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Summary

Significant advancements in developing earth-air heat exchanger models have

been detected in the past several decades. It is worth mentioning that this type

of device takes advantage of the Earth's constant temperature to cool or heat

spaces in buildings so that the identification of its most appropriate geometric

configurations to reduce energy consumption is still an actual challenge. In

this context, the present paper is focused on the geometric evaluation of sev-

eral earth-air heat exchangers arrangements according to the Constructal

Design method. The performance indicators are the minimization of its soil

volume occupation, the minimization of its airflow pressure drop, and the

maximization of its thermal potential. Therefore, from a straight duct named

Reference Installation, 26 complex geometries have been outlined here using

the numerical-analytical investigation. Many ideas emerged from this study:

the use of serpentine with low spacing between ducts reduced nearly 39% of

the soil volume occupied by the device compared to Reference Installation,

showing its applicability in urban regions. In addition, configurations with few

curves benefited the decrease of air pressure drop, allowing a performance 30%

superior to the most complex shapes. Instead, complex designs can be rec-

ommended for thermal potential increase, although the influence of the differ-

ent configurations over this indicator was not substantial since the maximum

improvement achieved between the best and worst shapes proved to be around

6%. Finally, when the three performance indicators are concomitantly consid-

ered, several complex geometries reached an overall performance superior to

the Reference Installation.
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1 | INTRODUCTION

Modern engineering projects have to contemplate the
scarcity of natural resources, seeking to improve
the energy conversion and also its management with ref-
erence to the economic assessment. In this sense, the
rational use of renewable sources to diversify the energy
matrix in the world is an important issue.

For climatization in buildings, air conditioning units
are often used to provide thermal comfort, but they gen-
erally require high power demand. Therefore, several
efforts have been carried out to reduce electric energy
consumption and improve the thermal quality of the air
for human convenience inside buildings. In this context,
the Earth-Air Heat Exchanger (EAHE) can be used as an
alternative to traditional air conditioning equipment for
climatization in order to reduce energy consumptions.

The EAHE is composed of one or more ducts buried in
the ground, through which airflows usually by the action
of fans. It takes advantage of the solar thermal energy
stored in the surface layer of the soil. In other words, the
EAHE main operating principle1,2 is based on the heat
transfer from soil to the air in cold periods and heat
exchange from the air to the soil in hot periods during the
year. In this context, many studies have been carried out
to investigate the thermal behavior of soil in different
periods of the day and year3-7 and the thermal behavior of
the device for different conditions of the soil, climate, and
applications.8-10 Concerning the performance of EAHE,
several experimental and numerical works have been
devoted to evaluate the thermal potential (TP), a signifi-
cant performance indicator for EAHE design.1,2,11-15 More-
over, it has been verified that the TP is highly influenced
by parameters of the fluid flow in the ducts, thermo-
physical properties of the soil, local climate, and so on.

In addition to the thermal potential, the volume of
soil occupied by the device (Vs) and the pressure drop
of airflow (h) proved to be pivotal aspects to investigate
the design of EAHE. More specifically, the latter is
important to scale out the driven system with the lowest
energy consumption possible. Consequently, ducts
arrangement has a strong influence over the work rate
performed by the driven system.16 In turn, the soil vol-
ume occupied by the EAHE installation is important
mainly in urban regions, where the soil dimensions are
limited by residential, commercial, or even industrial
buildings. In Reference 17, for example, the pressure drop
was evaluated indirectly by means of the Coefficient of
Performance (COP) and concerning the volume of soil
investigation, a new EAHE configuration in spiral form
was proposed.

Moreover, several studies have been focused on the
thermal performance of EAHE under different climates.

Fazlikhani et al18 analyzed numerically the efficiency of
EAHE for different climatic conditions that occur in Iran
(hot-arid and cold climates of cities of Yazd and Hama-
dan, respectively), investigating the influence of inlet air
temperatures, pipe lengths, and ground temperatures on
the cooling and heating performance of EAHE. Again,
with reference to Iran, Shojaee and Malek19 evaluated
the effectiveness of a four-duct EAHE by means a compu-
tational model developed in Fluent ambient, considering
the climate of four localities: Tehram, Rasht, Ahvaz, and
Hamadan. Recently, Rosa et al20 investigated computa-
tionally the EAHE thermal behavior in the hot Mediter-
ranean climate: a complex geometric configuration with
seven interconnected parallel ducts was studied, with ref-
erence to the spacing between ducts, ducts diameter, and
flowing air velocity. Into experimental framework,
Elminshawy et al21 investigated in laboratory scale the
effect of three different compaction levels for the soil
with distinct values of relative density, void ratio, and
porosity over the thermal performance of EAHE. Uddin
et al22 examined the thermal comfort performance of
indoor air contemplating the life cycle energy and Green-
house Gas (GHG) emissions. Bisoniya et al23 presented a
numerical evaluation of the annual heating and cooling
potential of EAHE in India analyzing the economic
assessment in terms of the energy payback time, CO2

emission mitigation potential, and carbon credit earned.
More recently, Victoria et al24 proposed a methodology
for numerical simulations of EAHE which ally Standard
Penetration Test (SPT) reports to determine soil stratifica-
tion with the air and soil surface temperatures variations
from ERA-Interim data. This methodology can be
adopted to analyze the EAHE performance anywhere in
the World, as in Reference 25 it was utilized for the ther-
mal behavior of a device installed in the coastal city of
Rio Grande, southern Brazil, which has a humid temper-
ate climate.

Several works have also been focused on EAHE
design methodologies. Paludetto and Lorente26 intro-
duced a novel approach for the design of an underground
heat exchanger connecting a datacenter (the heat source)
to office buildings (the heat sinks). Moreover, Rodrigues
et al1 and Brum et al27 investigated, in accordance with
Constructal Design, several configurations for the arrange-
ment of parallel straight pipes (pair, triangular, rectangular,
and diamond). Constructal Design method28-32 is based on
balancing constraints and degrees of freedom for evaluation
of any animate or inanimate finite size flow systems.
Constructal theory proved to be fully versatile and interdis-
ciplinary, as it was used to demonstrate that even natural
systems follow a physical principle of generation, configura-
tion, and design evolution. It is worth mentioning that
Constructal Design method has been applied, with
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reference to its original focus, for evaluation of shape and
structure in many engineering problems as heat transfer,
renewable energy, and even solid mechanics.1,27,33-35

Recently, Estrada et al34 focused on the impact of
latent heat exchange over the EAHE system overall
performance in continental and tropical climates. The
geometrical optimization was performed by means of
Constructal Design. However, none of the above-
mentioned works are concerned with the geometrical
evaluation of complex EAHE devices considering a
multi-objective approach.

In the context of growing literature regarding EAHE
design optimization,36-41 the present paper is aimed to fill
this gap by contemplating simultaneously, in coherence
with Constructal Design, the following performance indica-
tors: (a) minimization of the required soil volume for the
EAHE system, (b) minimization of the EAHE pressure drop
and (c) maximization of the EAHE thermal potential. The
main goal is the investigation of several complex configura-
tions of EAHE, with changes being performed according to
Constructal Design from a reference installation case, ana-
lyzing the problem in a multiobjective viewpoint and seek-
ing to minimize the occupation volume of soil, which is
important for the design of EAHE in urban areas, but with-
out causing a significant increase in pressure drop and a sig-
nificant decrease in thermal potential. To the best of the
author's knowledge, this kind of investigation with an appli-
cation of Constructal Design for complex configurations
and investigating various performance parameters were not
previously studied in the literature. More specifically, 26 dif-
ferent EAHE installations with complex geometries are
compared based on these three parameters. The main
restriction here imposed is the duct length which remains
unchanged in all configurations, that is, the overall volume
of airflow is constant. The reason is that the length scale
comes from a reference case where a rectilinear duct is bur-
ied in a fixed portion of the soil. The depth of the soil, the
depth of EAHE installation and the duct diameter are also
fixed, being constraints according to the problem statement
of Constructal design here developed. Finally, it is worth
mentioning that the numerical modeling here used has
been previously validated by means of comparison with the
experimental results presented in Reference 11.

2 | PROBLEM STATEMENT

2.1 | EAHE reference installation (RI)

In the present work, the soil volume necessary for the
EAHE installation is taken from the soil volume used in
a reference installation, which consists on a straight duct
buried in the soil.

Figure 1A shows a schematic view of the computa-
tional domain with the boundary conditions of RI and
Figure 1B depicts a view of the x-y cross-sectional plan
(see gray surface in Figure 1A) with dimensions. The
driven flow is caused by the imposition of constant veloc-
ity profile of air with vin = 3.3 m/s in the inlet of the duct
domain. Moreover, a manometric pressure is imposed at
the exit (pout = 0 Pa) and in the ducts walls it is imposed
a non-slip and impermeability boundary conditions. Con-
cerning the thermal boundary conditions, the lateral, and
lower surfaces of the soil are thermally insulated, in
coherence with References 1, 11, 12.

Still regarding Figure 1A, in the duct inlet and upper
soil surface, different prescribed temperatures are imposed
as a function of time for the air, Tin(t), and for the soil sur-
face, Tsur(t), being respectively given by (in�C):

Tin tð Þ¼ 23:18þ6:92 � sin 1:72�10�2 � tþ26:42
� �

, ð1Þ

Tsur tð Þ¼ 18:70þ6:28 � sin 1:72�10�2 � tþ26:24
� �

, ð2Þ

where t is the TP tð Þ¼ 23:18þ6:92sin 0:0172tþ26:42ð Þ
time (s).

For achievement of Equations (1) and (2), experimen-
tal data illustrated in Reference 11 were statistically
adjusted using the least squares method.1,11 The imposed
boundary conditions are in coherence with the condi-
tions monitored by Vaz et al11 in the southern city of
Viam~ao (Brazil), where the climate is temperate with
winter and summer well defined. Posteriorly, in the work
of Brum et al12 a computational model was developed
and several recommendations about the transient soil
temperature and EAHE behavior for different installation
depths were presented. Therefore, based on these two
previous works, the boundary conditions used in the pre-
sent work were consequently defined.

In the computational approach, the wall thickness of
the duct has been neglected. In the model, it was sup-
posed that airflows through cylindrical perforations
inserted directly into the soil volume. Two main reasons
justify the use of this simplification:

• the first one is related with the required high degree of
mesh refinement when the thickness is considered,
since the thickness dimension is high orders lower
than the soil domain;

• the second one is concerned with the conductive ther-
mal resistance of the duct which is strongly lower than
thermal resistance in the air duct flow and soil. This
assumption does not significantly alter the final solu-
tion of the problem and has been adopted in previous
studies.1,11,12,27,42,43
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Thermo-physical properties of air and surrounding
clay soil were experimentally determined and indicated
in References 11, 12, as reported in Table 1.

Concerning the domain dimensions, ducts are buried at
the average depth of Dave = 3.00 m in relation to the supe-
rior soil surface. This depth was selected according to previ-
ous theoretical recommendations illustrated in Reference
12, where it was noticed that exceeding this depth there is
no more significant gain in thermal potential of EAHE for
the same thermal conditions here investigated. Moreover,
the duct has an internal diameter of d = 110 mm and the
total length is L = 30.00 m for all installations here pro-
posed, in coherence with References 1, 11, 12.

2.2 | Volume of soil occupied by EAHE
installations

The present problem is subjected to the installation vol-
ume of soil (Vs), which is given by:

Vs ¼ Ls �Ws �Hs, ð3Þ

where: Hs = 15.00 m for all the cases since there is no sig-
nificant variation in the mean soil temperature from that
depth.11,12 For the RI case, the dimensions of the soil are
given also by Ls = 30.00 m and Ws = 4.11 m (see
Figure 1A,B).

Once different volumes of soil (Vs) which circum-
scribes the ducts arrangements are investigated with the
purpose to minimize its dimensions, the soil volume is
defined in a normalized way:

VN ¼ Vs

VRI
, ð4Þ

where VRI is the soil volume occupied by the RI.
For all design configurations here studied, it is consid-

ered a horizontal spacing between the wall of the duct
and the wall of the computational domain of
Sw = 2.00 m. This value represents the inferior limit
where the prescribed null heat flux imposed in lateral
surfaces of the soil does not cause interference in the
thermal distribution in the ducts.44 Horizontal spacing
between the walls of two parallel ducts lower than
S = 1.00 m is also considered. This value is taken from

FIGURE 1 Computational domain and

boundary conditions of the EAHE model: A,

schematic perspective view, B, top view (Plane

A-A) with dimensions of Reference

Installation (RI)

TABLE 1 Thermo-physical properties of the materials11,12

Property
material

Density
(kg/m3)

Thermal
conductivity (W/m�K)

Specific
heat (J/kg�K)

Absolute
viscosity (kg/m�s)

Air 1.16 0.0242 1010 1.798 � 10�5

Soil 1800 2.1 1780 -
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Reference 44, where it was observed that for S < 1.00 m
there is a significant influence on the heat exchange
between the duct and soil in comparison with a solely
duct, resulting in a reduction of the TP of EAHE. There-
fore, in this study values for spacing between ducts of
S = 1.00 m, 2.00 m, 3.00 m, and 4.00 m were defined and
adopted for the geometric constructions.

2.3 | Air pressure drop in EAHE
installations

For internal flows, the distributed and localized pressure
drop can be calculated analytically according to References
45, 46. Therefore, in fully developed turbulent flow, the dis-
tributed pressure drop (hd) can be approximated as follows:

hd ¼ f � L
d
� v

2

2g
, ð5Þ

where L is the total linear length of the duct network
(m); v is air velocity (m/s), d is duct diameter (m), g is the
gravitational acceleration (9.81 m/s2) and ƒ is the friction
factor, dependent of the Reynolds number (Red) and the
duct relative roughness (ε/d).

To avoid inaccuracy of the graphical method for
determining f under fully developed turbulent flow in cir-
cular ducts, based on Moody's data, it can be used a cor-
relation given by References 45, 46:

1ffiffiffi
f

p ¼�2:0log
ε=d
3:7

þ 2:51

Red
ffiffiffi
f

p
 !

: ð6Þ

However, Equation (6) is implicit in f. As an alterna-
tive to determine f value explicitly for Red ≥ 3000 it can
be used another expression given by References 45, 47:

f ¼ �1:8log
ε=d
3:7

� �1:11

þ 6:9
Red

" #( )�2

: ð7Þ

Having fixed d = 110 mm, ε = 0.05 mm and
Red = 23 419.35, the value of f = 0.026 is the result of
Equation (7). It is worth mentioning that the maximum
percentage deviation in results between Equation (7) and
(6) is 2%.

Moreover, in internal flows, localized pressure drop
(hl) is commonly computed as follows45,46:

hl ¼Kl � v
2

2g
, ð8Þ

where: Kl is the device loss coefficient, being defined
based on References 45, 46.

Finally, the air pressure drop in the EAHE (h) is the
sum of the air distributed pressure drops (hd) with the air
localized pressure drops (hl), resulting in:

h¼ hdþhl: ð9Þ

It is worth mentioning that the airflow pressure drop
in the EAHE is a fundamental parameter for the determi-
nation/selection of the fan power required for the system.
Here, a normalized air pressure drop (hN) is considered,
being defined as:

hN ¼ h
hRI

, ð10Þ

where hRI is the air pressure drop of the RI.

2.4 | Thermal potential of the EAHE
installations

The Thermal Potential (TP) is a pivotal indicator to eval-
uate the thermal performance of the EAHE and can be
determined from an annual averaged air temperature.
The TP of the EAHE installation can be expressed as
follows1,12:

TP¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP1460
i¼1 T tð Þouti �T tð Þini
� �2

1460

vuut
, ð11Þ

where: T(t)out is the transient air temperature (in �C) at
the duct outlet, T(t)in is the transient air temperature (�C)
at the duct inlet (prescribed temperature condition) and
i varies from 1 to 1460, representing the outlet tempera-
ture measurements performed every 21 600 seconds dur-
ing the second year of the numerical simulation.
Therefore, when T(t)out > T(t)in the airflow is being
heated; when T(t)out < T(t)in the airflow is being cooled
and when T(t)out = T(t)in there is no heat transfer
between the soil and aiflow.

The thermal potential is also evaluated in its normal-
ized form (TPN):

TPN ¼ TP
TPRI

, ð12Þ

where: TPRI is thermal potential of the RI configuration.
However, there are no generalized analytical methods

to determine the TP for the different EAHE installations.
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Thus, for the evaluation of thermal potential, it is neces-
sary to solve the thermal field by means of numerical
approach. Here, the conservation equations of mass,
momentum, and energy are solved by means of a Com-
putational Fluid Dynamics (CFD) package, FLUENT
(version 14.0), based on Finite Volume Method
(FVM).48-50 Therefore, computational simulations are
performed to determine T(t)out values.

3 | MATHEMATICAL AND
NUMERICAL MODELING

For the evaluation of the transient temperature field in
the soil, it is solved the energy equation, given by51,52:

∂T
∂t

¼ ∂

∂xj
αs

∂T
∂xj

	 

j¼ 1,2,and 3ð Þ, ð13Þ

where: αs is soil thermal diffusivity (m2/s), T is soil tem-
peratures field (K), t is the time (s), xj represents the spa-
tial coordinates ( j = 1, 2 and 3) (m).

For the modeling of transient, incompressible, and
turbulent forced convective flows in the duct of the
EAHE, the conservation equations of mass, momentum,
and energy, respectively, are given expressed as follows,
in coherence with References 51, 53, 54:

∂vi
∂xi

¼ 0 i¼ 1,2,and 3ð Þ, ð14Þ

∂vi
∂t

þ ∂ vi vj
� �
∂xj

¼�1
ρ

∂p
∂xj

δij

þ ∂

∂xj
υ

∂vi
∂xj

þ ∂vj
∂xi

� �
� τij

	 

i, j¼ 1,2,and 3ð Þ,

ð15Þ

∂T
∂t

þ ∂

∂xj
vjT
� �¼ ∂

∂xj
α
∂T
∂xj

�qj

	 

j¼ 1,2,and 3ð Þ, ð16Þ

where the overline represents the time-averaged terms, xi
are the spatial coordinates (i = 1, 2, and 3) (m), vi are the
velocity in Cartesian directions (i = 1, 2, and 3) (m/s), δij
is the Kronecker delta, p represents the pressure (Pa), υ is
the kinematic viscosity of the air (m2/s) and α is the ther-
mal diffusivity of the air (m2/s). The terms τij and qj that
arise in the filtering process of the momentum and
energy conservation equation, respectively, need to be
modeled and can be written as53,54:

τij ¼ v0iv
0
j, ð17Þ

qj ¼ v0iT
0
j, ð18Þ

where: the (0) indicates the time varying fluctuating
component.

Regarding the closure problem, it is used the RANS k-
ε model, which is based on the solution of two additional
transport equations. For incompressible flows, the clo-
sure terms of Equations (17) and (18) are given by53,54:

τij ¼ υt
∂vi
∂xj

þ ∂vj
∂xi

� �
�2
3
kδij, ð19Þ

qj ¼ αt
∂T
∂xj

, ð20Þ

where: υt is the kinematic eddy viscosity (m2/s), k is the
turbulent kinetic energy (m2/s2) and αsgs is the thermal
eddy diffusivity (m2/s). The values of υt and αt can be
defined as:

υt ¼Cμ
k2

ε
, ð21Þ

αt ¼ υt
Prt

: ð22Þ

The turbulent kinetic energy (k) and turbulent dissi-
pation (ε) are, respectively, given by54:

∂k
∂t

þ vj
∂k
∂xj

¼ τij
∂vi
∂xj

þ ∂

∂xj
υþ υt

σk

� �
∂k
∂xj

� �
� ε, ð23Þ

∂ε

∂t
þ vj

∂ε

∂xj
¼ ∂

∂xj
υþ υt

σε

� �
∂ε

∂xj

� �
þCε1

ε

k
τij

∂vi
∂xj

�Cε2
ε2

k
,

ð24Þ

being: Cμ = 0.09, Cε1 = 1.44, Cε2 = 1.92, σk = 1.00,
σε = 1.3 and Prt = 1.00. More details about the modeling
of k-ε turbulence model can be found in literature.53,54

It is worth mentioning that in literature the Reynolds
Stress Model (RSM) for turbulence closure is widely used
(see eg, References 11, 12); despite this, in the present work
we have consciously chosen to adopt the k-ε model. The
main reasons are concerned with difficulties of suitable con-
vergence of RSM model for some of the complex arrange-
ments and the reduction of nearly 20% in processing time for
simulations with k-ε model. Moreover, for the cases where
both models have a suitable convergence, it is not observed
significant variations between transient thermal fields.
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Equations (13)-(16) and Equations (23) and (24) have
been solved using the Finite Volume Method (FVM)
implemented in the computational package FLUENT,
version 14.0.48-50

The Upwind advection scheme is used for treatment
of the advective terms and Coupled algorithm is adopted
for treatment of the pressure-velocity scheme. Simula-
tions are considered converged when the residues
between two consecutive iterations are lower than 10�6.

For the numerical simulations, a time step of
3.600 seconds (1 hour) is adopted in total of 17 520 time-
steps, accumulating 2 years of simulation. However, only
results obtained in the second year of simulation have
been utilized and recounted. As in References 1, 11, 12,
27, the first simulation year has been dedicated to the
adequate soil temperature stabilization. Therefore,
the analysis ideally started at 00:00 hour on January
01, and ended at 00:00 hour on January 01, in coherence
with References 11, 12. In addition, the initialization tem-
perature of the computational model was 18.70�C
(291.85 K), which represents the mean soil temperature
(see Equation [2]).

The successive refinement technique is indicated to
define the no-dependent mesh computational solution.
Accordingly, it should be done an increase in the number
of computational cells from the current mesh refinement
to the next mesh refinement until to reach a relative dif-
ference between the thermal potential of two consecutive
mesh refinements equal or less than 2.00 � 10�3. This
procedure is explained in detail in Reference 1 and for
the sake of conciseness has not been here reproduced.
However, it is worth mentioning that, based on this pro-
cedure, the spatial discretization of each EAHE installa-
tion numerically simulated in the present work has been
performed by tetrahedral computational cells generated
with a refinement of d/3 for the duct and 3d for the soil,
being d the duct diameter.

3.1 | Validation and verification of the
numerical model of EAHE

The results of an experimental study,11,12 performed
in the Viam~ao city, RS, Brazil (geographic coordi-
nates: 30� 040 5100 S, 51� 010 2400 W and an altitude of
111 m), were used to validate the computational
model used in this work. An EAHE with an irregular
geometric configuration was considered in References
11, 12, being composed by three ducts: duct A (diame-
ter of 110 mm and air inlet velocity of 3.3 m/s), duct B
(diameter of 110 mm and air inlet velocity of 3.6 m/s),
and duct C (diameter of 100 mm and air inlet velocity
of 2.5 m/s).

For the computational model validation procedure, a
simplified version of the above described EAHE was
adopted, that is, only straight stretch sections of the ducts
arrangement were considered. The computational config-
urations and thermo-physical properties are the same as
those used in Reference 1, being the only exception the
used turbulence model. Therefore, the numerical results
are obtained from periodic measurements (for the annual
temperature variation) by a numerical probe located at
the outlet of the EAHE duct.

For the sake of brevity, in this work, the analysis is
only promoted for the straight stretch of duct A. However,
an analogous procedure with complete validation taking
into accounts the ducts A, B, and C of References 11, 12
has been extensively reported in Reference 1.

Figure 2 shows the variation of the air outlet tempera-
ture of duct A as a function of time, allowing the compar-
ison among the experimental data of Reference 11, 12,
the numerical solution obtained by means of the RSM
turbulence model illustrated in Reference 1 and numeri-
cal results of the present work (generated with the k-ε
turbulence model). The outlet temperature curve was
adjusted from the experimental data presented in Refer-
ences 11, 12 is given by:

Tadj:out tð Þ¼ 21:02þ4:68 � sin 1:82�10�2 � tþ0:71
� �

, ð25Þ

where: Tadj.out(t) is defined in�C and t is the TP tð Þ¼
23:18þ6:92sin 0:0172tþ26:42ð Þ time (s).

Based on pure observation from Figure 2, the first rel-
evant remark is that there is no significant difference
between numerical results obtained with RSM turbulence
model1 and numerical results obtained with k-ε turbu-
lence model (present work), being these solutions sup-
erimposed with a Pearson's R correlation coefficient of
0.999. Moreover, if the numerical results generated in the

FIGURE 2 Validation and verification process of the

numerical model of EAHE
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present work are compared with the experimental data
of,11,12 it is found an absolute mean deviation around
1.60�C, representing an absolute mean error of 7.2%. In
other words, the present numerical solution achieves a
Pearson's R correlation coefficient of 0.946 if compared
with the experimental data adjusted by Equation (25). As
a consequence, it is assumed that, in spite of slight differ-
ences in comparison with results of literature, the present
model results to be fully verified and validated.

4 | COMPLEX DESIGN
CONFIGURATIONS PROPOSED FOR
THE EAHE

In this study, the conventional EAHE with a straight duct
is named Reference Installation (RI), being considered
the elementary construction (see Figure 1A,B).

Starting from the RI, with the soil volume occupied
Vs = 1849.50 m3, and keeping constant the duct length,
26 installations of EAHE with complex geometric config-
uration were defined and numerically investigated in the
present work. The complex geometries are composed
with straight stretches of ducts connected by at least one
curve (with 90� or 180�).

For all EAHE installations here studied, the following
dimensions and parameters are used: d = 110 mm,
L = 30.00 m, Dave = 3.00 m, Sw = 2.00 m, Hs = 15.00 m,
Reynolds number of Red = 23 531.91, Prandtl number of

Pr = 0.70 and volumetric flow rate of air inside the duct
of V

:
= 3.14� 10�2 m3/s.

In order to facilitate the discussion of results with
reference to many scenarios, the complex geometric
configurations have been organized into five groups. In
each group, installations are arranged to have at least
one common geometric element (curves of 90� or 180�).
With the purpose to illustrate the designs, the complex
EAHE installations are presented from an upper view
analogous to that showed in Figure 1B, indicating the
airflow direction, and the main dimensions of each
configuration.

Figure 3 illustrates the EAHE designs of Group
1, which consists on five different installations and it is
identified by increasing the number (n) of the curves
with 180�. More precisely, the EAHE installations I1, I2,
I3, I4, and I5 are constituted, respectively, by n = 2; 3; 4;
5 and 6 curves of 180�. Moreover, the spacing between
ducts is S = 1.00 m for all installations of Group 1. Soil
volumes defined for occupancy of the EAHE installa-
tions I1, I2, I3, I4, and I5 are equal to Vs = 1169.78 m3;
1128.28 m3; 1126.04 m3; 1144.71 m3, and 1174.47 m3,
respectively.

Figure 4 shows schematic upper views of the EAHE
configurations with reference to Group 2, which is com-
posed by five installations classified according to 90� cur-
ves number and 180� curves number. In this way, it can
be seen that Group 2 installations have n = 2 curves of
90� and n = 2; 3; 4; 5 and six curves of 180� for the

FIGURE 3 Configurations of the

EAHE of the Group 1: A, Installation

1 (I1), B, Installation 2 (I2), C,

Installation 3 (I3), D, Installation

4 (I4) and E, Installation 5 (I5)

NUNES ET AL. 20977



installations I6, I7, I8, I9, and I10, respectively. Moreover,
for cases of Group 2 it is considered S = 1.00 m, generat-
ing soil volumes occupations equal to 1796.76 m3;
1501.81 m3; 1418.57 m3; 1449.10 m3, and 1370.36 m3,
respectively, for I6, I7, I8, I9, and I10.

In its turn, the upper view for each EAHE installation
of Group 3 is depicted in Figure 5. The spacing between
parallel ducts is also S = 1.00 m for these cases, being the
installations of Group 3 differentiated by the quantity of
90� and 180� curves needed in each arrangement. More
precisely, I11 has n = 2 curves of 90� and n = 2 curves of
180�; I12 has n = 4 curves of 90� and n = 3 curves
of 180�; I13 has n = 2 curves of 90� and n = 6 curves of
180� and I14 has n = 4 curves of 90� and n = 7 curves

of 180�. Besides, installations I11, I12, I13, and I14
occupy soil volumes of Vs = 1441.92 m3; 1924.65 m3;
1234.46 m3, and 1439.06 m3, respectively.

The next set of scenarios, Group 4, is composed of
nine arrangements (Figure 6). Installations of Group
4 has 90� and 180� curves and values for spacing between
ducts S equal to 1.00 m or 2.00 m. In this way, installa-
tions are differentiated by quantity of curves and by the
use of two different spacing between ducts (see Figure 6).
Concerning the soil volumes, I15, I16, I17, I18, I19, I20,
I21, I22, and I23 have Vs = 2041.91 m3; 1332.59 m3;
1260.94 m3; 1390.51 m3; 1.353.04 m3, 1.418.62 m3, 1661.55 m3;
1449.98 m3, and 1760.02 m3, as can be seen in Figures 6A-I),
respectively.

FIGURE 4 Configurations of the

EAHE of the Group 2: A, Installation

6 (I6), B, Installation 7 (I7), C,

Installation 8 (I8), D, Installation

9 (I9) and E, Installation 10 (I10)

FIGURE 5 Configurations of the EAHE of

the Group 3: A, Installation 11 (I11), B,

Installation 12 (I12), C, Installation 13 (I13)

and D, Installation 14 (I14)
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Finally, Figure 7 shows the upper view of the EAHE
installations of Group 5. In this group, installations have
only 180� curves constructed with spacing between paral-
lel ducts of S = 1.00 m; 2.00 m; 3.00 m or 4.00 m. It is
possible to note that I24 has n = 2 curves of 180� with
S = 1.00 m or 4.00 m. I25 contains n = 3 curves of 180�

and S = 1.00 m; 2.00 m or 3.00 m, respectively. Finally,
I26 has n = 2 curves of 180�, both with S = 2.00 m. From
this, soil volumes of Vs = 1643.01 m3; 1.594.19 m3, and
1.490.65 m3 have been defined for installations I24, I25,
and I26, respectively.

5 | RESULTS AND DISCUSSION

Firstly, three different performance indicators have been
considered in the geometric optimization here presented:
the soil volume occupied by installation, the pressure
drop of the airflow inside the duct and the thermal poten-
tial (TP) of the EAHE.

On this regard, Figure 8A shows that installations
proposed in Group 1 are able to significantly reduce soil
volume occupied by EAHE, indicating that the use of
this kind of configuration is particularly indicated for

FIGURE 6 Configurations of the

EAHE of the Group 4: A, Installation

15 (I15), B, Installation 16 (I16), C,

Installation 17 (I17), D, Installation

18 (I18), E, Installation 19 (I19), F,

Installation 20 (I20), G, Installation

21 (I21), H, Installation 22 (I22) and I,

Installation 23 (I23)

FIGURE 7 Configurations of the

EAHE of the Group 5: A, Installation

24 (I24), B, Installation 25 (I25) and C,

Installation 26 (I26)
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application in urbanized areas, where there are more
limitations of space for buildings. More specifically, it is
observed that I3 obtained the lowest soil volume occu-
pied by the EAHE in Group 1, being equal to
1.12 � 103 m3. When the soil volume occupied by I3 is
compared with the RI a reduction of nearly 39% in the
soil volume is noticed.

Figure 8B shows that I1 provides the lowest air pres-
sure drop (in meters of water column) among installa-
tions of the Group 1 being equal to 4.31 m. However, I1
presents an increase in air pressure drop equal to 5.37%
in comparison with RI. As expected, I5 presents the
highest air pressure drop among installations of
the Group 1. This fact is due to the increase of complexity

of the geometric configuration, obviously providing an
increase in the pressure drop of airflow of the EAHE.
Analyzing in combined way Figure 8A,B it is possible to
observe a slight variation of Vs for all installations of
Group 1 and a more pronounced variation in pressure
drop. Regarding this specific case, the pressure drop can
prevail over the volume of soil as a selection criterion for
the best design of Group 1.

Figure 8C shows that the thermal behavior of the
EAHE is not significantly affected by the geometrical
complexity of the installations composing Group 1, being
the maximum variation among the cases approximately
0.1�C. In spite of slight differences, I5 obtained the
highest thermal performance in relation to the other
installations of Group 1, reaching to a TP = 5.05�C.
Therefore, TP of I5 is the one that most approached the
TP of the RI (TP = 5.40�C). Based on pure observation,
when installations of Group 1 are compared, the aug-
mentation in the number of curves proved to enhance
thermal exchange between soil and air. Consequently,
results indicate that serpentine designs, similar to that
found in heat exchangers, condensers, and evaporators
are also essential promoters for the thermal potential
in EAHE.

Regarding Group 2, Figure 9A shows that the soil vol-
ume occupied by I10 is the lowest among all installations:
it corresponds to a reduction in soil volume of 25.93%
when compared to the soil volume occupied by RI. On
the opposite, I6 occupies the largest soil volume with a
difference of only 2.81% in comparison with RI.

Still regarding Group 2, with reference to the pressure
drop indicator, Figure 9B highlights similar trends
already observed in Figure 8B for Group 1, that is, RI has
a steep difference in comparison with complex arrange-
ments. Moreover, the increase of complexity leads to an
augmentation of pressure drop in the device, as expected.
Even the best case of Group 2 (I6) led to a pressure drop
13.69% higher than that obtained for RI. As for the ther-
mal investigation, Figure 9C depicts the thermal potential
(TP) for arrangements of Group 2. Based on pure obser-
vation, a configuration with intermediate complexity
geometry (I9) led to the best thermal potential among the
cases of Group 2, with TP = 5.18�C. In spite of TP for I9
being worse than that reached for RI, it is noticed an aug-
mentation of thermal performance in comparison with
the best geometrical configuration of Group 1 (I5), as per-
ceived in Figure 8C. The main difference for the two
designs (I9 and I5) is the points of inlet and outlet of the
airflow in the arrangement, which for Group 2 are
aligned, while for Group 1 are misaligned.

In sequence, the installations of Group 3 are now
evaluated. Figure 10A shows the influence of geometric
configurations of Group 3 over the volume of soil

FIGURE 8 Results for EAHE installations of Group 1: A, soil

volume, B, pressure drop, and C, thermal potential
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occupied by the EAHE. It is observed that I12 required
the largest soil volume among all installations of the
Group 3, including that required for Reference Installa-
tion (RI). More specifically, soil volume occupied by I12
exceeds the soil volume occupied by RI in the order of
4.08%. Among the scenarios of Group 3, the installation
I13 occupied the lowest soil volume, showing a reduction
of 33.16% if compared to RI. In general, it can be per-
ceived that the use of few curves in different directions
led to high occupancy volumes for the EAHE. Therefore,
this kind of arrangement is not recommended for urban
applications.

As for the evaluation of pressure drop, Figure 10B
shows its increase caused by the augmentation of the

geometrical complexity, with reference to the installa-
tions of Group 3. Moreover, it is also observed that I12
and I13 are characterized by equivalent air pressure drop.
Installation I14 presents the highest pressure drop among
all installations of Group 3, with an increase equal to
35.20% in relation to RI.

Regarding the thermal potential, Figure 10C shows
that there is no significant variation in the TP of the
EAHE among the installations of Group 3. The design
I12 presents the highest magnitude of TP, even if it is
6.37% lower than the TP obtained for RI. Moreover, all
results of Figure 10 indicate that TP has not a strong sen-
sibility to the different scenarios of Group 3 so that the

FIGURE 9 Results for EAHE installations of Group 2: A, soil

volume, B, pressure drop, and C, thermal potential
FIGURE 10 Results for EAHE installations of Group 3: A, soil

volume, B, pressure drop, and C, thermal potential

NUNES ET AL. 20981



choice of design tends to be governed by pressure drop
and/or soil volume. In this sense, configurations I11 and
I13 are the most indicated for Group 3. In spite of a good
strategy for pressure drop and thermal potential, installa-
tion I12 needs a large volume occupation, which conse-
quently restricts its use in urban applications.

As for Group 4, Figure 11A shows that configuration
I15 occupies the largest soil volume, exceeding the soil
volume needed to the RI in the order of 10.48%. This
trend is similar to that noticed for case I12 of Group
3 (see Figure 10A). On the opposite, I17 occupies a soil
volume 31.78% lower than that required for RI. A com-
parison between the opposite extreme configurations,

that is, regarding the highest and lowest Vs, leads to a dif-
ference of around 63%.

As for the pressure drop performance indicator,
Figure 11B shows that, as predictable, I23 presents the
highest air pressure drop among all installations of Group
4. It is worth mentioning that the same tendency was pre-
viously observed in the air pressure drop obtained in con-
figuration I14 (see Figure 10B). However, the design
configuration I16 offers the lowest resistance to the air-
flow inside duct in relation to installations of Group
4. Nevertheless, I16 exceeds in 5.37%, if compared to the
pressure drop of the RI.

For thermal potential indicator, Figure 11C indicates
that TP of I23 is the largest among installations of Group
4 being equal to 5.2�C, being TP of the RI equal to 5.4�C.
In addition, a maximum variation of 0.21�C is identified
between I23 and I20, since I20 provides the lowest TP of
the EAHE among all the installations of Group 4. In gen-
eral, the results for thermal potential of Group 4 reveal
that the employment of different spacings reduces the dif-
ference of thermal performance between the simplest
and most complex designs. It is also noticed that the vari-
ations in thermal potential do not seem more intensive
than variations in the pressure drop and occupation of
volume of soil.

Regarding the evaluation of Group 5 performance,
Figure 12A shows the required soil volume for installa-
tions I24, I25, and I26. Results indicate that all proposed
geometries in Group 5 led to a Vs lower than that reached
for RI configuration, being the installation I26 the one
which needs the lowest soil volume. More specifically,
the soil volume occupied by the I26 is 19.34% lower than
the RI configuration.

For the pressure drop analysis of Group 5, Figure 12B
identifies again that the simplest configuration conducts
to the best fluid dynamic performance, minimizing the
pressure drop in the ducts. Results also demonstrated
the possibility to design EAHE configurations that pro-
vide an air pressure drop with an increase of only 5.37%
if compared with the RI geometry, as those noticed for
I24 and I26.

As for thermal potential indicator, Figure 12C reveals
that there is no significant variation among the TP for all
installations of Group 5.

Therefore, regarding all proposed complex geometries
for the EAHE, it is possible to demonstrate that most of
these installations can promote a reduction in soil vol-
ume occupied by the EAHE, if compared with RI (see
Figure 8A-12A). Moreover, it can be observed that all the
studied configurations of EAHE are not able to offer a
reduction in the air pressure drop in the ducts in compar-
ison to air pressure drop of the RI, which is consistent
since all the proposed designs have more complex

FIGURE 11 Results for EAHE installations of Group 4: A, soil

volume, B, pressure drop, and C, thermal potential
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geometry. However, it is possible to recommend some
installations with low resistance to airflow and important
reduction of soil volume occupation (see Figures 8B-12B).
Moreover, the results of the TP of the EAHE indicate that
all the studied arrangements are not able to provide an
increase in TP in comparison to the one reached by
RI. Nevertheless, it is possible to identify EAHE designs
with a performance similar to that achieved for RI with a
lower soil volume occupation (see Figures 8C-12c).

Finally, aiming to perform a global multi-objective
analysis, the normalized performance indicators - soil
volume occupied by the EAHE (VN), air pressure drop
(hN), and thermal potential ((TPN)

�1) - are evaluated

concomitantly (see Equations [4], [10], and [12], respec-
tively). Therefore, the minimization of these performance
indicators is associated with a better overall
performance among the EAHE installations here pointed
out. For this purpose, a vector magnitude of imperfection
has been introduced and calculated by the distance
between the point with coordinates (VN, hN, (TPN)

�1) of
each proposed installation and an ideal hypothetical case
(that would be an EAHE with VN = hN = (TPN)

�1 = 0).
Evidently, the design which leads to the lowest distance
is considered the best configuration from the multi-
objective viewpoint. It is worth mentioning that, in the
present work, no weighting factors are used to correlate
the three above-mentioned different indicators. However,
depending on the costs concerned with the build and
maintenance of the device or the need to prioritize one
determined performance indicator, a sort of ponderation
can be all the same used in the treatment. That said, this
final analysis gives an idea about the particular perfor-
mance of each installation in the multi-objective view-
point, allowing a global comparison among all EAHE
complex geometries. Figure 13 displays the vector magni-
tude of each EAHE complex geometric configuration
related to the ideal hypothetical EAHE. In addition,
Figure 13 also indicates the vector magnitude of the Ref-
erence Installation (RI).

Based on pure observation, Figure 13 highlights that
installations of Group 1 present in general smaller mag-
nitudes of distance between multi-objective performance
indicator and ideal hypothetical EAHE in comparison
with the other scenarios. In addition, it can be observed
that Groups 3 and 4 include the cases with highest mag-
nitudes in comparison with other groups. More specifi-
cally, the smallest magnitude is reached for the design I1
with the value of 1.64, while the largest vector magnitude
is obtained for installation I15 with the value of 1.96.
Consequently, it is possible to affirm that I1 has a global
performance 16.33% superior than I15 in the context of
multi-objective analysis.

Moreover, still considering Figure 13 and regarding
the conventional EAHE with straight duct adopted as ref-
erence, one can note that several of the proposed com-
plex EAHE installations achieve an overall performance
better than the RI, that is, they have a vector magnitude
inferior than RI. For instance, the design I1 (with vector
magnitude of 1.64) allows a global improvement of 5.20%
if compared with the RI (that has a vector magnitude
of 1.73).

In summary, for the multi-objective analysis and con-
sidering the conditions defined here, the best EAHE
configurations are those with the lowest possible VN and
hN and with intermediate magnitudes of TPN (I1 and I2).
On the opposite, the worst configurations are those with

FIGURE 12 Results for EAHE installations of Group 5: A, soil

volume, B, pressure drop, and C, thermal potential
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poor performance for minimize the volume occupied by
the soil and pressure drop (I15 and I23). The dispersion
of thermal potential is lower here and the best designs for
TP are only classified in intermediate positions, for exam-
ple, I5 and I9, in the multi-objective evaluation.

6 | CONCLUSIONS

In the present analytical and numerical work, EAHE
installations with several different complex configura-
tions were proposed, aiming to perform a comparative
analysis among these designs, in coherence with Constru-
ctal Design. More specifically, 26 different geometrical
configurations were analyzed seeking to minimize the
soil volume occupied by the EAHE arrangement, mini-
mize its airflow pressure drop and maximize its thermal
potential. An EAHE with straight duct, having diameter
and length constant, has been considered as Reference
Installation (RI) for the proposition and comparison of
all complex EAHE arrangements. Hence, the same over-
all volume of duct airflow was imposed for all analyzed
cases, being this the main problem constraint. Many
ideas emerged from this work for the design of EAHE in
urban areas. This kind of recommendation with the
application of Constructal Design for the complex config-
urations proposed here was not previously investigated in
the literature.

Results revealed that the best recommended configu-
rations are dependent of the performance indicator that
dominates the design of the EAHE. The RI was the best
configuration to maximize the thermal performance
and minimize the pressure drop. However, this

configuration required large space for its setting up,
which can be an important limitation for its application
in urban areas.

Concerning the evaluation of soil volume occupied by
the EAHE installation, it was demonstrated that several
configurations in serpentine arrangement conducted to a
robust reduction in the volume needed for the device.
The configurations I3, I10, I13, I17, and I26 were the best
for each group to minimize the volume of soil necessary
to install the EAHE. In general, these arrangements had
multiple curves, being this strategy recommended for
design of the EAHE in urban areas. In addition, the best
configuration (I3) allowed a reduction of nearly 39% in
the soil volume compared with the RI.

As for the pressure drop performance indicator, it was
noticed that the best configurations were achieved for
installations I1, I6, I11, I16, and I26. As expected, the
results demonstrated that, within the configurations here
investigated, the minimization of pressure drop is
reached for the simplest designs, that is, the ones having
few curves. The best configurations (I1, I16, and I26) per-
formed nearly 30% better than the worst configurations
(I14 and I23).

Regarding thermal purpose, there was no significant
variation on thermal potential in the different arrange-
ments. The best installations found for each group proved
to be I5, I9, I12, I23, and I24. In a general way, these con-
figurations were the most complex possible, that is, the
ones with curves and lines distributed in different direc-
tions. For this performance indicator, it was rec-
ommended the most complex possible configuration,
with multiple curves. The best configurations were slight
better than the worst ones, with differences of almost 6%.

FIGURE 13 Module of the

distance between performance

indicator coordinate and an ideal

hypotethical EAHE with

VN = hN = (TPN)
�1 = 0
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Into the multi-objective viewpoint, the arrangements
I1, I2, and I16 were the three best configurations, that is,
the ones which minimized the vector magnitude rep-
resenting the distance between the point composed by
VN, hN, and (TPN)

�1 with the point zero of an ideal hypo-
thetical EAHE. In addition to these three designs, several
other proposed EAHE configurations also presented an
overall performance superior than the RI. This is
an important finding addressed to the use of EAHE in
urban areas. For instance, the configuration I1 has an
overall performance 5.20% superior than the RI, due to a
reduction of 36.75% in the occupied soil volume, an
increase of 5.37% in air pressure drop, and a decrease of
7.96% in TP of EAHE in relation to RI. Furthermore,
despite the slight worsening of pressure drop and thermal
potential, the design I1 can be considered as a promising
geometric arrangement of an EAHE to be installed in
urban regions, because of the significant reduction in the
occupied soil for the EAHE installation.

As future developments of the present work, we are
certain that Constructal Design method may be hope-
fully used with reference to the optimization of EAHE
geometries, taking into account additional perfor-
mance indicators, such as those related with cost
analysis.
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