
Citation: Rodríguez-Vázquez, M.;

Hernández-Pérez, I.; Hernández-

López, I.; Chávez, Y.; Jiménez-Xamán,

C.M.; Baltazar-Tadeo, L.A.; Aranda-

Arizmendi, A. Refurbishment of a

Social Interest Building in Mexico

Using Earth-to-Air Heat Exchangers.

Buildings 2023, 13, 2080. https://

doi.org/10.3390/buildings13082080

Academic Editor: Rafik Belarbi

Received: 4 June 2023

Revised: 9 July 2023

Accepted: 28 July 2023

Published: 16 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Article

Refurbishment of a Social Interest Building in Mexico Using
Earth-to-Air Heat Exchangers
Martin Rodríguez-Vázquez 1, Iván Hernández-Pérez 2,* , Irving Hernández-López 3 , Yvonne Chávez 4,
Carlos M. Jiménez-Xamán 5, Luis A. Baltazar-Tadeo 6 and Alfredo Aranda-Arizmendi 7

1 Tecnológico Nacional de México (TecNM) Campus Minatitlán, Boulevard Institutos Tecnológicos No. 509
Colonia Buena Vista Norte, Minatitlán 96848, Veracruz, Mexico

2 División Académica de Ingeniería y Arquitectura, Universidad Juárez Autónoma de Tabasco (DAIA-UJAT),
Carretera Cunduacán-Jalpa de Méndez km. 1, Cunduacán 86690, Tabasco, Mexico

3 Departamento de Ingeniería Química y Metalurgia, Universidad de Sonora (UNISON), Blvd. Luis Encinas y
Rosales S/N, Col. Centro, Hermosillo 83000, Sonora, Mexico

4 Centro Nacional de Investigación y Desarrollo Tecnológico (CENIDET-TecNM), Prol. Av. Palmira S/N. Col.
Palmira, Cuernavaca 62490, Morelos, Mexico

5 Corporación Mexicana de Investigación e Materiales S.A. de C.V. (COMISA), Ciencia y Tecnología 790,
Col. Saltillo, Saltillo 25290, Coahuila, Mexico

6 Instituto Politécnico Nacional, Unidad Profesional Interdisciplinaria de Ingeniería Campus Palenque (UPIP),
Palenque 29960, Chiapas, Mexico

7 Facultad de Ciencias Químicas e Ingeniería (FCQel), Universidad Autónoma del Estado de Morelos,
Av. Universidad 1001, Cuernavaca 62210, Morelos, Mexico

* Correspondence: ivan.hernandezp@ujat.mx; Tel.: +52-777-227-4111

Abstract: The refurbishment of a social interest building using Earth-to-Air Heat Exchanger (EAHE)
was studied in representative dry climatic conditions of Mexico (dry, very dry, temperate, and sub-
temperate). A simulation method that uses both computational fluid dynamics (CFD) and building
energy simulation (BES) was used to analyze the influence of the EAHE on the indoor conditions of a
room. First, CFD simulations of the EAHE were performed using climatic data and soil properties of
the four representative cities, and then the results were loaded into the TRNSYS software to estimate
the indoor air temperature and the building room’s thermal loads. When connected to a building
room on a warm day, the EAHE reduced the indoor air temperature by a factor ranging between
1.7 and 3.2 °C, while on a cold day, the EAHE increased the indoor air temperature of the room by
between 1.0 and 1.9 °C. On the other hand, the EAHE reduced the daily cooling load of the room by a
factor between 2% and 6%. The EAHE also reduced the daily heating load by between 0.3% and 11%.
Thus, EAHE as a refurbishment technology can benefit social interest buildings in Mexico.

Keywords: Earth-to-Air Heat Exchanger; ventilation; energy refurbishment; thermal comfort

1. Introduction

Currently, daily human life is very attached to technology. For instance, we use air
conditioning systems to achieve thermal comfort. This technology allows activities to
be carried out more comfortably, especially in zones with extreme weather conditions.
However, air conditioners are large electricity consumers; thus, energy refurbishment
technologies currently seek to condition indoor spaces with the lowest possible energy
consumption. One of these refurbishment alternatives is the Earth-to-Air Heat Exchanger
(EAHE), which supplies airflow to the indoor environment of buildings [1–3]. This airflow
improves indoor air conditions without consuming a high amount of electricity because of
the use of the thermal inertia of the soil. In an EAHE, the ambient air is supplied by a fan
to one or more pipes buried in the soil at a depth where the outdoor environment has a
small influence. Because the soil temperature is different from the ambient temperature,
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the airflow in the pipes exchanges heat with the soil, which acts as a heat source or sink
depending on the season or climatic zone [4]. Thus, the air from the buried pipes is
cooled or heated and sent to the buildings to benefit their indoor thermal comfort. The
amount of heat exchanged between the air in the pipe and the soil depends on various
factors such as weather conditions, pipe length, diameter, and soil properties. Several
researchers have studied the EAHE by performing experimental tests. Those studies have
provided information about the effectiveness of EAHE in reducing or increasing airflow
temperature. The capacity of EAHE to cool or heat the air depends on its design and the
thermophysical properties of the soil. The following points can be highlighted regarding
the design of EAHE:

• An EAHE installed in soil with a high humidity level presents better thermal perfor-
mance and better air temperature drops than EAHE installed in dry soil [5,6].

• An airspeed between 1 and 5 m/s provides good airflow at the EAHE outlet; however,
this reduces the time of interaction between the ground and the air, reducing the
temperature difference between the inlet and the outlet [7].

• There are no significant changes in results concerning the material of the pipes [8].
• The temperature of the soil surrounding the pipe increases as time passes, which can

be between 6 and 12 h of continuous operation of the system, and this increase in
temperature decreases the capacity of the EAHE to reduce the temperature of the air
at the outlet [9–11].

• A diameter between 25 and 30 cm reduces pressure drops in the pipe [12].
• The drop or rise in temperature to the air caused by the EAHE can reach values

between 2 and 20 °C and the cooling or heating capacity ranges between 2000 and
8000 W. Those values vary depending on weather conditions, construction parameters,
and soil type [13–20].

The previous findings have allowed a better understanding of how an EAHE behaves;
however, studying an EAHE by performing experimental tests requires considerable time
and might be expensive. Thus, EAHE has also been studied theoretically to subject it to
different conditions and understand the influence of various parameters on its thermal
behavior. Many of these studies have certain similarities in developing their mathematical
models, such as the following: constant soil and air thermophysical properties, constant
air velocity, and laminar, transitional, or turbulent flow. These models are usually solved
using computational fluid dynamics (CFD) [21]. On the other hand, most analytical
studies consider one-dimensional models, generally whose formulations are solved using
the thermal resistance method. Another notable difference is that the analytical studies
consider steady-state conditions, while most numerical studies consider EAHE in an
unsteady state [22]. These differences make analytical studies easier to develop but limited
in representing reality, while numerical studies have higher accuracy but are relatively
complex. Other computational tools, such as TRNSYS, implement components (type 952
and 997) where, by means of finite differences, they model the heat conduction between
the pipe and the surrounding soil.

Some works have analyzed the influence of the soil temperature on the behavior of
EAHE [12,23–27]. Other studies have considered different passive systems coupled to
the EAHE [28–32]. Some studied different EAHE configurations [2,33–35] or different
weather and soil conditions in which the EAHE interacts [36]. The results of these studies
have allowed us to understand which soil conditions benefit the EAHE. For instance,
a high humidity level in the soil or soil moisture benefits the thermal potential of the
EAHE [37,38]. The typical configuration of an EAHE is a horizontal pipe. However, for its
optimal operation, long lengths are sometimes needed, so various designs can allow long
lines in a reduced space, such as the spiral configuration, serpentine, and others known
as Z because of the way the fluid travels [39–43]. In the case of climatic conditions, the
system works better for extreme weather conditions and deficient ambient humidity levels
compared to mild and humid climates [34,44,45].
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Other research works have mentioned that the EAHE can increase the ventilation
potential of buildings. Thus, some researchers have evaluated the EAHE system connected
to a room. Maytorena and Hinojosa [46] numerically analyzed the thermal behavior of
an EAHE connected to a building room in the dry zone of Sonora, Mexico. The research
was divided into four cases, where the authors determined the temperature inside the
room while thermally insulating some walls and allowing heat gain in others. They
showed that the EAHE maintained the indoor air between 27 and 29 °C regardless of where
the heat gain was activated. Other authors, such as Ahmed et al. [15], experimentally
studied the conditioning capacity of the EAHE connected to a room in a warm humid
zone in Rockhampton, Australia. The authors found that the EAHE reduced the indoor
air temperature by 2.1 °C, while the humidity level increased by 1.2%. Other works such
as Skotnicka-Siepsiak [47] have studied the energy capacity of the EAHE connected to a
room in Olsztyn, Poland. The results showed that the system reduced 45% of the energy
consumption of the room by providing 75% of the cooling energy required by the room.
Other studies were conducted to analyze different passive systems coupled to a room. For
instance, Long et al. [48] studied the benefits of connecting a solar chimney with phase
change material (PCM) with an EAHE. The results showed that the airflow of the EAHE
increases by 50% when coupling this system to a solar chimney with PCM and with 0.8 °C
lower indoor room temperature than the case without PCM.

An EAHE may have excellent cooling or heating potential, which is defined as the air
temperature difference between the outlet and the inlet. Still, when the supply airflow to
the room is insufficient, it could not benefit the indoor environment regardless of the supply
air temperature. Previous works of the authors of the current research have numerically
analyzed the performance of an EAHE for different cities in Mexico [49–51]. Although
those studies showed that the EAHE had an acceptable thermal performance for most
climatic zones, they do not reveal how the airflow from the EAHE could benefit the
indoor environment of a building. Therefore, this work aims to estimate the influence
of an EAHE on the indoor air temperatures and heating and cooling loads of a room
that belongs to a social interest building situated in regions representing the different
dry climate conditions of Mexico. For this purpose, a coupling was carried out between
computational fluid dynamics (CFD) and TRNSYS (BES). First, a CFD model was used to
perform simulations of the EAHE in four cities, and then the results were loaded into the
TRNSYS V16 software through a data reader to estimate a building room’s cooling and
heating loads.

2. Physical Model

The EAHE was modeled with a typical horizontal configuration. The system consists
of a 5 m long PVC D30 pipe buried at 2 m. The dimensions of the EAHE are due to the
space available in low-income housing, whose dimensions are between 30 and 50 m2. A
0.05 m insulation layer was considered to minimize energy losses or gains in the vertical
outlet pipe of the EAHE. It is supposed that the air that is introduced to the building room
has the same temperature and velocity as the air at the outlet of the EAHE. Thus, it is
assumed that the elbow that connects the EAHE with the room is adiabatic and does not
interrupt the airflow or cause additional head losses. Figure 1 shows the geometry of the
EAHE, while its dimensions are shown in Table 1.

The assumptions for numerical modeling are shown in Figure 2. For the soil section
(Figure 2a), we assume the following:

• Two-dimensional heat transfer.
• Constant and temperature-independent thermophysical properties of soil.
• The temperature of the soil is determined by solving the heat conduction equation af-

fected by the boundary conditions of the surface exposed to the outdoor environment.

For the pipe (Figure 2b), we assume the following:

• The pipe of the circular cross-section is modeled as a square cross-section of equiva-
lent area [52].
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• The heat conduction of the pipe wall is not considered because the thickness is
very thin.

• There is no evaporation or condensation in the pipes of the EAHE.
• Convection heat transfer is the dominant mechanism in the pipes.
• There is laminar and transitional airflow inside the pipes because it is considered that

a low-power fan will supply the air.

𝐻𝑥

𝛼

𝐻𝑥1 𝐻𝑥2 𝐻𝑥3

𝛼

𝐻𝑥4 𝐻𝑥5

𝐻𝑦1

𝐻𝑦2

𝐻𝑦3

𝐻𝑦

Air inlet

CFD

Air outlet

BES-TRNSYS

X

Y

Thermal 

insulation

Adiabatic

surface

Figure 1. Physical model of the Earth-to-Air Heat Exchanger (EAHE) connected to a room.

Table 1. Dimensions of the different sections of the EAHE.

Section Symbol Dimensions

Diameter of the pipe Hx2, Hx4, Hy2 0.15 m
Depth of burial Hy1 2.0 m
Thickness of the soil after the horizontal pipe Hy3 1.0 m
Thickness of the soil surrounding the vertical pipes Hx1, Hx5 0.5 m
Length of the horizontal pipe Hx3 5 m
Thickness of the thermal insulation α 0.05 m
Total length Hx 6.3 m
Total depth Hy 3.15 m

𝐺𝑠𝑜𝑙𝑎𝑟

𝑄𝑒𝑣𝑎𝑝𝑄𝑐𝑜𝑛𝑣

𝑸𝒄𝒐𝒏𝒅

𝑄𝑟𝑎𝑑𝑎𝑏𝑠𝑜𝑟

(a)

𝐴𝑖𝑟

𝑄𝑐𝑜𝑛𝑣

𝑄𝑐𝑜𝑛𝑣

𝑸𝒄𝒐𝒏𝒅

𝐴𝑖𝑟

(b)

Figure 2. Heat transfer processes: (a) soil and (b) interior of the pipe.
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Room

In Mexico, homes are classified according to their surface area and price, with the
residential plus being the largest and most expensive, and those with the lowest price and
size are called social interest. The latter is between 30 and 50 m2 in size [53], and consists of
two bedrooms, a living–dining room, a kitchen, and a bathroom, as shown in Figure 3.

6.15 m

5.85 m

Room A Room B

(Studied room)

Bathroom

Kitchen
Living room2.10 m

1.35 m

2.40 m

0.6 m

0.9 m

1.35 m

3.15 m 3.00 m

2.85 m1.80 m

0.9 m

0.9 m

1.2 m

3.00 m

Figure 3. Plant view of the social interest building.

The room selected for the coupling of the system is the largest bedroom of the building
from Figure 3 (room B), with dimensions of 3 × 2.85 m2. The room is highlighted in the
Figure and the orientation of the building is also shown. The room’s height was established
according to the housing building code, which specifies that it must be 2.7 m [53].

Table 2 shows the thermophysical properties of the construction materials of the
analyzed building used in the simulation together with the thicknesses of each one, whose
values were obtained from the TRNSYS materials library. These materials were used to
form the walls, roof, and floor configuration, which were defined as a composition of one or
several layers of material, from the inside to the outside; the building envelope components
are composed as follows:

• Exterior walls (exposed to outdoor environment): a layer of gypsum plaster, a layer of
mortar, brick, and a layer of mortar.

• Interior walls (exposed to indoor environment): a layer of mortar, brick, and a layer
of mortar.

• Floor: a layer of marble, lime cement mortar, and a layer of light concrete.
• Roof: a layer of gypsum plaster, a layer of mortar, hollow block, lime cement mortar,

and a waterproofing layer.

Table 2. Thermophysical properties of the materials of the building room.

Material λ (W/mK) cp (kJ/kgK) ρ (kg/m3) Thickness (cm)

Gypsum 1.26 0.95 1200 1.0
Mortar 5.04 1.2 2000 1.0 and 2.0
Brick 1.55 0.8 900 11.5

Lime cement mortar 5.04 1.04 2000 3.0
Ceramic tile 3.6 0.12 2000 1.0

Hollow block 1.26 0.837 700 3.0
Waterproofing layer 0.61 1.0 1200 0.5

Light concrete 1.69 1.17 1400 10.0
Marble 12.60 1.0 2800 1.0
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3. Mathematical Model of the EAHE

The system analyzed is formed by the soil and EAHE. The mathematical model con-
siders the heat conduction in the soil and heat transfer by convection in laminar and
transitional regime inside the pipes. The governing equations of the heat transfer phe-
nomenon are continuity, momentum, and energy, which are discretized using the finite
volume method. These equations can be solved in a transient state; however, it requires
a lot of resources and computational time. Thus, the quasi-transient state was used,
which consists of modeling steady states every ten minutes. The governing equations are
as follows:

∂(ρu)
∂x

+
∂(ρv)

∂y
= 0 (1)

∂(ρu · u)
∂x

+
∂(ρv · u)

∂y
=

∂

∂x

(
µ

∂u
∂x

)
+

∂

∂y

(
µ

∂u
∂y

)
− ∂P

∂x
+ Fx (2)

∂(ρu · v)
∂x

+
∂(ρv · v)

∂y
=

∂

∂x

(
µ

∂v
∂x

)
+

∂

∂y

(
µ

∂v
∂y

)
− ∂P

∂y
+ Fy (3)

∂(ρucpT)
∂x

+
∂(ρvcpT)

∂y
=

∂

∂x

(
λ

∂T
∂x

)
+

∂

∂y

(
λ

∂T
∂y

)
(4)

The system is subject to four boundary conditions, three adiabatic and one in which
an energy balance occurs, proposed by Mihalakakou et al. [22]; these conditions are
detailed below.

(a) Left and right boundaries (x = 0, x = Hx) are considered adiabatic:

∂T
∂x

= 0 in x = 0, for 0 ≤ y ≤ Hy (5)

∂T
∂x

= 0 in x = Hx, for 0 ≤ y ≤ Hy (6)

For the bottom boundary, the current work uses the concept of penetration depth used
by some research works available in the literature [54,55]. This concept assumes that the
daily heat wave (the daily oscillation in temperature of the outdoor air entering the EAHE)
does not penetrate the soil beyond a certain radius, and this radius is lower than 1 m in
the y downward direction. Therefore, this boundary can be considered as an adiabatic
boundary after a certain depth. The bottom boundary can be expressed as follows:

(b) Bottom boundary (y = 0):

∂T
∂y

= 0 in y = 0 for 0 ≤ x ≤ Hx (7)

(c) Upper boundary (y = Hy). To represent the heat transfer in the northern boundary
on the soil surface, the following energy balance proposed by Mihalakauko et al. [22]
was used:

−qcond = −qconv︸ ︷︷ ︸
CE

+ qrad︸︷︷︸
LR

− κG︸︷︷︸
SR

+ qevap︸︷︷︸
LE

(8)

(i) CE is the convective energy exchanged between the air and the soil surface:

qconv = hsur(Tamb − Tsur) (9)
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Tamb is the temperature of the environment according to the day, and Tsur is the
temperature of the soil surface. hsur is the convection heat transfer coefficient on the
soil surface and it is determined from the following equations [56]:

hsur = 5.678
[
0.775 + 0.35

( vwind
0.304

)]
for vwind < 4.88m/s (10)

hsur = 5.678
[

0.775 + 0.35
( vwind

0.304

)0.78
]

for vwind ≥ 4.88m/s (11)

(ii) SR is the short wavelength solar radiation absorbed from the soil surface, which
is calculated by Mihalakauko et al. [22]:

SR = κG (12)

κ is the absorptance of the soil and G is the solar radiation that reaches the surface of
the soil.

(iii) LR is the long wavelength radiation, which can be calculated as follows:

LR = εG (13)

ε is the emittance of the soil surface and ∆R is a term that depends on the relative
humidity of the earth and air at the surface. A value of 63 W/m2 has proven to be a
good approximate value for this variable, shown in Badescu [56].

(iv) LE is the latent heat flux from the soil surface due to evaporation, which can be
calculated as follows [22]:

LE = 0.0168 f hsur[(aTsur + b)− RH(aTamb+b)] (14)

RH is the relative humidity of the ambient air and f is a number that is a function of
the type of land cover. This fraction can take the following values:

f = 1 for saturated soil

f = 0.6–0.8 for humid soil

f = 0.7 for uncovered soil

f = 0.4–0.5 for dry soil

f = 0.1–0.2 for arid soil

(d) Supplied airflow (y = Hy). It is considered that the temperature of air entering the
pipes is equal to the temperature of the outdoor environment at a constant velocity,
which is governed by the Reynolds number value.

v = f (Re) in y = Hy for Hx1 ≤ x ≤ Hx1 + Hx2 (15)

(e) Outgoing air flow (y = Hy).

∂T
∂y

= 0,
∂u
∂y

= 0,
∂v
∂y

= 0 in y = Hy for

Hx1 + Hx2 + Hx3 + α ≤ x ≤ Hx1 + Hx2 + Hx3 + α + Hx4 (16)

For the numerical solution of the EAHE model, the governing equations of the system
(soil + pipe thermal insulation + air) were solved as if it all was fluid, and the thermophysical
properties were assigned according to the position in the system. In the solid region (soil
and pipe thermal insulation), a blocking-off method was used, which consists of setting
up the velocity components equal to zero. In this way, the hydrodynamic effect in the soil
and insulation is canceled, and heat transfer is then governed only by heat conduction.
In the fluid region (inside the pipes), such a blocking-off method was not used; therefore,
the velocity and temperature fields were obtained for this region. In the current research,
the soil temperature was not considered to be equal to the annual average outdoor air
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temperature, as the bottom boundary condition of the model. Instead, the soil temperature
is determined by solving the mathematical model and its boundary conditions. The
solution provides the temperature distribution of the soil, which depends on the type of
soil, the upper boundary condition, which is affected by the outdoor environment, and the
interaction with the pipes of the EAHE.

Numerical Modeling of the EAHE

The finite volume technique divides the physical domain into small control volumes.
In this work, the finite volume technique uses a Cartesian grid and does not specify a z
direction. Heat transfer in the z direction is considered negligible. A computational node
is placed where the desired variable is calculated in each volume. Interpolation schemes
were implemented to discretize the governing equations, using the central scheme for the
conductive terms and a hybrid scheme for the convective ones. The SIMPLE algorithm was
implemented for coupling the momentum and continuity equations [57,58]. A convergence
criterion of 10−10 was established for all variables to ensure good results and precision.

The optimal number of control volumes into which the domain can be divided varies
in each case study. Thus, it is necessary to carry out a mesh independence study to find
the number of volumes that allow the best precision in the results without consuming
extra computational resources. Figure 4 shows the division of the physical domain in
a computational mesh. The spaces separating the pipe volumes are more refined than
those corresponding to the soil. The meteorological conditions for the mesh independence
study were those of Juárez City because it is the place with the most extreme climate. The
temperature was 46.6 °C with solar radiation of 786 W/m2, and the relative humidity was
5% with a wind speed of 1.5 m/s.

N𝑦

𝑁𝑥

𝑁𝑦3

𝑁𝑦2

𝑁𝑦1

𝑁𝑥1𝑁𝑥2
𝑁𝑥3 𝑁𝑥4 𝑁𝑥5

Figure 4. Computational domain of the EAHE.

The mesh independence study consisted of varying the number of nodes representing
the pipe length (Nx3) from 71 to 111 nodes, while the rest of the sections remained constant.
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The results showed that after 101 nodes, there are no significant changes in the velocity
and temperature of the air in the outlet. Once the number of nodes was established for the
length of the pipe, the number of nodes varied in the sections of Nx2, Nx4, and Ny2 from
50 to 90 nodes. From 71 nodes, it was observed that the outlet air temperature and speed
no longer varied significantly. The number of nodes in the physical domain is 286 in the
x-direction and 215 in the y-direction; the distribution is presented in Table 3.

Table 3. Number of nodes used for each section of EAHE.

Section Symbol (s) Number of Nodes

Diameter of the pipe Ny2, Nx2, Nx4 71
Depth from the Surface to the pipe Ny3 101

Thickness of the soil after the horizontal pipe Ny1 41
Thickness of the soil next to the vertical pipes Nx1, Nx5 21

Length of the pipe Nx3 101

The computational code was verified by solving the exercise available in House et al. [59].
The exercise determines the velocities and temperatures of the air laminar flow regime
in steady state by natural convection in a cavity with an embedded solid in the center.
The cavity has a vertical hot wall (TH = 25 °C) and a vertical cold wall (TC = 15 °C). The
dimension of cavity H is determined based on the Rayleigh number for conductivity
ratios of 0.2 and 0.5 in which the Nusselt number was compared. The verification results
showed that the absolute percentage difference between the results of this study and results
obtained by House et al. [59] is 0.6% and 0.7% for the conductivity ratios mentioned above.
Thus, the developed computational code provides reliable results. Other verification tests
performed for the computational code used here can be found in previous publications of
the authors of the current work [50,60].

4. BES-CFD Coupling

The BES-CFD coupling is a technique that allows us to take advantage of both parties
in heat transfer analysis. The BES-CFD coupling can be of a dynamic type when both
programs work together, exchanging information at each moment, or static when the
programs work using the information received from the other, but they work independently.
These benefits include reduced time and computational resources of convergence in CFD,
more exact heat transfer coefficients used in BES, and better estimation of building energy
requirements compared to standalone BES simulations [61]. In this study, a static coupling
was implemented where the TRNSYS building modeling software implements the data
obtained from the CFD numerical modeling through the following procedure:

• From the numerical modeling of EAHE, a .txt file is obtained, which contains the air
temperature at the outlet of the EAHE, the air changes per hour, and the air humidity
of each modeled case.

• The VENTILATION component is activated in the TRNbuild interface, and the vari-
ables are named.

• The .txt file is read through a data reader in the simulation studio, which supplies the
TYPE 56 component with the variables required by the VENTILATION component.

The BES-CFD coupling is carried out using a data reader and TYPE 56, as shown
in Figure 5.

The room simulation in TRNSYS was carried out under free-floating conditions to
analyze the influence of the EAHE on thermal comfort. The thermal loads for each chosen
city’s warmest and coldest days were also calculated to explore the effect of the EAHE on
the thermal loads.
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Type 56.

TRNBUILD

(Building)

Ventilation

CFD

(EAHE 

modelling)

-Air temperature at the oulet

-Airflow speed

EAHE.DAT Type 9a.

-ACR

-Air temperature at the outlet

-Relative humidity

-Thermal zones

-ACR

-Tair EAHE

-Humidity

Simulation Studio

-ACR

-Air temperature at the outlet

-Relative humidity

Figure 5. Diagram of the static coupling.

5. Climatic Conditions and Soil Properties

For the numerical modeling or CFD simulations, the ambient temperature, wind speed,
and relative humidity of warmest and coldest days of four representative cities with dry
climate present in Mexico were used as input data in 10 min intervals. These cities were
selected based on their prevailing climate. The climatic data were provided by the National
Meteorologic Service—National Commission of Water (SMN-CONAGUA). However, it
is not possible to show all of the input data used in simulations, so here are presented
only the average, maximum, and minimum values of the climatic data used in simulations
(Table 4). These data were obtained from the warmest and coldest days of the year 2020.
The same climatic data used for the CFD simulations were used to perform the simulations
of the social interest building using TRNSYS.

Table 4. Summary of the climatic conditions of the four analyzed cities.

City (Type of Soil) Day Tair,ave Tair,max Tair,min RHave Gmax vwind,ave
[Type of Climate] (°C) (°C) (°C) (%) (W/m2) (m/s)

Monterrey (limestone)

08-February 11.0 19.8 5.3 78.0 766.0 1.9
(coldest)
27-April 32.8 41.9 23.3 29.2 977.0 3.4

[dry] (warmest)

Juárez City (sand)

4-February 3.5 11.1 −3.0 29.1 759.0 1.5
(coldest)
14-July 36.2 46.6 27.7 14.1 1047.0 2.7

[very dry] (warmest)

Zacualtipán (limestone)

23-January 8.9 16.3 2.7 70.8 914.0 3.4
(coldest)
01-April 24.5 33.5 17.8 40.2 1087.0 5.8

[sub temperate] (warmest)

Mexico City (silt)

18-January 11.4 19.3 4.7 41.5 794.0 1.0
(coldest)
14-April 22.1 30.6 16.4 30.6 1000.0 1.4

[temperate] (warmest)

To perform the CFD simulations it is also necessary to have the properties of the soil in
each of the representative cities in Mexico. Thus, according to previous research [62,63], the
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types of soil in each city are Mexico City (silt), Juarez City (sand), Zacualtipan (limestone
rock), and Monterrey (limestone rock). Table 5 presents the thermophysical properties of
the different types of soil considered in the current work.

Table 5. Thermophysical properties of different types of soil [51].

Material λ (W/m·K) cp (kJ/kgK) ρ (kg/m3)

Silt 0.19 1.165 1297
Sand 0.30 1.502 1725

Limestone 1.30 0.840 2711

6. Results

This section is divided into two parts. The first part presents the running schedule of
the EAHE, which is determined by comparing the temperature of the air at the outlet of
the EAHE and the temperature of the indoor air in the room. The second part presents the
influence of connecting an EAHE on the indoor air temperatures and cooling and heating
loads of the building room.

6.1. Determination of the EAHE Running Schedule

The numerical modeling of the heat exchanger was carried out for different air ve-
locities, according to the Reynolds number in laminar and transitional flow. This section
compares the temperature of the indoor air in the room, determined with TRNSYS, and
the temperature of air supplied by the EAHE in each city, which was obtained with CFD
simulation. This comparison allowed us to discriminate which schedule the EAHE works
well with and which it does not. Therefore, if the EAHE does not comply with its duty
of cooling or heating as needed, it is supposed that the air from EAHE does not enter
the room.

Figure 6a shows a graphical comparison between the indoor air temperature of the
room without EAHE and the air temperature at the outlet of the EAHE on the warmest day
in Monterrey. Different air velocities for the air into the pipes are presented in the figure
as a function of the Reynolds number (Re). On this day, the indoor air temperature of the
building room ranges between 29.5 and 45 °C. The air from the EAHE is colder than the
indoor air of the room the whole day for any value of Re. During the first seven hours,
between 00:00 h and 07:00 h, the air from the EAHE was up to 15 °C colder than the indoor
air. This temperature difference tends to decrease as solar radiation increases; however, it
remains below room temperature, with a difference of 7 °C between 7:00 and 13:00 h for
small Reynolds values. When the radiation decreases, around 16:00 h, the air temperature
from the outlet of the EAHE decreases.

On the coldest day in Monterrey, the air temperature supplied by the EAHE and the
indoor air temperature in the room are shown in Figure 6b. The indoor air temperature
of the building room ranges between 6 and 18.6 °C. Thus, the room in this city requires
heating to reach thermal comfort, especially the period before 14:00 h. Figure 6b shows that
the airflow provided by the EAHE is warmer than the air in the room during most of the
day at high Re. As solar radiation increases, this heating effect tends to be greater from
08:00 h, with a temperature difference of about 11 °C. However, as solar radiation decreases,
the EAHE loses the heating effect. The supplied air temperature becomes lower than that of
the room from 16:00 h, with a temperature difference of about 11 °C. This behavior makes it
unfeasible to keep the system running when the room reaches a temperature close to 15 °C;
thus, the EAHE could only provide 17 h of heating.
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Figure 6. Comparison between the temperature of the air supplied by the EAHE and the indoor air
of the room in Monterrey: (a) warmest day and (b) coldest day.

Figure 7a shows the comparison between the temperature of the air supplied by the
EAHE and the indoor air temperature of the room in Juárez City. Throughout the warmest
day, the air temperature supplied by the EAHE is lower than that reached by the room
for all Re numbers. But, as Re is smaller, the temperature of the air supplied by the EAHE
becomes colder than the indoor air. During the first hours, this temperature difference
is close to 15 °C when Re = 100, which decreases as solar radiation increases after 9:00 h.
However, this temperature difference reaches between 7 and 10 °C between 12:00 and
16:00 h. As solar radiation decreases, the supplied air recovers its cooling capacity for the
rest of the day, reaching about 27 °C below the indoor room temperature, which provides
up to 24 h of cooling effect.

On the coldest day in Juarez City, the EAHE supplies air at a temperature higher than
the temperature of the room for most of the day for high Reynolds numbers (Figure 7b).
During the first hours, a cooling effect is obtained by the system towards the room of up to
10 °C; however, as solar radiation increases, the heating effect of the system increases for
all Re values, reaching a temperature difference of 15 °C between 9:00 h and 14:00 h. This
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temperature difference tends to decrease as the radiation decreases after 14:00 h, until a
cooling effect is obtained again after 18:00 h, so a heating effect of between 9 and 18 h is
obtained depending on the speed at which the air is driven by the EAHE.
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Figure 7. Comparison between the temperature of the air supplied by the EAHE and the indoor air
of the room in Juarez City: (a) warmest day and (b) coldest day.

Figure 8a presents the temperature of the air in the room and the air supplied by the
EAHE in Zacualtipan. During the first hours of the day, a significant difference between
both temperatures occurs (15 °C). But, during the hours with solar radiation, this difference
decreases between 8:00 and 13:00 h, reaching a value between 3 and 5 °C, increasing again
after 13:00 h. As solar radiation decreases, the effect of the air provided by the EAHE
is cooling for the rest of the day, reaching a temperature difference of 20 °C. Thus, the
supplied air temperature is colder than the air in the room the whole day.

Figure 8b shows that the air supplied by the EAHE during the first 8 h has a temper-
ature lower than that of the room on the coldest day in Zacualtipán. As solar radiation
increases, a heating effect begins after 8:00 h, reaching a temperature up to 11 °C greater
than the indoor air between 8:00 and 13:00 h. Subsequently, once the radiation starts
to decrease, a cooling effect occurs again from 16:00 h, with a temperature difference of
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between 6 and 10 °C, which can be harmful considering that the air in the room reaches
values between 10 and 15 °C. The maximum temperature increase is 10.5 °C at 12:50 h, with
a heating effect between 8:00 and 16:00 h.
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Figure 8. Comparison between the temperature of the air supplied by the EAHE and the indoor air
of the room in Zacualtipán: (a) warmest day and (b) coldest day.

The temperature of the air supplied by the EAHE and the indoor air temperature on
the warmest day in Mexico City are presented in Figure 9a. The temperature of the air
provided by the EAHE during the first hours of the day is between 7 and 12 °C lower than
the room air temperature. However, in the hours of maximum solar radiation, between
8:00 and 15:00 h, the cooling effect decreases until the supplied air temperature is higher,
between 5 and 10 °C, than the indoor air. As the day progresses and the radiation decreases,
the cooling effect of the air supplied by the EAHE is recovered; the air supplied by the
EAHE had a temperature between 10 and 16 °C lower than the indoor air.

On the coldest day, Figure 9b shows that when solar radiation is available, the tem-
perature of the air supplied by the EAHE is warmer, between 12 and 18 °C (from 7:00 to
17:00 h), than the indoor air. On the other hand, for hours without solar radiation, the
temperature of the supplied air is lower, between 2 and 5 °C, than that reached by the
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indoor air, which causes a cooling effect. The EAHE provided a heating operation time
of 10 h.
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Figure 9. Comparison between the temperature of the air supplied by the EAHE and the indoor air
of the room in Mexico City: (a) warmest day and (b) coldest day.

Table 6 summarizes the running schedules of the EAHE in the four cities analyzed in
this work for the different values of Re. The table presents the hours in which the EAHE
works well on the warmest day and the hours in which the EAHE works well on the coldest
day. These data are presented in the column labeled working time (W.T.). The table also
presents the schedules in which the EAHE complies with its cooling and heating duty for
the warmest and coldest days, respectively.
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Table 6. Running schedules of the EAHE in the different cities (W.T. = working time).

City Day

Running Schedules

Re = 100 Re = 400 Re = 1500 Re = 4000

W.T. (h) Schedule W.T. (h) Schedule W.T. (h) Schedule W.T. (h) Schedule

Monterrey

Warmest 24 00:00–24:00 24 00:00–24:00 24 00:00–24:00 24 00:00–24:00

Coldest 9 08:00–17:00 17 00:00–17:00 17 00:00–17:00 17 00:00–17:00

Juárez City

Warmest 24 00:00–24:00 24 00:00–24:00 24 00:00–24:00 24 00:00–24:00

Coldest 24 00:00–24:00 24 00:00–24:00 24 00:00–24:00 24 00:00–24:00

Zacualtipán

Warmest 24 00:00–24:00 24 00:00–24:00 24 0:00–24:00 24 00:00–24:00

Coldest 8 08:00–16:00 8 08:00–16:00 8 08:00–16:00 8 08:00–16:00

México City
Warmest 18 00:00–09:00 18 00:00–09:00 18 00:00–09:00 18 00:00–09:00

14:00–24:00 14:00–24:00 14:00–24:00 14:00–24:00

Coldest 9 08:00–17:00 9 08:00–17:00 11 06:00–17:00 10 08:00–18:00

6.2. Results of the Simulations of the EAHE Connected to the Building Room

This section presents the analysis of the EAHE connected to a room. The effect of
EAHE on the indoor air temperature of the room and its cooling and heating thermal loads
is presented here. Such results were obtained by coupling each city’s CFD model of the
EAHE and the BES room model.

As mentioned in previous sections, three input data are needed to feed the VENTI-
LATION component in TRNSYS: rate of air changes, the temperature of the air from the
EAHE that is injected into the house, and relative humidity. The air change ratio (ACR)
was calculated according to [64]:

ACR =
V̇

Vroom
=

vave A
Vroom

(17)

The volumetric flow rate is the product of the average velocity of the fluid at the outlet
of the EAHE (vave) and the area of the pipe (A). This volumetric flow is divided by the total
volume of the room, in this case, a space of 20.52 m3. Table 7 reports the ACR values for
each Reynolds number with different numbers of pipes implemented for a room. It is worth
mentioning that pipe layout is such that no thermal interference between pipes occurs. The
value obtained with one pipe was multiplied by the number of lines to obtain the ACR
for more pipes. As expected, the ACR increases as the number of pipes and the Reynolds
number increase. The peak ACH = 3.1 1/h is achieved for 20 pipes and Re = 4000.

Table 7. Air change ratio (1/h) as a function of air velocity for different numbers of pipes.

v (m/s) Re 5 Pipes 10 Pipes 15 Pipes 20 Pipes

0.01 100 0.004 0.008 0.012 0.016
0.08 750 0.028 0.057 0.085 0.014
0.16 1500 0.057 0.113 0.170 0.226
0.43 4000 0.775 1.550 2.325 3.100
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The effect of EAHE with 5, 10, 15, and 20 pipes on the thermal loads of the room was
simulated. The maximum number of pipes was selected according to the area of the room
(8.55 m2). As the number of pipes increases, the airflow into the room increases. This is
done to increase the ACR and improve the indoor conditions of the room. The airflow from
the EAHE is supplied to Room B, as shown in Figure 3. The results from simulations of
the EAHE connected to the room are presented below. It is worth mentioning that on a
warm day, the EAHE only provides air to the room when the supplied air temperature is
lower than that of indoor air, while for the coldest day, the EAHE only provides air to the
room during the hours when the supplied air is warmer than the indoor air. It is supposed
that the outlet of the EAHE is closed when this system does not comply with its duty of
cooling or heating when required; in this way, it is avoided by introducing warm air on the
warmest day and cold air on the coldest day. Due to restrictions of the numerical code, it is
suitable for laminar and transitional flow only, but if it is required to use high air velocities
or turbulent regime to achieve a high air change ratio (ACR), it could not provide reliable
results. Thus, it was decided to increase the number of pipes to determine the amount of
ACR necessary to generate a significant air change ratio within the room. Implementing
20 pipes in an area of 8.55 m2 to obtain an air change value that generates a significant
effect within the room could be somewhat difficult to carry out; however, within a real
system, it is possible to obtain the same maximum value of ACR reported in the study,
modifying specific EAHE parameters such as air velocity and pipe diameter to increase
volumetric flow, which results in fewer pipes for the same ACR value. On the other hand,
according to the research developed by Minaei and Rabani [65], it is considered that a
separation distance greater than 15 cm does not significantly affect the temperature at the
outlet of the EAHE, so if someone wants to implement 20 pipes in the room, 10 pipes can
be grouped on the south wall and 10 pipes on the east wall with a separation distance of
15 cm, covering a length of 2.4 m on each side. Another factor that is worth mentioning
is the soil thermal saturation. When the EAHE is working, the temperature of the soil
surrounding the pipes could increase as time goes on, then after a period between 6 and
12 h of continuous operation, the soil becomes thermally saturated and it could affect the
performance of the EAHE [9]. The soil thermal saturation was not addressed in this work,
but it should be considered when intermittent EAHE use is recommended.

Table 8 presents the maximum and minimum indoor air temperatures of the building
room without EAHE obtained with TRNSYS and both temperatures when the EAHE is
connected to the building room obtained with a CFD-BES coupling. The table presents
results for airflow with Re = 4000, and it is supposed that twenty pipes are connected to the
building room for all cities. Further, the temperature difference (∆T) between the indoor air
temperature of the room without EAHE and with EAHE is also presented. A high Reynolds
value was chosen because a high velocity of the airflow supplied by the EAHE favors its
mixing with the room’s indoor air.

On the warmest day, the values of ∆T for the different cities range between 1.7
and 3.2 °C. The indoor air temperature reduction provided by the EAHE appears to
be small, but it is worth mentioning that the room is closed and does not have other
infiltration. Although infiltration is a relevant parameter, especially for having a healthy
indoor environment, here, infiltration, other than the air introduced by the EAHE into the
room, was not considered, because this research aims to focus on the influence of the EAHE
on the indoor air temperature of the room. Thus, the indoor air temperature of the room
without EAHE and the corresponding temperature of a room with EAHE were compared.
Thus, leaving out other parameters could give a better understanding of the behavior of
the air in the room with the two conditions mentioned above. In Monterrey, the EAHE was
able to reduce the indoor air temperature by 3.2 °C, which is the maximum temperature
reduction of all cities. The second more significant temperature reduction occurred in
Juárez City with a value of 2.8 °C. Then, Zacaltipán had a temperature reduction of 2.6 °C.
Finally, in Mexico City, the EAHE reduced the indoor air temperature by up to 1.7 °C. Thus,
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on warm days, buildings situated in cities in Mexico benefit from installing EAHE because
the indoor air temperature is decreased.

On the other hand, Table 8 also shows the values of ∆T for the coldest day of the
different cities. The values of ∆T ranged between 1.2 and 3.5 °C. In Juárez City, where
indoor air reached the lowest value, the EAHE increased indoor air temperature by 3.5 °C.
The second more significant temperature increase occurred in Mexico City with a value of
2.3 °C. Finally, the indoor air temperature increase provided by the EAHE in Zacaltipán
(1.2 °C) was very similar to that in Monterrey (1.3 °C).

Table 8. Maximum indoor air temperature difference of the room without and with EAHE considering
20 pipes and Re = 4000.

City
Tindoor (°C) Warmest Day

∆T (°C)
TIndoor (°C) Coldest Day

∆T (°C)Without
EAHE

With
EAHE

Without
EAHE

With
EAHE

Monterrey 41.7 38.5 3.2 11.3 12.6 1.3
Juárez City 44.3 41.5 2.8 1.7 5.2 3.5
Zacualtipán 34.0 31.4 2.6 8.0 9.2 1.2

Mexico
City 30.6 28.9 1.7 8.6 10.9 2.3

The EAHE connected to a building room can influence the thermal load required to
condition the room space. Because the most significant effect on temperature is obtained
with the airflow supplied by 20 pipes for the different Reynolds numbers, the cooling and
heating loads of the room with EAHE with 20 pipes are presented here.

Table 9 shows the cooling load of the warmest day for each city under study. The val-
ues of the cooling load indicate that the thermal load decreases when airflow increases with
velocity. The most significant cooling load reduction occurred in Zacualtipán, 2.39 kWh,
which is equal to a 6% reduction. The second more significant cooling load reduction was
obtained for the room in Monterrey and Juárez City, where the cooling load reductions
were similar, with values of 1.64 kWh and 1.61 kWh, respectively. Both values also repre-
sent a 2% cooling load reduction. Finally, a minor decrease occurred in Mexico City, with
0.86 kWh (3%). The cooling load reductions are relatively small, but it should be remem-
bered that these values belong to just one day. Depending on the number of days of the year
that need cooling in each type of climate, the EAHE could reduce significantly the annual
cooling load. Although the previous reductions are small, the year-round savings could be
important depending on the type of climate in which the EAHE is installed. Future research
should consider the year-round performance of EAHE connected to the building room.

Table 9. Cooling loads (kWh) for the warmest day.

City Without EAHE
Re = 100 Re = 750 Re = 1500 Re = 4000

20 Pipes 20 Pipes 20 Pipes 20 Pipes

Monterrey 74.39 74.24 73.74 73.37 72.75
Juárez City 69.82 69.68 69.21 68.73 68.21
Zacualtipán 38.60 38.55 38.27 38.01 36.21
Mexico City 26.34 26.27 26.08 26.00 25.48

Table 10 presents the heating loads of the building room on the coldest day of the year
2020. The table demonstrates an EAHE with 20 pipes, and Re = 4000 provides the most
significant room heating load reduction. When the EAHE is installed in the building room
in Mexico City, it provided the most significant heating load reduction; it was reduced
by 3.51 kWh (11%). In Zacualtipán, the EAHE reduced the heating load by 2.11 kWh,
equivalent to 5%. In Juárez City, the heating load was reduced by 0.49 kWh (2%). In
Monterrey, the EAHE reduced the heating load by just 0.16 kWh (0.3%). As in the cooling
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loads, the heating load reductions might be small, but these values belong to just one day.
Depending on the number of days of the year that need heating, the EAHE could reduce
significantly the annual heating load.

Table 10. Heating loads (kWh) for the coldest day.

City Without EAHE
Re = 100 Re = 750 Re = 1500 Re = 4000

20 Pipes 20 Pipes 20 Pipes 20 Pipes

Monterrey 48.24 48.24 48.17 48.16 48.08
Juárez City 29.04 29.02 28.96 28.87 28.53
Zacualtipan 39.49 39.49 39.43 39.37 37.38
Mexico City 31.23 31.20 31.07 30.99 27.72

7. Conclusions

A simulation method that couples BES and CFD was used to simulate the thermal
behavior of an EAHE connected to a building room in four cities with different climates in
Mexico. Simulations were performed for the warmest and the coldest days of 2020, and the
following is concluded:

• The comparison of the indoor air temperature and the temperature of the air at the
outlet of the EAHE allowed us to understand the hours in which the EAHE works
well and in which it does not work for each of the four cities. On the warmest day,
the EAHE could supply air with a lower temperature than indoor air of the room for
24 h in Monterrey, Juárez City, and Zacualtipán. The EAHE worked well for 18 h in
Mexico City.

• On the coldest day, Juárez City, Monterrey, Mexico City, and Zacualtipán require
heating, and the EAHE could supply air with a higher temperature than indoor air for
24 h, 17 h, 10 h, and 8 h, respectively.

• It was found that the indoor air temperature conditions improved due to installing
the EAHE with 20 pipes. On the warmest day, the EAHE decreased the indoor air
temperature by a factor between 1.7 and 3.2 °C. On the coldest day, the EAHE increased
the indoor air temperature between 1.5 and 3.5 °C.

• The effect of connecting an EAHE on the daily heating and cooling loads of the
building room was also analyzed. On the warmest day, the EAHE reduced the cooling
load of the room between 2% and 6%. On the coldest day, the EAHE reduced the
heating load by a factor between 0.3% and 11%. Although the previous reductions are
small, the year-round savings could be important depending on the type of climate in
which the EAHE is installed.

Future research should consider the year-round performance of EAHE connected to
the building room in the different types of climates in Mexico. Further, the payback period
of the EAHE should be found in order to determine in which locations it is feasible to install
EAHE for improving indoor environment conditions. Finally, the soil thermal saturation
was not addressed in this work, but it should be considered when intermittent EAHE use
is recommended.
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Abbreviations
BES building energy simulation
CFD computational fluid dynamics
EAHE Earth-to-Air Heat Exchanger
Nomenclature
A area, m2

ACR air change ratio, 1/h
CE convective energy between air and soil, W/m2·K
cp specific heat, kJ/(kg·K)
Fx, Fy Body forces (N/m3)
G solar radiation, W/m2

h convective heat transfer coefficient, W/(m2· K)
Nx number of nodes in direction x
Ny number of nodes in direction y
HR relative humidity, %
LE latent heat flux due to evaporation, W/(m2· K)
LR long wavelength radiation, W/m2

P pressure, Pa
Re Reynolds number
SR short wavelength radiation, W/m2

t time, s
T temperature, °C
u, v components of velocity, m/s
V volume, m3

V̇ volumetric flow rate, m3/s
x, y coordinates, m
Greek
α thickness of thermal insulation
κ solar absorptance
λ thermal conductivity, W/(m·K)
ε thermal emittance
µ dynamic viscosity (N·s/m2)
ρ density, kg/m3

Subscripts
amb ambient
ave average
cond conduction
conv convection
evap evaporation
sur surface
wind wind
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