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A B S T R A C T

This study presents a numerical investigation of a compact Horizontal Helical Earth–Air Heat Exchanger (EAHE- 
HH), developed for the climatic and soil conditions of Viamão, Brazil. The analysis focuses on the influence of the 
helical pitch (Ph) on the system’s thermal and fluid-dynamic behavior. Simulations were performed in ANSYS 
Fluent using the Finite Volume Method, and performance was assessed through the thermal potential (TP) and 
pressure drop (PD), combined in a multiobjective evaluation using the Technique for Order Preference by 
Similarity to Ideal Solution method (TOPSIS). Results show that the EAHE-HH is effective for air cooling during 
warm periods, while its heating capacity remains negligible under local winter conditions. Among the tested 
configurations, Ph = 100  mm provided the highest thermal performance, improving TP by approximately 10 % 
compared to Ph = 400 mm. Conversely, the largest pitch (Ph = 400 mm) reduced pressure drop by up to 66 % 
relative to Ph = 100 mm. The EAHE-HH displayed cooling performance comparable to other EAHE systems 
reported for the same region, supporting its applicability in areas with limited surface availability and reduced 
excavation requirements. The TOPSIS method has proven effective in evaluating the performance indicators TP 
and PD, identifying the best performance at opposite extremes of the geometric range under study.

1. Introduction

There has been a growing emphasis on sustainable air conditioning 
systems, driven by increasing environmental and energy concerns. This 
societal shift seeks to reduce electricity consumption, which has risen 
considerably due to the increasing thermal comfort requirements in 
residential and commercial buildings [1,2]. In addition, the elevated 
energy usage of conventional air conditioning systems has significant 
adverse environmental impacts, particularly with regard to the deple
tion of the ozone layer and the intensification of global warming [3,4]. 
Within this context, the Earth-Air Heat Exchanger (EAHE) has emerged 
as a promising solution to complement traditional air conditioning 
systems, offering the ability to passively cool and/or heat indoor spaces 
with minimal environmental impact [5,6].

Solar radiation is a widely available and abundant source of thermal 
energy. A fraction of this incident energy is absorbed by the ground 
surface, accumulating in the shallow layers of the soil and gradually 
establishing a thermal gradient over time [6]. EAHE systems harness this 

thermal reservoir through ducts installed in the soil, where the forced 
airflow (generated by blowers or fans) exchanges heat with the sur
rounding medium [7]. Consequently, the system enables air cooling 
during periods of high ambient temperatures – typically in summer – 
and air heating during periods of low temperatures, commonly observed 
in winter [8,9].

A wide range of design configurations can be adopted for EAHE 
systems, including vertical or horizontal orientations, as well as series or 
parallel layouts [10]. Each configuration presents specific characteris
tics that allow adaptation to the geometric constraints of buildings and 
plots, while also considering the geotechnical and climatic conditions of 
each location [11,12]. Vertical EAHE systems require less ground sur
face area, making them particularly advantageous in space-limited plots 
or densely built urban areas. However, to achieve enhanced thermal 
performance, they may require greater installation depths [12]. Several 
geometric configurations have been investigated for vertical systems, 
including helical and U-shaped designs [11,13–19]. On the other hand, 
horizontal EAHE systems can often operate effectively in shallower ex
cavations and support a wide range of configurations, such as straight 
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ducts, multiple parallel ducts, T-Shaped or Y-Shaped layouts, U-Shaped 
arrangements, and serpentine patterns, among others [14,17,20–25]. 
Although horizontal systems typically require larger surface areas for 
installation, certain configurations – such as the helical geometry – show 
promising potential by enabling more compact layouts. In this context, 
such solutions warrant further investigation for applications in spatially 
constrained environments.

As discussed by Rodrigues et al. [20], the performance evaluation of 
different EAHE configurations can be based on two main parameters: the 
thermal potential (TP), representing the temperature variation of the air 
between the duct’s inlet and outlet; and the pressure drop (PD), asso
ciated with the pressure difference along the system, both commonly 
used indicators in EAHE assessments. Besides that, a multiobjective 
analysis can be conducted using the Technique for Order Preference by 
Similarity to Ideal Solution method (TOPSIS) [26], which integrates the 
TP and PD metrics under different weighting schemes assigned to each 
performance criterion. The use of this approach has yielded consistent 
results in studies addressing both thermal and fluid dynamic perfor
mance [22,27–30].

Considering these aspects, this study presents a numerical analysis of 
a Horizontal Helical EAHE, considering the subtropical climate and soil 
thermal properties of Viamão, Rio Grande do Sul, Brazil. Unlike other 
studies available in literature, this work adopts a compact horizontal 
helical configuration, characterized by the requirement of a smaller 
surface area and shallower installation depth, a key distinguishing 
aspect of the proposed system. To this end, the geometry of the system is 
assessed by varying the pitch between the helicoids (Ph), while keeping 
the flow and installation conditions constant across all cases, except for 
the total duct length, which changes according to the selected Ph. Lastly, 
the EAHE-HH results are benchmarked against previous studies on 
alternative configurations, including the Vertical Helical (EAHE-VH) 
and Rectilinear Horizontal (EAHE-HR) systems analyzed by Vaz et al. 
[16], as well as the Vertical EAHE with three U-shaped ducts (EAHE- 
V3U), investigated by Vaz et al. [13].

In addition to these aspects, it is important to note that the config
uration investigated in this work introduces a geometrical arrangement 

that remains scarcely explored in EAHE studies. The system adopts a 
horizontal helical layout in which variations of the helical pitch (Ph) act 
in the lateral direction, in contrast to the vertically oriented helical 
configurations examined in Vaz et al. [16]. Furthermore, due to its 
shorter total installation length, the proposed arrangement is consider
ably more compact than conventional extended horizontal ducts, such as 
those analyzed by Vaz et al. [16], Rodrigues et al. [20], and Andrade 
et al. [22]. These features enable installation in areas with limited sur
face availability and restricted excavation depth, being conditions 
typically found in densely built urban environments. Consequently, this 
compact geometry provides a relevant design alternative and offers new 
insight into how reduced lateral extension and spacing between turns 
influence the thermal and fluid-dynamic behavior of the EAHE-HH.

2. Mathematical modeling

The mathematical model employed to characterize the thermal and 
fluid dynamic behavior is based on the fundamental conservation laws 
of mass, momentum, and energy [31]. The airflow within the duct is 
considered unsteady, incompressible, and turbulent, with heat transfer 
governed by forced convection, as in Rodrigues et al. [20]. Under these 
assumptions, the governing equations are formulated according to the 
approach presented by Launder and Spalding [32] and Wilcox [33]: 
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the overbar (—) indicates the temporal average. The symbol v refers to 
the flow velocity, p denotes the static pressure of the fluid, δi,j is the 

Nomenclature

Ci TOPSIS multiobjective indicator
Cp Specific heat at constant pressure (J/(kg⋅K))
D Diameter of the helical coil (m or mm)
d Internal diameter of the duct (m or mm)
Hs Soil depth (m or mm)
k Thermal conductivity (W/(m⋅K))
L Helical length (m or mm)
Lc Helical center depth (m or mm)
Ld Duct length (m or mm)
Ls Soil length (m or mm)
Lsup Top helical depth (m or mm)
LT Total installation depth (m or mm)
PD Pressure drop (N m− 2)
Ph Helical pitch (m or mm)
Pin Inlet pressure (N m− 2)
Po Outlet pressure (N m− 2)
Re Reynolds number
T Temperature (K or ◦C)
t Time (s)
TP Thermal potential (K or ◦C)
v Velocity (m/s)
w1 Thermal weight
w2 Fluid dynamic weight
Ws Soil width (m or mm)

Greek symbols
μ Dynamic viscosity (kg/(m⋅s))
ν Kinematic viscosity (m2 s− 1)
ρ Density (kg m− 3)
α Thermal diffusivity (m2 s− 1)

Subscripts/Superscripts
CP Central plane
d Duct
in Inlet
o Outlet
S Soil
(− ) Spatial-averaged variables
(− 5d) Five-day averaged
(− M) Month averaged
Est Estimation
Ref Reference

Abbreviations
EAHE Earth-Air Heat Exchanger
EAHE-HH Horizontal Helical Earth-Air Heat Exchanger
EAHE-VH Vertical Helical Earth-Air Heat Exchanger
EAHE-HR Rectilinear Horizontal Earth-Air Heat Exchanger
EAHE-V3U Vertical 3U-shaped Earth-Air Heat Exchanger
TOPSIS Technique for Order Preference by Similarity to Ideal 

Solution
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Kronecker delta and. The parameters υ and αa represent, respectively, 
the absolute viscosity and thermal diffusivity of the air, both considered 
constant throughout the analysis. The components τij and qj are modeled 
by [32,33]: 

τi,j = v’
i v’

j i, j = 1, 2,3 in t×Ω (4) 

qj = v’
iT’ i, j = 1, 2,3 in t×Ω (5) 

To resolve the closure problem inherent in turbulent flow modeling, 
the Reynolds-Averaged Navier-Stokes (RANS) k–ε model was adopted 
[20]. This turbulence model requires the solution of two transport 
equations: one for the turbulent kinetic energy (k) and another for its 
rate of dissipation (ε), as proposed by Launder and Spalding [32] and 
Wilcox [33]. 
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in which, the constants Cu = 0.09, Cε1 = 1.44, Cε2= 1.92, andPrt= 1.0 
are found in Launder and Spalding [32] and Wilcox [33], and are 
considered suitable to an extensive range of turbulent flow conditions 
[20].

In the solid domain, thermal diffusion is considered the dominant 
heat transfer mechanism and is modeled in the transient regime [34]: 

∂T
∂t

= αs
∂2T
∂x2

i
i = 1,2, 3 in t×Ω (8) 

where T is the temperature, t represents the temporal domain, and αs 
refers to the thermal diffusivity of the soil, assumed to be constant. The 
formulation adopts Einstein’s index notation, with the spatial domain Ω 
described in terms of the spatial dimension xi, in the direction i.

2.1. Problem description

The problem formulation is illustrated in Fig. 1, which depicts the 
computational domain of the EAHE-HH system. In Fig. 1a, duct details 
are presented: the outer diameter of the helical coil (D) is fixed at 0.4 m 
and the total system length (L) is 3 m; in addition, the internal diameter 
of the duct (d) is 50 mm. The analysis considers different helical pitch 
values (Ph), defined in the range of 100 mm to 400 mm, with regular 
intervals of 50 mm between cases. The variation of Ph, while 

maintaining a fixed maximum installation length (L = 3 m, see Fig. 1a), 
results in changes to the effective duct length. The vertical distance from 
the top of the helical coil to the ground surface (Lsup) is defined as 1.5 m, 
yielding a total installation depth (LT) of 1.9 m (LT = Lsup + D). Addi
tionally, the vertical distance from the center of the helical coil to the 
ground surface is defined by Lc.

As shown in Fig. 1b, the computational domain was established with 
a soil depth of 15 m, maintaining at least 2 m of spacing between the 
EAHE-HH duct and the domain boundaries, in accordance with the 
criteria defined by Rodrigues et al. [35]. The adoption of a 15 m soil 
depth follows the recommendations of previous studies by Brum et al. 
[36], Rodrigues et al. [35], and Rodrigues et al. [20]. As demonstrated 
by Brum et al. [36], beyond this depth the thermal variations induced by 
the ground-surface boundary condition are no longer significant. This 
ensures that the domain dimensions do not influence the numerical re
sults. The boundary conditions impose adiabatic behavior on the lateral 
and bottom surfaces of the soil domain. The thermal conditions at both 
the ground surface and the duct inlet were defined based on the 2007 
climatic data for Viamão, as reported by Vaz et al. [7], and are expressed 
using the adjusted functions proposed by Brum et al. [36]. These func
tions, denoted as Ts(t) and Tin(t), respectively, are given by: 

Ts(t) = 291.70+ 6.28⋅sin
(
200.00×10− 9t+ 26.24

)
(9) 

Tin(t) = 296.18+6.92⋅sin
(
200.00×10− 9t+26.42

)
(10) 

As indicated by Vaz et al. [7], the flow conditions assume a constant 
inlet velocity of 3.3 m/s and a reference manometric pressure of 0 Pa at 
the outlet. In this study, it is assumed that the airflow is in direct thermal 
contact with the surrounding soil, following a conceptual perforated- 
duct approach widely adopted in the literature; under this assumption, 
the pipe wall is disregarded. Within this framework, the no-slip and 
impermeability conditions are applied to the air–soil interface. The no- 
slip condition denotes that the airflow velocity is zero at this interface, 
which behaves as a solid boundary from a fluid-dynamic standpoint. The 
impermeability condition, in turn, imposes that no mass transfer occurs 
between the fluid and the lateral soil surfaces, which in the model 
correspond to the idealized boundary of the duct. Previous studies have 

Fig. 1. Geometric configuration of the EAHE-HH system. a) Duct geometry and b) Computational domain layout.

Table 1 
Thermophysical properties of air and soil (Brum et al. [36]).

Properties Symbol Air Soil

Density (kg/m3) ρ 1.16 1800
Thermal Conductivity (W/m⋅K) k 0.0242 2.1
Specific Heat (J/kg⋅K) Cp 1010 1780
Dynamic Viscosity (kg/m⋅s) μ 1.798 × 10− 5 –
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shown that this simplification does not compromise the accuracy of the 
numerical results [20,37,38]. Table 1 presents the thermophysical 
properties of air and soil, defined according to the soil characteristics of 
Viamão and based on the values reported by Brum et al. [36], which was 
previously verified and validated against the experimental results re
ported by Vaz et al. [7].

2.2. Performance indicators

The thermal performance of the EAHE-HH will be evaluated through 
the thermal potential (TP) of the system. The TP value is determined by 
the difference in air temperature measured at the entrance and exit of 
the duct. This parameter can be computed at each time step and is 
commonly expressed as a mean value over defined periods – daily, 
monthly, or annual – according to Rodrigues et al. [20]: 

TP =
1
n
∑n

i=1

[
To

i (t) − Tin
i (t)

]
(11) 

in which To
i (t) and Tin

i (t) refer to the temperatures of the air at the outlet 
and inlet sections of the EAHE, in that order, measured at each time 
period t, based on a set of n recorded data. This performance indicator 
needs to be maximized.

For the fluid dynamics assessment, the pressure drop (PD) within the 
duct of the EAHE-HH is used as a performance indicator, defined [20]: 

PD = Pin − Po (12) 

where Pin and Po denote the mean pressures, respectively, on the inlet 
face and outlet face of the duct. Unlike TP, the PD value must be 
minimized.

The TOPSIS approach applied in this study, customized for the 
evaluation of EAHE systems, follows the methodological procedure 
described by Andrade et al. [22]. In this context, the TP is treated as the 
beneficial criterion, whereas the PD represents the cost criterion. The 
TOPSIS approach allows assigning distinct weights to the benefit and 
cost criteria to reflect their relative importance in the evaluation. In this 
study, w1 and w2 correspond to the weights attributed to thermal and 
fluid dynamic relevance, respectively, subject to the condition that their 
sum equals unity (w1 + w2 = 1). From this, for each geometric config
uration, the TP and PD values are first normalized and subsequently 
weighted according to w1 and w2. In this framework, the weighted 
normalized values of TP and PD are used to define the positive ideal 
solution (corresponding to the maximum TP and minimum PD) and the 
negative ideal solution (minimum TP and maximum PD). For each 
geometric configuration, the Euclidean distances to these two reference 
solutions are then calculated. These distances, denoted as S+

i and S−
i , 

quantify how far each alternative lies from the positive and negative 
ideal solutions, respectively, within the weighted normalized criterion 
space.

The performance indicator Ci proposed by Hwang and Yoon (1981) is 
then calculated directly from these distances as: 

Ci =
S−

i(
S+

i + S−
i
),0 < Ci < 1 (13) 

Therefore, alternatives that are closer to S+
i and farther from S−

i yield 
higher Ci values and, consequently, achieve superior rankings in the 
multi-objective evaluation, with Ci ranging between 0 and 1. In this way, 
Ci integrates the contributions of TP and PD into a single metric, 
enabling a coherent and technically consistent comparison among the 
geometric alternatives. For a more detailed presentation of the TOPSIS 
procedure as applied specifically to EAHE systems, the works of Andrade 
et al. [22] and Razera et al. [19] provide detailed formulations and 
implementations tailored to this class of thermal–fluid problems. The 
general mathematical foundations of the method are presented by 
Hwang and Yoon [26].

3. Numerical modeling

The numerical model employed in the present study is based on the 
works of Rodrigues et al. [20] and Vaz et al. [16]. The geometric con
struction was developed using Design Modeler, while the spatial dis
cretization was carried out in MESH, both tools available in the ANSYS® 
software package. The solutions were obtained using FLUENT® (version 
2024 R2) which is based on the Finite Volume Method (FVM) [39–41]. 
Separate numerical simulations were performed to address the thermal 
and fluid dynamic behaviors of the system. The fluid dynamic analysis 
was restricted to the internal airflow within the EAHE duct (Fig. 1a), 
whereas the thermal analysis incorporated the interaction between the 
duct and the soil domain (Fig. 1b).

The thermal simulation was conducted using an unstructured three- 
dimensional mesh composed of tetrahedral control volumes. The mesh 
density was set according to the domain: in the surrounding soil region, 
the characteristic volume size was established as three times the duct 
diameter (3d), while inside the duct, a finer resolution of d/3 was 
applied, as recommended by Rodrigues et al. [20]. The model was 
solved under unsteady-state conditions using a temporal resolution of 
Δt = 21,600 s, over a total of 2920 time steps, corresponding to a two- 
year simulation period. The adoption of this time-step size follows the 
findings of Rodrigues et al. [20], who demonstrated that time steps 
equal to or smaller than 21,600 s do not significantly affect the outlet-air 
temperature or the monthly and annual averages. This choice is further 
supported by an additional consistency check performed in the present 
study, which confirmed that reducing the time step to 1800 s yields 
outlet-temperature results that remain effectively unchanged when 
compared with those obtained using 21,600 s. To ensure thermal sta
bilization of the soil, only the data from the second simulated year were 
used for performance assessment, following the approach described by 
Brum et al. [36]. In the fluid dynamic analysis, the domain was dis
cretized using finite volumes with dimensions equal to one-sixteenth of 
the duct diameter (d/16), following the approach of Rodrigues et al. 
[20]. A time step of Δt = 0.1 s was adopted, and 300 time steps were 
executed to ensure that the airflow traversed the entire duct at least 
twice.

The turbulence flow was modeled using the k–ε approach. To dis
cretize the advective terms, a second-order upwind scheme was applied 
to the momentum equations and similarly extended to the energy 
equation in the thermal analysis. The coupling for pressure and velocity 
was handled using the Semi-Implicit Method for Pressure-Linked 
Equations Consistent (SIMPLE) algorithm. Temporal discretization was 
based on a second-order implicit formulation, and pressure interpolation 
also followed a second-order scheme. Additionally, the discretization of 
terms in the turbulence model equations was carried out using the same 
second-order Upwind approach. The solution was considered converged 
once the residuals for both the continuity and momentum equations 
reached values lower than 10− 6 for the fluid dynamic problem, and 
below 10− 3 for the thermal problem, with the energy equation 
converging at a residual of 10− 6.

The meshes adopted and defined in accordance with previous EAHE 
studies, as previously mentioned, were subjected to a mesh indepen
dence assessment for both the thermal and fluid-dynamic models, with 
the refinement results summarized in Tables 2 and 3, respectively. For 
the thermal problem, successive meshes were evaluated based on the 

Table 2 
Thermal mesh convergence test with tetrahedral volumes.

Mesh Refinement

Duct Soil To (6.3072 × 107 s)
100⋅

⃒
⃒
⃒
⃒
To

j − To
j+1

To
j+1

⃒
⃒
⃒
⃒

d/2 4 × d 22.848 2.835
d/3 3 × d 22.218 0.091
d/4 2 × d 22.239
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outlet-air temperature at the end of the two-year simulation (6.3072 ×
107 s), whereas for the fluid-dynamic problem the pressure drop along 
the duct was used as the reference quantity. In this procedure, the 
indices j and j + 1 denote, respectively, the mesh under evaluation and 
the subsequent refinement level, allowing a systematic comparison 
across discretization levels.

For the thermal analysis, the difference between the adopted mesh 
and the mesh with finest refinement level was below 0.091 %, while the 
corresponding deviation in pressure drop remained under 0.64 %. 
Variations of this magnitude fall within the range typically accepted for 
EAHE numerical simulations, as reported in Rodrigues et al. [20] and 
Rodrigues et al. [35], confirming that the selected meshes provide stable 
and grid-independent results.

3.1. Thermal model verification

To verify the thermal computational model, a simulation was con
ducted for the Vertical Helical Earth–Air Heat Exchanger (EAHE-VH) 
studied by Vaz et al. [16], which had previously been verified and 
validated based on the work of Vaz et al. [7]. This system exhibits 
thermal and fluid dynamic characteristics similar to those investigated 
in the present study. The numerically modeled system consists of a cy
lindrical soil domain with a surface diameter of 4.4 m and a depth of 15 
m. The EAHE-VH features a helical diameter of 0.4 m, a vertical length 
of 3 m, a duct diameter of 50 mm, and a vertical pitch of 100 mm be
tween helicoids. The thermophysical properties of the air and soil, as 
well as the boundary conditions, were consistent with those adopted in 
the present analysis. Fig. 2 presents the temperature distribution based 
on daily average values at the outlet section of the EAHE, comparing the 
current results with those obtained by Vaz et al. [16], and demonstrating 
good agreement between the models. The percentage relative difference 
(RD(%)) between the results was calculated using: 

RD(%) = 100⋅

⃒
⃒
⃒
⃒
⃒

To
EstD − To

Ref D

To
EstD

⃒
⃒
⃒
⃒
⃒

(14) 

where To
EstD 

represents the temperature from the present simulation and 

To
Ref D

denotes the reference temperature. Based on the RD(%) calcula
tion, the maximum percentage relative difference observed in daily 
average outlet temperatures over the course of one year was 0.88 % 
(0.15 ◦C). In Table 4, a monthly comparative analysis was conducted 
using two quantitative indicators: the Root Mean Square Error (RMSE) 
and the Mean Absolute Percentage Error (MAPE) [42]. These metrics 
were calculated between the numerical predictions and the reference 
dataset used for verification. The results demonstrated consistently low 
RMSE and MAPE values across all months, indicating a high level of 
agreement. This additional assessment confirms that the thermal 
behavior predicted by the model remains closely aligned with the 
reference data on a month-by-month basis. These results demonstrate 
the effectiveness of the thermal numerical model employed in this study 
in achieving the intended outputs. This confirms the thermal computa
tional model’s applicability in this context and highlights its potential 
for future investigations, ensuring reliable and accurate predictions.

3.2. Fluid-dynamic model verification

The verification of the fluid dynamic computational model was 
carried out in two stages. In the first stage, the system’s pressure drop 
was assessed through the analytical formulation presented by Pritchard 
and Mitchell [43]. The analysis considered a rectilinear duct with a 
circular cross-section, having an equivalent diameter of 0.05 m – 
matching the diameter of the EAHE-HH system – and a total length of 30 
m. The pressure drop analytical solution proposed by Pritchard and 
Mitchell [43] is given by: 

ΔPA = PDA = f ⋅
Ld

d
⋅
ρv2

2
(15) 

where, Ld denotes the duct length (Ld = 30 m) and f is the friction factor, 
defined as [43]: 

f =

{

− 1.8log

[(
ε/d
3.7

)1.11

+
6.9
Red

]}− 2

(16) 

Within this formulation, ε denotes the duct’s relative roughness, and Red 
corresponds to the Reynolds number [44]: 

Red =
ρ⋅v⋅d

μ (17) 

In the second stage of the verification, a regular helical duct was 

Table 3 
Fluid-dynamic mesh convergence test with hexahedral volumes.

Mesh Refinement Pin Po PD
100⋅

⃒
⃒
⃒
⃒
PDj − PDj+1

PDj+1

⃒
⃒
⃒
⃒

d/6 7.584 141.871 134.287 8.996
d/10 7.670 130.873 123.203 1.032
d/13 7.758 129.703 121.945 0.071
d/16 7.770 129.627 121.858 0.639
d/18 7.854 130.496 122.642 –

Fig. 2. Verification of the thermal numerical model based on daily average air 
temperature from the present study compared to results from Vaz et al. [16].

Table 4 
Monthly RMSE and MAPE values used for thermal model verification.

Month RMSE (◦C) 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

i=1

(
TEst

i − TRef
i

)2
√

MAPE (%) 
1
n
∑n

i=1

⃒
⃒
⃒
⃒
⃒

TRef
i − TEst

i

TRef
i

⃒
⃒
⃒
⃒
⃒
100

January 0.083 0.373
February 0.049 0.205
March 0.019 0.027
April 0.068 0.310
May 0.117 0.596
June 0.144 0.809
July 0.140 0.853
August 0.106 0.669
September 0.054 0.320
October 0.018 0.043
November 0.058 0.300
December 0.084 − 0.395
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evaluated, maintaining the same geometric characteristics as the used in 
the EAHE-HH system. The analysis was based on the correlations pro
posed by Ali [45], which describes the pressure drop in regular helical 
pipes and are suitable for the geometric and flow conditions of the 
present study (D = 0.4 m; L = 3 m; d = 0.05 m and Red = 10,696.32), 
given by [45]: 

Eu⋅Grhc = 0.09⋅Re− 1/5
d ,Red > 10,000 (18) 

where Eu is the Euler number and Grhc is the geometrical number for 
regular-helical coil, provided, respectively, by [45]: 

Eu =
PDC

2⋅ρ⋅v2 (19) 

Grhc = d0.85⋅D0.15
eq ⋅L− 1/2

c (20) 

in Eq. (19), PDC represents the pressure drop obtained from the corre
lation; and in Eq. (20), the parameter Deq refers to the equivalent 
diameter of the helical duct, defined as follows [45]: 

Deq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

P2
h + (πD)2

√

π (21) 

As a result of the fluid dynamic computational model verification, a 
satisfactory agreement between the numerical and reference solutions 
was achieved. For the rectilinear duct, the numerical results obtained in 
the present study (PD = 117.62 Pa) showed a maximum relative devi
ation of approximately 2.3 % when compared to the analytical formu
lation (PDA = 114.90 Pa) proposed by Pritchard and Mitchell [43]. In the 
case of the regular helical duct, a relative deviation of approximately 
3.1 % was observed, considering the results of present work (PD =
101.06 Pa), for Ph = 200 mm (Ld = 18.84 m), in comparison with the 
results obtained using the correlation proposed by Ali [45] (PDC =

97.91 Pa). These findings confirm the consistency of the mathematical 
and numerical models adopted in this study (for both thermal and fluid 
dynamic simulations), demonstrating its suitability for solving the 

proposed problem and reinforcing its applicability within the scope of 
the present work.

4. Results

The thermal and fluid dynamic performance of the system was 
evaluated through numerical simulations involving multiple configu
rations of the Horizontal Helical Earth-Air Heat Exchanger (EAHE-HH), 
in which the helical pitch (Ph) was varied as the geometric parameter. 
The simulations incorporated temporal temperature fluctuations and the 
geotechnical characteristics specific to Viamão. The analysis was con
ducted over a 365-day period, representing an entire climatic year.

4.1. Thermal analyses

Fig. 3 shows the thermal behavior of the EAHE-HH systems through 
the curves of daily average temperatures obtained at the inlet (Tin) and 
outlet (To) of the devices. It can be observed that the different geometric 
configurations of the EAHE-HH demonstrate effective performance in 
cooling the air during hot periods (considered as periods when Tin >

25.5 ◦C, which defines the upper limit of the reference temperature for 
summer thermal comfort, according to ABNT NBR 16401-2 [46] and 
ASHRAE [47]). Under this condition, the outlet temperature (To) re
mains below the inlet temperature curve (Tin), reflecting the system’s 
ability to dissipate thermal energy from the air. In contrast, under cold 
weather conditions (Tin < 21.5 ◦C, the lower limit of the reference 
temperature for winter thermal comfort, according to ABNT NBR 16401- 
2 [46] and ASHRAE [47]), the system shows a negligible heating ca
pacity, with the outlet temperature curve (To) remaining below or 
slightly above the inlet temperature curve (Tin). This behavioral pattern 
is observed for all Ph values studied.

Fig. 4 presents the temperature field of the EAHE-HH system (for Ph 
= 400 mm) and the surrounding soil, considering: a) a typical summer 
day (12/31/2007), and b) a typical winter day (07/24/2007). It can be 
observed that during typical summer periods (Fig. 4a), the installation 
depth adopted for the EAHE-HH provides a favorable thermal condition 

Fig. 3. Thermal behavior of the air based on the inlet (Tin) and outlet (To) temperatures obtained in the EAHE-HH systems.
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for heat exchange between the soil and the air. In this scenario, the air 
enters the EAHE-HH with an inlet temperature of Tin = 29.67 ◦C, while 
the central plane of the soil in the region of the EAHE-HH exhibits an 
approximate average temperature of TS,CP = 21 ◦C. This temperature 
difference indicates a significant potential for heat transfer between the 
two media (EAHE-HH and the portion of soil in which it is embedded). 
As a result, the air is cooled and exits the device at To = 21.49 ◦C, which 
is below the recommended thermal comfort temperature range (ABNT 
NBR 16401-2 [46] and ASHRAE [47]) for summer, defined between 
22.5 ◦C and 25.5 ◦C, indicating high cooling capacity of the system.

Conversely, on typical winter days (Fig. 4b), the thermal gradient 
between the inlet air temperature (Tin) and the soil in which the EAHE- 
HH is installed is minimal, indicating low potential for heat transfer 
between the soil and the air. In this scenario, the air enters the EAHE 
with a temperature of Tin = 16.14 ◦C, while the central plane of the 
surrounding soil has an average temperature of TS,CP = 16.17 ◦C. 
Consequently, the outlet air temperature shows no significant change in 
relation to the inlet, resulting in an outlet temperature of To = 15.55 ◦C. 
In this case, achieving heating potential would require installing the 
EAHE-HH at a greater depth. It is important to note, however, that even 
with deeper installation, heating gains would likely remain limited. This 
is because the maximum soil temperature reached was approximately 
19 ◦C, which suggests that the recommended winter thermal comfort 

temperature (21 ◦C to 23.5 ◦C, according to ABNT NBR 16401-2 [46] 
and ASHRAE [47]) would likely not be achieved. This behavior is 
consistent with the observations of Brum et al. [36], who investigated 
the effect of installation depth of Horizontal Rectilinear EAHE (EAHE- 
HR) under the same climatic and soil conditions.

Fig. 5 illustrates the monthly average thermal potential (TPM) of the 
EAHE-HH for the different Ph values, as well as the monthly average 
inlet (Tin

M) and outlet (To
M) air temperatures in the EAHE-HH. During 

hot periods (Tin
M 
> 25.5 ◦C – January, February, March, November, and 

December), the system demonstrates a high air cooling capacity for all 
Ph values, providing outlet air temperatures within or even below the 
thermal comfort limits To

M. Conversely, during cold periods (Tin
M
<

21.5 ◦C, May, June, July, August, and September), only the month of 
June shows a minimal heating condition. For the remaining months 
(May, June, August, and September), a slight cooling condition is 
observed, making the system unsuitable for operation during these pe
riods and highlighting its limited capacity for air heating. Finally, in 
April and October, Tin

M already falls within the recommended thermal 
comfort range, making the use of the system unnecessary during these 
months. Additionally, it is observed that increasing Ph within the range 
of 100 mm ≤ Ph ≤ 400 mm results in a gradual reduction in the system’s 
cooling performance. Among the tested configurations, the EAHE-HH 

Fig. 4. Temperature field for the EAHE-HH with Ph = 400 mm, for: a) Typical summer day (12/31/2007), and b) Typical winter day (07/24/2007).
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with a helical pitch of 100 mm demonstrated superior average thermal 
performance, being up to 10.07 % more effective in January when 
compared to the EAHE-HH with Ph = 400 mm, which presented the 
poorest performance in terms of TPM. However, it is important to 
highlight that the EAHE-HH with Ph = 400 mm still fulfills the objective 
of air temperature reduction and, due to its simpler construction 
compared to the other configurations, it can be considered a viable 
alternative for thermal conditioning.

Fig. 6 provides further insight into this behavior. As previously dis
cussed, the EAHE-HH with Ph = 100 mm exhibited the greatest cooling 
effectiveness among the evaluated configurations. This effect is 
explained by the temperature distribution along the duct: for Ph = 100 
mm, heat transfer is more pronounced in the first two-thirds of the 
EAHE-HH length, already achieving thermal comfort conditions within 
this section (see Fig. 6a). However, in the final third, the heat transfer 
decreases significantly due to the reduced temperature gradients be
tween the soil and the circulating air. This suggests that the Ph = 100 mm 

configuration can deliver effective thermal performance even with 
shorter duct lengths, making it a promising option for buildings with 
limited space available for EAHE installation, in other words, a potential 
solution for even more compact EAHE-HH systems. On the other hand, 
the geometry with Ph = 400 mm requires the air to flow through the 
entire length of the helical EAHE (L) for the thermal comfort condition to 
be achieved (see Fig. 6b). Although it presents lower heat transfer along 
the duct, this configuration satisfactorily fulfills the cooling function. 
Furthermore, since it requires a shorter duct length compared to the 
other configurations, it results in lower material consumption, which 
implies cost reduction and greater construction simplicity, thus repre
senting a viable alternative.

Fig. 7 compares the performance of the EAHE-HH with Ph = 100 mm 
– which exhibited the most favorable thermal potential among the 
configurations analyzed – with numerical results from other EAHE de
signs: the Horizontal Rectilinear EAHE (EAHE-HR) and the Vertical 
Helical EAHE (EAHE-VH, Ph = 100 mm), presented by Vaz et al. [16], 

Fig. 5. Monthly thermal assessment of the EAHE-HH under different Ph configurations.
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and the Vertical EAHE with 3 U-shaped ducts (EAHE-V3U), presented by 
Vaz et al. [13]. The comparison was based on the thermal potential 

averaged over five days (TP5d). All systems were evaluated under 
identical soil and climate conditions for the city of Viamão. Overall, the 
response curves for the different EAHE designs exhibit similar behavior, 
with particular emphasis on the EAHE-HR, which demonstrated air 
heating capacity during colder periods. Regarding the cooling perfor
mance, all configurations showed relevant thermal behavior. In terms of 
magnitude, the EAHE-HH (Ph = 100 mm) delivered satisfactory cooling 
results when compared to the other evaluated geometries. Specifically, 
considering the average cooling thermal potential during the summer 
and spring periods, the EAHE-HH outperformed the EAHE-VH by 1.66 
%. In contrast, it exhibited slightly lower performance if compared to the 
EAHE-HR and EAHE-V3U, with differences of 0.48 % and 1.30 %, 
respectively.

Based on these results, one can observe that the performance dif
ference among the distinct geometric configurations under cooling 
conditions was practically negligible. In this context, factors such as the 
available land area and the soil drilling conditions become decisive 
criteria in selecting the most appropriate EAHE for each application, 
with preference given to solutions that require shallower depths and 
smaller surface areas. The EAHE-HR, as analyzed by Vaz et al. [16], 
requires a significant surface extension of 25.77 m and is installed at a 
depth of 3.0 m. Despite these demands, it was the only system capable of 
promoting air heating during colder periods, in addition to achieving the 
best cooling performance during the hotter months. As an alternative, 
the EAHE-HH operates at a shallower depth of 1.9 m and requires only 
3.0 m of surface extension, representing a more compact solution with 
reduced drilling requirements. The EAHE-VH, in turn, stands out for its 
minimal surface area requirement (0.4 m), although it also requires an 
installation depth of 3.0 m. Finally, the EAHE-V3U is designed to operate 
at a depth of 3.0 m with a surface extension of 3.2 m, with its main 
advantage being the simpler construction compared to the helical 
configurations.

4.2. Fluid dynamics analyses

The objective of the fluid dynamic analysis was to evaluate the 
pressure difference between the inlet and outlet of the EAHE-HH system, 
with the aim of minimizing the power consumption of the ventilation 
unit. Fig. 8 presents the fluid dynamic behavior of the EAHE-HH as a 
function of the pressure drop (PD) indicator and the total duct length 
(Ld). As expected, increasing the horizontal pitch (Ph) led to a progres
sive reduction in PD values. This trend is associated with the fact that 
larger spacing between the helical turns results in a shorter total duct 
length (Ld), which directly contributes to a reduction in overall pressure 
losses (PD). Among the configurations analyzed, the case with Ph = 400 
mm yielded the lowest pressure drop, representing a reduction of 66.81 
% in PD when compared to the configuration with Ph = 100 mm, which 
exhibited the highest PD. Therefore, although reducing the Ph enhances 
the cooling performance of the system, it also results in a disadvantage 
concerning fluid dynamic behavior. Smaller Ph values lead to increased 
pressure drop, requiring higher operational demand from the ventilation 
system and, consequently, resulting in higher energy consumption.

Fig. 6. Temperature distribution for the EAHE-HH, considering: a) Ph = 100 mm and b) Ph = 400 mm.

Fig. 7. Thermal performance of the EAHE-HH (Ph = 100 mm) compared to 
other EAHE geometric configurations under the climate and soil conditions 
of Viamão.
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4.3. Multi-objective performance analysis (TOPSIS)

Finally, Fig. 9 presents the multiobjective analysis of the EAHE-HH, 
which simultaneously considers the thermal performance and pressure 
drop as evaluation criteria. The evaluation was performed using the Ci 
metric as a measure of overall performance, obtained through the 
TOPSIS method and defined by Eq. (13). To ensure a comprehensive 
assessment of the multi-objective behavior of the EAHE-HH, the TOPSIS 
evaluation was performed over a wide range of weight combinations, 
with w1 and w2 systematically varied under the constraint w1 + w2 = 1. 
This procedure allows the analysis to characterize the full spectrum of 
relative influences between thermal potential (TP) and pressure drop 
(PD). For the thermal performance indicator, the Absolute Average 
Thermal Potential |TP|was adopted, calculated for the months of 

January, February, November, and December, which correspond to the 
periods with the highest average values of thermal potential obtained in 
the analysis. When the fluid dynamic criterion exerts greater influence 
than the thermal criterion (w1 < w2, lower region of the graph), the 
highest Ci values are observed for geometries with Ph values between 
300 and 400 mm. Notably, the configuration with Ph = 400 mm ach
ieved the best performance in all where the fluid dynamic criterion was 
prioritized over the thermal objective, thus representing the most suit
able solution under such conditions. Even as the weight shifts in favor of 
the thermal aspect, this configuration continues to perform favorably in 
the multiobjective analysis. This behavior highlights the robustness and 
stability of these configurations with respect to the thermal (TP) and 
fluid dynamic (PD) performance indicators, even in scenarios where the 
thermal criterion accounts for up to 75 % of the weighting (w1 = 0.75; 
w2 = 0.25). This pattern suggests that geometric variations of the EAHE- 
HH, through changes in Ph, have a more significant impact on the sys
tem’s fluid dynamic aspects.

Nevertheless, with the growing predominance of the thermal crite
rion, a clear shift in optimal configurations can be observed. Accord
ingly, for thermal relevance levels between 55 % and 70 %, the 
geometry with Ph = 350 mm emerges as the most suitable configuration. 
As thermal relevance increases to the range of 75 % to 85 %, the 
configuration with Ph = 300 mm demonstrates superior performance. 
For even higher thermal priorities, a progressive reduction in the helical 
pitch becomes favorable: Ph = 250 mm is identified as the best choice at 
90 % thermal relevance, while Ph = 150 mm and Ph = 100 mm are the 
most effective configurations for 95 % and 99 %, respectively. These 
findings reinforce the system’s adaptability and underscore the impor
tance of aligning geometric configurations with the intended balance 
between thermal and fluid dynamic performance goals.

5. Conclusions

Based on the results obtained, it can be concluded that the different 
geometric configurations of the horizontal helical earth-air heat 

Fig. 8. Influence of helical pitch (Ph) on pressure drop (PD) and duct length (Ld) 
in the EAHE-HH system.

Fig. 9. Multiobjective performance: Ci values according to Ph considering various weight distributions between thermal (w1) and fluid dynamic (w2) criteria.
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exchangers (EAHE-HH), evaluated through the variation of Ph, demon
strated significant performance in air cooling during hot periods, 
effectively achieving the desired thermal comfort condition. However, 
the system’s heating capability was negligible during cold periods. 
Therefore, to achieve a heating potential, the EAHE-HH would need to 
be installed at a greater depth. Even so, the heating gains would remain 
minimal for the location and climatic conditions assessed. Specifically, 
during the months of January, February, March, November, and 
December, the EAHE-HH performed adequately for air cooling. In 
contrast, during the remaining months, the use of the system proved 
unnecessary.

It was also observed that increasing Ph led to a reduction in the 
thermal response, with the EAHE-HH configuration using Ph = 100 mm 
showing the highest average thermal performance. On the other hand, 
the configuration with Ph = 400 mm exhibited the lowest average 
thermal performance, although it still achieved the desired cooling ef
fect. When comparing these results with data available in the literature, 
it was found that the EAHE-HH achieved a cooling performance similar 
to other EAHE models installed in the same region, making it a viable 
alternative for compact plots or scenarios requiring minimal ground 
excavation. Thus, the EAHE-HH stands out as a promising solution for 
air cooling during hot periods, despite its limitations in colder months. 
As expected, increasing the horizontal pitch (Ph) led to a progressive 
reduction in pressure drop (PD) values. Among the configurations 
analyzed, the case with Ph = 400 mm yielded the lowest pressure drop, 
representing a 66.81 % reduction compared to the configuration with Ph 
= 100 mm, which exhibited the highest PD.

The TOPSIS method proved effective in multiobjective evaluating 
the performance indicators TP and PD, identifying the best-performing 
configurations. The geometry with Ph = 400 mm achieved the best 
performance in all scenarios where the fluid dynamic criterion was 
prioritized over the thermal objective, including when both criteria were 
equally weighted. For cases with increasingly dominant thermal criteria, 
a progressive reduction in helical pitch became favorable: Ph = 250 mm 
was identified as best at 90 % thermal relevance, while Ph = 150 mm and 
Ph = 100 mm were the most effective configurations at 95 % and 99 %, 
respectively. From a broader design standpoint, the configuration with 
Ph = 400 mm demonstrates the most robust overall behavior, consis
tently meeting the cooling comfort criterion while maintaining stable 
performance across different weighting scenarios. Thus, Ph = 400 mm 
stands out as the most practical and broadly applicable choice for design 
purposes.

Future research could expand the current findings by exploring new 
configurations and operating conditions of the EAHE-HH system. In 
particular, numerical simulations could be conducted in different cli
matic and soil conditions, installation depths, and duct cross-sectional 
geometries, in order to assess the performance and adaptability of the 
system across diverse scenarios. The integration of optimization tech
niques and cost–benefit analyses could also contribute to the practical 
implementation of EAHE-HH solutions on a broader scale.
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