Zeitoun et al. [20] studied an EAHE system built at the University of Strasbourg in the
northeast of France using energy and exergy analyses for a typical heating period. Results
showed that the heat energy gained using the system was around 63 kWh and that the
exergetic efficiency of the system was about 57% on average. The authors also verified that
the exergy was mainly destroyed in the fan, while the lowest destruction was in the filter.

Considering the applicability of EAHE in ventilation systems, Liu et al. [21] reviewed
the state-of-the-art of shallow geothermal ventilation (SGV) systems for building thermal
performance enhancement. The authors showed that with a small initial investment cost,
this system is a promising technology to partly replace the conventional air-conditioning
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system for air pre-cooling or pre-heating. Amanowicz et al. [22] also described the recent
advancements in ventilation systems to decrease energy consumption in buildings. In this
review of the literature, we considered articles that were published in the last three years.

Based on these studies, the present work aimed to develop a computational model
using ANSYS/Fluent® software to obtain air temperature gradients in an EAHE submitted
for different boundary conditions, using a reduced soil domain, in order to decrease the
time computationally. Validation of the computational model used in the simulations
was also performed through comparison with experimental results obtained at the EAHE
installed at UTFPR (Federal University of Technology—Parana) in Ponta Grossa, Brazil.
Finally, the thermal behavior of the two identical indoor environments (with and without
the EAHE installed) was compared. The EAHE presented a good cooling performance in
the climatized environment for the analyzed summer period.

2. Methodology

Simulations in this work were performed using the version 2021 ANSYS/Fluent®

commercial software. The governing equations, boundary conditions, geometry and mesh,
and EAHE constructive details will be presented in this section.

2.1. Considerations and Equations

Although the variation of air properties with temperature could affect the performance
of the EAHE [23], in this study, the air was considered incompressible and with constant
properties. Therefore, the continuity equation, obtained from Tannehill et al. [24], is
expressed in Equation (1),

∇ ·→v = 0 (1)

in which
→
v is the velocity vector of the fluid (m/s).

Following the same previous considerations and considering no external force acting,
the equation of conservation of momentum (Navier–Stokes) is described by Equation (2),

ρ
D
→
v

Dt
= −∇p + ρ

→
g + µ∇2→v (2)

in which ρ is the specific mass of the fluid (kg/m3), p is the static pressure (N/m2),
→
g is the

gravity acceleration (m/s2), and µ is the dynamic viscosity (kg/m.s).
The energy equation, according to the hypotheses already adopted, is defined by

Equation (3),

ρ
De
Dt

=
∂Q
∂t

+ λ∇2T + φ (3)

in which e is the internal energy per unit mass (J/kg), Q is the heat transferred from external
agents per unit volume (J/m3), λ is the coefficient of thermal conductivity (W/mK), T is
the temperature (K), and φ is the energy dissipation rate (W/m3).

For turbulence, the standard k-ε model was used, which was used in the works by
Misra et al. [25], and consists of two equations, described by Equations (4) and (5),

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj
[(µ +

µt

σk
)

∂k
∂xj

] + Gk + Gb − ρε (4)

and,
∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xj
[(µ +

µt

σε
)

∂ε

∂xj
] + C1ε

ε

k
(Gk − C3εGb)− C2ερ

ε2

k
(5)

where k corresponds to the turbulent kinetic energy (J/kg), µt is the turbulent viscosity
(kg/m.s), ε is the turbulent energy dissipation rate (m2/s3), σk is the turbulent Prandtl
number for k, σε is the turbulent Prandtl number for ε, Gk is the turbulent kinetic energy
generation due to mean velocity gradients (J) and Gb is the turbulent kinetic energy
generation due to buoyancy (J).
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The turbulent viscosity term (µt) is calculated as a function of k and ε, as expressed in
Equation (6):

µt = ρCµ
k2

ε
(6)

The constants used in the turbulence model were predefined by the software with the
following values: C1ε = 1.44, C2ε = 1.92, C3ε = −0.33, Cµ = 0.09, σk = 1.0 and σε = 1.3.

2.2. Geometry, Mesh, and Boundary Conditions

The dimensions and the geometry of the EAHE, shown in Table 1 and Figure 1, are
based on previous work performed by Vasconcellos and Santos [26]:

Table 1. EAHE dimensions.

Number of
Steps

Distance between
Pipes [m]

Installation
Depth [m]

Pipe Diameter
[m]

Total Length
[m]

8 0.5 1.5 0.1 48.20
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Figure 1. Geometry of the air path.

A reduced model for the soil domain was used in the simulations to analyze the mesh
sensitivity with an optimized computational time. Considering the serpentine shape of the
heat exchanger used in this work, a soil domain of dimensions 6.7 m × 4.75 m × 1 m was
considered, as shown in Figure 2.
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Figure 2. Geometry and mesh of the soil domain.

The domain of the piping material was not considered in simulations to avoid distor-
tions in mesh generation, as adopted in the work of Shojaee and Malek [27]. Due to the low
thermal resistance presented by the pipe wall, the presence of this domain did not cause
significant changes in the results.
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An automatically generated mesh with 3,683,460 elements (ground plus air domain)
was used in the simulations as a default. Some mesh sizes were tested to verify the
independence of the numerically obtained results. Four tests were performed, with changes
in the number of air domain elements and the soil plus air domains. Table 2 shows the
number of elements used in the tests and the maximum temperature difference for 23
January 2022, concerning the experimental values, considering all sensors distributed along
the heat exchanger.

Table 2. Meshes used in the sensitivity analysis.

Mesh Total Number of Elements Max. Difference between
Values [%]

Mesh used in simulations 3,683,460 3.72

Air domain 4,019,658 3.78

Air domain 3,236,785 3.97

Air and soil domains 4,529,629 3.78

Air and soil domains 1,959,346 4.16

According to Table 2, there is no significant difference between the meshes in the
accuracy of the results. The difference in computational time using the four meshes was
also insignificant, so the mesh default was used in all simulations.

As mentioned, the experimental data analyzed in this work were obtained on 23 Jan-
uary 2022. Unlike other years, the summer of 2021–2022 was mild in Ponta Grossa, Brazil
(25.1◦ South, 50.16◦ West), and this day corresponded to the highest temperature ranges in
the climate for the heat exchanger installation site. The temperature and solar irradiance
values on this date are shown in Figure 3.
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The thermophysical properties of air and soil were considered constant. The soil in
the EAHE installation region is of the clay type, with properties similar to those given by
Oke [28] (dry basis). Table 3 shows the physical properties of the air and the soil used for
the simulations.
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Table 3. Air and soil physical properties.

Material Density [kg/m3]
Specific Heat

[J/kg.K]

Thermal
Conductivity

[W/m.K]

Viscosity
[kg/m.s]

Air 1.225 1006.4 0.0242 1.7894 × 10−5

Soil 2050 1840 0.52 -

The air inlet temperatures in the EAHE were interpolated using the least squares
method, and with these polynomials, a UDF (user-defined function) was developed to
apply them in the simulations as an inlet condition. Concerning inlet velocity and outlet
condition (gauge pressure), values of 0.774 m/s and 0 Pa were used, respectively.

Two hypotheses were verified for optimizing the simulation time. First, the soil
domain was disregarded, assigning a constant temperature on the pipe surface. In the
second hypothesis, a ground domain was set, extending 0.5 m from the pipe surface in all
directions, as shown in Figure 2.

For the simulation without a soil domain, a constant temperature of 23.7 ◦C was
considered for the wall of the pipes, whose average value was obtained experimentally for
1.5 m of depth.

The side walls were considered adiabatic for the simulations with the soil domain; the
upper and lower surfaces were adopted with 24 ◦C and 23.5 ◦C, obtained at 1 and 2 m of
depth, respectively.

2.3. Experimental Apparatus

Figure 4 shows the experimental apparatus constructed with PVC tubes of 100 mm
diameter in serpentine configuration, with tubes 5.15 m long placed at every 0.5 m. The
piping was assembled at 1.5 m below ground level, with a total length of 50.65 m, where the
temperatures were obtained using 14 Omega Engineering® type K thermocouples installed
along EAHE (indicated in Figure 4). The data acquisition bench comprised a Keysight®

DAQ970A, two Keysight® DAQM901A 20 channel multiplexers, and a microcomputer
with an Intel® Core i7-7600 processor.
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The forced airflow was inflated by a system composed of an AeroMack® radial fan
CRE-03 with a power of 1.5 kW and a maximum flow of 3.2 m3/min, installed between
the space of the heat exchanger and laboratory where the data acquisition bench was
positioned. Climatic data such as temperature, wind speed, and relative humidity were
obtained through an Instrutemp® ITWH-1080 meteorological station. A Kipp and Zonen®
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CMP3 pyranometer has been used for solar irradiance. Table 4 presents the experimental
uncertainties regarding the measured quantities.

Table 4. Measurement uncertainties.

Parameter Instrument Uncertainty Unit

Solar Irradiance Pyranometer ±3% W/m2

Temperature Type K Thermocouple ±0.25 ◦C

Air velocity Meteorological Station ±0.3% m/s

Power Data Acquisition System ±1.0% W

2.4. Indoor Environments

The cooling capacity of the EAHE in an indoor environment (2.12 m × 2.76 m × 3.30 m)
of the Graduate Program in Mechanical Engineering building was evaluated, comparing the
thermal behavior to another identical environment without air conditioning, as identified
in Figures 5 and 6. These two rooms are made of masonry, without windows, with access
through aluminum doors, which remain closed during data acquisition. Two K-type
thermocouples were positioned in each environment to obtain the air temperature.
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Figure 5. Indoor environments of the Graduate Program in Mechanical Engineering building.

Figure 6 indicates the location within the building. In the region indicated in yellow,
the control and data acquisition equipment was installed. In the region in red, the air
inlet and outlet tubes in the air-conditioned environment are placed, and in green, the
environment is without air conditioning. In the outer region of the building, indicated in
purple, there is a fan for air circulation, and the heat exchanger tubes are indicated in blue.
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Figure 6. Location of indoor environments within the building.

3. Results

First, the results were validated by comparing experimental and computational values
on 23 January 2022. The chosen section is located 5.95 m away from the heat exchanger inlet,
where the most significant temperature gradients were found. The maximum absolute
relative deviation (MARD), as shown in Equation (7), has been used for the analyses [14].

MARD =
max

(∣∣Tj,sim − Tj,exp
∣∣)

Tj,exp
(7)

where j is the number of selected data samples, and Tj,sim and Tj,exp are the simulated and
experimental air temperatures, respectively.

As seen in Figure 7, 3.1% was the most considerable relative difference between
experimental and computational values obtained at 5 p.m. According to the comparison
between the results, the numerical model presented showed good agreement with the
monitored values.
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After the validation of the computational model, simulations were performed con-
sidering the hypothesis without the soil domain and the surface of the air domain with a
constant temperature of 23.7 ◦C. Figure 8 shows the average temperature profile along the
heat exchanger. The maximum relative difference between experimental and computational
results near the heat exchanger outlet was of 2.6% (0.6 ◦C). A computational time of 15 min
was required using to the simulations a computer with an Intel® Core i5-9400f processor,
16 GB of RAM, and a Nvidia® GeForce GTX 1060 video card with 3 GB of memory.
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Figure 8. Comparison between the computational and experimental average air temperatures in the
EAHE.

In order to improve the results without compromising computational time, a reduced
soil domain was also used in the simulations. For this hypothesis, at the same time and
day, the results obtained are shown in Figure 9. The simulation time was 30 min. The
better similarity of behavior between the two curves also had the highest maximum relative
difference of 2.6%.
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considering the soil domain.

The decrease in experimental temperature of 0.5 ◦C observed in Figures 8 and 9 at
the end of the heat exchanger was attributed to the position of the last sensor, close to the
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soil surface. As also seen in Figure 10, the air practically reached thermal equilibrium after
25 m of tube length.
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Figure 10. Air temperature along the EAHE, at 2 p.m., on 23 January 2022.

The temperature profile around the cross-section of the tubes noticed in Figure 11
shows that the spacing of 0.5 m between the passes was sufficient to ensure the good
performance of the heat exchanger.
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Figure 11. Air and soil temperature at 2 p.m., on 23 January 2022.

With the computational results having a good approximation with the experimental
values, the model considering the hypothesis with soil domain was used to analyze the
performance of the EAHE in conditions different from those recorded experimentally.
Simulations were carried out using the same boundary conditions for the soil domain but
increasing and reducing the inlet temperature by 10 ◦C to verify the performance of the
EAHE in more extreme temperature conditions. Figure 12 shows the performance of the
EAHE, on 23 January 2022, for these hypotheses.
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Figure 12. EAHE performance with a rise and decrease of 10 ◦C in the inlet temperature.

Average temperatures of 6.5 ◦C and 13.3 ◦C were obtained for the heating and cooling,
respectively. Furthermore, Figure 12 shows that the air reaches thermal equilibrium at
23.7 ◦C. It is also observed that a 25 m long pipe would be sufficient to guarantee thermal
equilibrium between the soil and the air in the heat exchanger. However, for long continu-
ous periods of device use, a greater length is necessary to avoid the thermal saturation of
the soil.

The air temperature of two environments are compared in Figure 13. In the condi-
tioned environment, the temperature remained practically stable at around 25.5 ◦C. The
unconditioned environment presented a peak temperature of approximately 28 ◦C at 6 p.m.
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Figure 13. Air temperature of the indoor environments on 23 January 2022.

As the summer was mild during the period analyzed in this work, after 23 January
2022, two 1.5 kW oil heaters were inserted in both environments to test the performance of
the EAHE. Figure 14 shows temperatures above 35 ◦C for the non-air-conditioned environ-
ment. In the case of the air-conditioned environment, the maximum air temperature was
28.3 ◦C. Even with a high internal heat generation for the dimensions of the environments
analyzed, the heat exchanger presented a good performance. Therefore, the EAHE could
be used for more severe climatic conditions, as also observed in Figure 12.
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4. Conclusions

With the growing demand for more sustainable alternatives, the earth–air heat ex-
changer (EAHE) emerges as an alternative to conventional climatization methods. In this
sense, the present work was dedicated to obtaining a computational model and submit-
ted to a physical validation to verify the thermal performance of this system. With the
comparison made between the computational and experimental results, a good similarity
was verified, obtaining, for the analyzed conditions, a maximum difference of 3.1%. There-
fore, the reduced model used for the soil domain proved to be adequate for the EAHE
simulations to decrease the computational time, avoiding the use of the local climatic
conditions as a boundary condition. Thus, average soil temperatures estimated or obtained
experimentally could be used.

Based on the conditions of the validated computational model, a simulation was
carried out by adding 10 ◦C to the inlet condition, obtaining an average reduction of
13.3 ◦C. Likewise, a simulation was carried out with a 10 ◦C decrease in temperature
as an input condition, causing the EAHE to perform air heating, reaching an increase
of 6.5 ◦C. In both cases, the thermal behavior of the air was verified, which, when it
reaches thermal equilibrium with the ground, tended to a temperature of 23.7 ◦C from
25 m of pipe length. When the indoor air temperatures of the two environments were
compared, the air-conditioned environment presented better thermal comfort conditions,
even with high internal heat generation. Through the results obtained, this work showed
that the EAHE presented an excellent thermal performance, taking advantage of the high
thermal inertia of the soil to keep the air temperature practically constant and close to the
comfort temperature.
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Nomenclature
Q heat transferred [J/m3]
ke f f thermal conductivity [W/(m.K)]
C1ε constant 1 (turbulence model) [-]
C2ε constant 2 (turbulence model) [-]
Ceε constant 3 (turbulence model) [-]
Cµ turbulent viscosity constant [-]
k turbulent Kinetic Energy [J/kg]
e internal energy [J/kg]
ρ specific mass [kg/m3]
σk turbulent Prandtl number for [-]
σε turbulent Prandtl number for ε [-]
p fluid static pressure [N/m2]
ε turbulent energy dissipation [m2/s3]
φ transfer rate of mechanical energy in the fluid deformation process due to viscosity [W/m3]
λ coefficient of thermal conductivity [W/(m.K)]
T temperature [K]
t time [s]
→
v vector speed [m/s]
µ dynamic viscosity [kg/(m.s)]
µt turbulent viscosity [kg/(m.s)]
Gb turbulent kinetic energy [J]
Gk turbulent kinetic energy generation due to buoyancy generation due to mean velocity [J]
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