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Abstract

Passive cooling strategies are essential to curbing the growing air-conditioning demand
of dwellings in warm-humid regions. This work presents a Computational Fluid Dynam-
ics (CFD) study, carried out with the open-source code OpenFOAM, of a passive system
that couples an earth-air heat exchanger (EAHE) with a solar chimney (SC) serving a
room-representative cavity, i.e., the coupled EAHE-SC device is analyzed together with
the room it conditions. The methodology was built progressively: (i) a transient conduc-
tion sub-model (laplacianFoam) characterized the thermal inertia of the soil around the
buried duct; (ii) a parametric study of eight coupling geometries identified the best rela-
tive position of the EAHE and the SC; (iii) three configurations—the complete system, the
EAHE + cavity system, and the bare cavity—were solved under identical numerical condi-
tions with the buoyancy-driven solvers of OpenFOAM and the k—¢ turbulence model with
the Boussinesq approximation; and (iv) the complete system was evaluated for a represen-
tative hot and a representative cold design day through a section-based post-processing
of the ventilation and thermal-energy indicators. Over the four-day period simulated,
the soil behaved as a stable thermal reservoir with no depletion. At the design condi-
tion, the complete system reached a mean cavity temperature of 33.2 °C, 8.32 air changes
per hour (ACH) and 67.0 W of thermal power removed from the cavity, against 34.4 °C,
2.01 ACH and 4.56 W for the bare cavity; coupling the chimney raised ventilation by 94.8%
and 313.9% relative to the EAHE-only and bare-cavity cases, respectively. The design-
day comparison showed a marked climate-dependent response: on the hot day the EAHE
dominated (air cooled by 5.75°C, 2.51 ACH), whereas on the cold day the exchanger re-
mained nearly neutral (4-0.19 °C) and ventilation dropped to 0.69 ACH, lowering the cav-
ity temperature to 24.1°C. The results indicate a complementary, mutually reinforcing
behavior—the coupled system removes more heat and renews more air than either device
does on its own—for the design conditions analyzed.

Keywords: EAHE; solar chimney; passive cooling; CFD; OpenFOAM; k—¢ turbulence
model; SCEAHE
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1. Introduction

The building sector represents more than 40% of the total energy consumption of
the world and roughly 24% of global CO, emissions, with heating, ventilation, and air-
conditioning being responsible for a large share of that demand [1,2]. In hot regions
characterized by high temperatures and relative humidity, the electricity required to cool
dwellings rises sharply, with adverse economic and environmental consequences and of-
ten without guaranteeing adequate indoor air renewal. In this context, passive condition-
ing strategies—which rely on natural mechanisms of conduction, convection, and radia-
tion and use air, ground or water as heat sinks—offer a low-cost, low-emission alternative
to improve thermal comfort and ventilation in buildings [3-6].

Among these strategies, the EAHE takes advantage of the thermal storage capacity
of the ground to pre-condition the ventilation air, taking advantage of the fact that below
approximately 2-2.5 m the soil temperature remains almost constant throughout the day
and delays the outdoor signal by several months [7-9]. Experimental and numerical stud-
ies have repeatedly confirmed the cooling potential of EAHE systems. In a warm-humid
climate, Diaz-Herndndez et al. [10] measured a cooling potential of up to 5.5 °C, while
Molina-Rodea et al. [11] reported air-temperature reductions of 5.1-9.4 °C for a “U”-type
EAHE. Vertical configurations installed at 2.5 m have achieved an average pre-cooling of
5.42 °C [12], and recent optimization and energy-saving studies have addressed optimal
conduit length, the onset of thermal saturation of the surrounding soil, and performance
across different climates [13-17]. The performance of these systems is strongly influenced
by the thermophysical properties of the soil, particularly its thermal conductivity and
moisture content [18,19].

However, a single passive device rarely provides sufficient air renewal. The SC has
therefore emerged as a natural complement: by heating an exposed surface, it lowers the
air density inside the channel and generates a buoyancy force that drives natural ventila-
tion. Villar-Ramos et al. [20] analyzed the parametric behavior of a single-channel solar
chimney, and Jiménez-Xaman [21] showed that a solar chimney can increase the ventila-
tion capacity of a room by up to 40%, increasing the mass flow rate by nearly 45% while
complying with the ASHRAE 62.1 standard. The coupling of both devices (EAHE-SC)
has attracted increasing attention because it combines air cooling with buoyancy-driven
extraction. Maerefat and Haghighi [22] and Haghighi and Maerefat [23] proposed de-
sign guidelines for the integrated system and identified optimum input/output sizes that
maximize the number of air changes per hour (ACH). Experimental and numerical in-
vestigations of coupled solar-chimney/earth—air heat-exchanger (SCEAHE) systems have
consistently reported significant improvements in both cooling and ventilation [24-30].
In particular, Long et al. [26] reported the diurnal and annual performance of a coupled
SC-EAHE system, and Bai et al. [24] experimentally characterized its summer and winter
operation. More recent contributions have extended the analysis to different climatic con-
texts and system layouts [31-36], confirming the strong dependence of performance on
local climate and design parameters. Most of these analyses have been performed using
commercial CFD software, such as ANSYS Fluent, or with lumped analytical models. The
use of the open-source platform OpenFOAM offers notable advantages: free access, full
transparency, and control of the source code, and the possibility of deep customization
of the numerical models, supported by an active user community [37-39]. Recent CFD-
based thermofluid studies have also demonstrated that combining numerical optimiza-
tion, mesh verification, and three-dimensional simulations provides a reliable framework
to evaluate and improve passive thermal systems [40].

Despite this progress, few studies have resolved the combined thermal and fluid-
dynamic behavior of an EAHE coupled to a solar chimney within a single, fully open-
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source, and reproducible CFD framework, and fewer have separated and quantified the
contribution of each passive device to the same room under identical numerical condi-
tions. The workflow is a controlled decomposition of the coupled performance into the
individual contributions of the EAHE-SC—cavity problem; (ii) a controlled decomposition
of the coupled performance into the individual contributions of the EAHE and the SC,
obtained under identical numerical conditions, which isolates and quantifies the coupling
(synergy) effect on ventilation and heat removal; and (iii) a quantitative comparison of the
same physical system for a hot and a cold design day, which characterizes how the ventila-
tion and thermal-energy indicators respond. The emphasis is therefore on the quantitative
knowledge added regarding the coupling and its climate dependence, rather than on the
use of a particular software.

The present work addresses this gap. The main aim is to numerically assess, using
CFD in OpenFOAM, the thermal and ventilation performance of an EAHE coupled with a
solar chimney connected to a room-representative cavity, and to quantify both the synergy
between the two passive strategies and their performance under contrasting design-day
conditions. The evaluation of three configurations was conducted in four stages: (i) a tran-
sient analysis of the thermal inertia of the soil around the buried duct; (ii) a parametric
optimization of the coupling geometry; (iii) a comparative evaluation of three configura-
tions: the complete system, the EAHE + cavity system and the bare cavity, solved under
identical numerical conditions; and (iv) a design-day evaluation of the complete system
for a representative hot and cold day, focused on ventilation

2. Materials and Methods

This section describes the methodology used to evaluate the thermal performance
of the coupled physical model (EAHE + single-channel solar chimney + cavity). It first
introduces the governing equations used to model heat transfer and fluid flow, followed
by the optimization procedure applied to define the coupling geometry. Subsequently,
the computational domain, the mesh generation strategy, its independence study, and the
boundary conditions are described, followed by model validation. The performance in-
dicators used to assess the system are then presented. Finally, a design-day evaluation
was conducted considering representative hot and cold conditions to analyze the sys-
tem performance in different climatic scenarios. A four-stage methodology flow chart is
shown in Figure 1, and the complete software environment is summarized in Section 2.6
for reproducibility.

s 2
Stage 1. Soil thermal-inertia sub-model (laplacianFoam,

4-day transient): soil temperature, convective coefficient h

|

Stage 2. Geometry optimization: 8 EAHE-chimney
configurations — reference geometry (Case 4)

|

Stage 3. Coupled CFD of 3 configurations (complete / EAHE+cavity
/ bare cavity) under identical conditions; mesh-independence study

|

Stage 4. Design-day evaluation (hot / cold) of the complete

system; post-processing of Q, 1z, ACH and thermal power
N J

Figure 1. Flowchart of the four-stage methodology implemented in this study.
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2.1. Physical Model and Case Definition

The physical model is based on the full-scale experimental EAHE reported by Diaz-
Hernédndez et al. [10] for warm-humid conditions. The exchanger consists of a 4-inch
(0.1016 m) diameter conduit, 6 m long, buried 2.5 m below the surface (Figure 2); this
depth was selected because daily fluctuations in soil-temperature become negligible be-
low 2 m [8,10]. The duct feeds a cubic cavity of 3 x 3 x 3m (27 m3) that represents
the interior of the home, dimensioned according to the recommendations for indoor-air-
quality and ventilation and consistent with previous studies of the coupled-system. This
3 x 3 x 3m cavity was adopted because it is the reference room size used in comparable
coupled EAHE-solar-chimney studies [23,24,26,27], which facilitates comparison with the
literature. Because ACH and mean temperature are intensive quantities, conclusions on
relative performance can be transferred to larger rooms provided the input/outlet areas
are scaled proportionally to the volume of the room; the absolute ventilation of a larger
room would require correspondingly larger openings, as discussed in Section 4. The cav-
ity is connected to a single-channel solar chimney with a base 1 m x 0.15 m and a height
of 2m, following the recommendations of Villar-Ramos et al. [20]. The corresponding
physical outlet cross-section of the chimney channel is therefore 1 m x 0.15 m = 0.15 m?.

Figure 2. Physical model of the earth—air heat exchanger (EAHE) buried in the soil block, adapted
from Diaz-Hernédndez et al. [10].

Three configurations were solved and compared: (i) the complete system, formed by
the EAHE, the cavity, and the solar chimney; (ii) the EAHE + the cavity system, without
the solar chimney; and (iii) the bare cavity, used as the reference case. All three cases
share the same geometry, mesh strategy, air and soil thermophysical properties, boundary
conditions, turbulence model, and solver settings; the only difference is the inclusion or
removal of a component so that the differences in the results are attributable solely to
the effect of each passive device. In addition, the complete system was evaluated in two
contrasting climatic scenarios—a hot and a cold design day—as described in Section 2.8.
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2.2. Governing Equations

The airflow is modeled as a steady, incompressible, turbulent flow with buoyancy
effects treated through the Boussinesq approximation, in which the density varies linearly
with temperature,

p=po[1—B(T—To)l, 1)

where pg is the reference density, S the thermal-expansion coefficient, Ty the reference
temperature, and T the local temperature. These assumptions are consistent with previous
numerical investigations of natural convection in enclosed domains, where the Boussinesq
approximation has been used successfully to couple the temperature and velocity fields
while maintaining computational efficiency [41]. The Reynolds-averaged Navier—Stokes
(RANS) equations of mass, momentum, and energy conservation govern the mean flow.
For a steady, incompressible, turbulent flow, the conservation of mass, momentum, and
energy is expressed, respectively, as

aui o
axi =0, (2)
a(uiu]') 1 dp 0 du; Uj
o oy VT oy Ty )| FEPTTO) ©
a(u]-T) d oT
ax]- —ach (lirtXt)ax]l, (4)

where u; are the mean velocity components, p the pressure, g; the gravitational accelera-
tion, v and v the molecular and turbulent (eddy) kinematic viscosities, and « and «; the
molecular and turbulent thermal diffusivities; the last term of Equation (3) is the buoy-
ancy force introduced through the Boussinesq approximation, Equation (1). The RANS
approach offers an adequate compromise between computational cost and accuracy com-
pared to direct numerical simulation (DNS) or Large-Eddy Simulation (LES), which re-
quire prohibitively fine meshes [42-44].

Turbulence closure is provided by the standard k—e¢ model, widely validated for fully
developed internal flows and natural-ventilation applications due to its numerical robust-
ness and low computational cost [45]. The model solves two transport equations, one for
the turbulent kinetic energy k and one for its dissipation rate e:

a(p uik) o 0 Ut ok
x; —Tx] H_‘_;k Tx] +Gk+Gb PE, (5)
d(puie) 9 ue\ oe € €2
o 87x] B+ o E)Tc] +C1€E(Gk+C3EGb> — Coep T (6)

where y; is the turbulent viscosity, oy and o are the turbulent Prandtl numbers for k
and ¢, and G and G, are the production of turbulent kinetic energy due to mean ve-
locity gradients and buoyancy, respectively. The wall regions were treated with standard
wall functions consistent with the high-Reynolds-number formulation of the k—e model
(nutkWallFunction for turbulent viscosity, and kqRWallFunction and epsilonWallFunc-
tion for k and ¢). Based on the EAHE operating conditions (mean duct velocity of
0.9218 ms™1, D, = 0.1016m and v = 1.60 x 10~° m2 s’l), the Reynolds number is
Re = 5.85 x 103, i.e., a low-turbulent, fully developed regime for which the standard
k—e model with wall functions has been extensively applied to EAHE and solar-chimney
flows [29,45].
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2.3. Thermal Inertia of the Soil

As a preliminary stage, the transient thermal behavior of the soil surrounding the
buried duct was analyzed with the OpenFOAM solver laplacianFoam, which solves the
transient heat-conduction Equation (Laplace-type) for a scalar temperature field,

oT

2
5 =a VTS, )

where « is the thermal diffusivity and S an optional heat source/sink. The thermal dif-
fusivity of the soil was taken from the literature [18], and the domain was initialized
at a uniform temperature of 27.7 °C, corresponding to the average soil temperature at
2.5 m reported for the reference site [10]. It is important to note that, unlike temperate
climates where the soil temperature at 2.5 m is typically 10-15 °C, the study site is located
in Tabasco, Mexico, a warm-humid tropical climate with a high mean annual air tempera-
ture and a shallow water table. The undisturbed soil temperature at 2.5m at this site was
measured experimentally over one year by Diaz-Herndndez et al. [10] and remains close
to 27-28 °C; the value adopted here is therefore taken directly from that site-specific ex-
perimental campaign and not from generic temperate-climate correlations. Consequently,
the EAHE does not exploit a large soil-to-air temperature difference but rather the ther-
mal stability of the ground: it damps the diurnal and seasonal swings of the outdoor air
(which can exceed 40 °C on hot days) toward the stable ~28 °C of the deep soil, which is
the mechanism responsible for the cooling reported below. Transient boundary conditions
were imposed by means of polynomials fitted to experimental temperature data,

27T
Zalt —i—bsm<86 40())—1- (8)

i=0

in which the polynomial term captures the general trend of the soil temperature and the
sinusoidal term reproduces the 24 h diurnal cycle (period 86,400 s). Dirichlet conditions
were applied at the upper and lower soil surfaces, a third-kind (convective) condition at
the duct walls, adiabatic conditions at the lateral boundaries, and symmetry conditions at
the domain ends. Polynomial coefficients are listed in Table 1. The coefficients are reported
with the number of significant figures of the original polynomial fit; the physical tempera-
tures derived from them are quoted to one-two decimals consistent with the resolution of
the experimental data [10].

Table 1. Coefficients of the boundary-condition polynomials, Equation (8).

Coef. 1st Kind (Top) 1st Kind (Bottom) 3rd Kind (Duct Walls)
ag 28.331773 27.670981 28.236825

a —1.778535 x 10~ 3.142183 x 108 —4.461869 x 107°
ap 1.169548 x 10~ 10 —4.919981 x 1013 7.774422 x 10~ 11

as —2.636024 x 10716 2.310189 x 1018 —2.149831 x 10716
ay 2.314148 x 10~ —3.663839 x 10~ 2.043781 x 10~22

as —6.898478 x 10~%° 1.619846 x 10730 —6.339628 x 10~%°

b 1.51 0.025 3.12

c 1 1 0.87

The convective heat-transfer coefficient at the duct wall was obtained from the dimen-
sionless Prandtl, Reynolds, and Nusselt numbers,
v HCp

D
=Yt R UDn N 0osReS Py, = NEE
o k v Dy,

©)
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where the Nusselt number was estimated from the Dittus—Boelter correlation for turbulent
tube flow [46-48]. Because the air is being cooled by the surrounding ground, the exponent
n = 0.3 was adopted, as prescribed by the Dittus—Boelter correlation for a fluid that is
cooled. With Re = 5.85 x 103 (>4000, turbulent) and Pr ~ 0.71, the air properties at the
mean temperature of 28.24 °C (Table 2) and a hydraulic diameter D;, = 0.1016 m yield a
convective coefficient 1 = 5.73Wm~2°C~!. The simulation was run for a period of four
days, and the soil domain was discretized with an unstructured 3D mesh (0.02-0.15m
element size; 26,201 nodes, 129,753 tetrahedra) refined around the duct curvature [49].

Table 2. Thermophysical properties of air at the mean temperature of 28.24 °C.

Property Value
Density, p (kgm~3) 1.1568
Specific heat, ¢, (kg 'K™1) 1007.056
Dynamic viscosity, # (Nsm~2) 1.8526 x 107°
Thermal conductivity, k (W m~ K1) 0.026403
Thermal diffusivity, & (m?s~!) 2.2665 x 107>
Kinematic viscosity, v (m?2s1) 1.6015 x 107°

2.4. Optimization of the Coupling Geometry

Before coupled CFD simulations, eight geometrical configurations were evaluated
to determine the best relative position of the EAHE inlet and the solar-chimney outlet
with respect to the cavity by varying the connection distances B (EAHE) and A (chimney).
The objective criterion was to minimize the mean air temperature in the cavity (both in
the entire cavity and in a representative Section 2 m above the floor), which is the main
passive-cooling target. The geometry and thermal results of all eight configurations are
summarized in Table 3. The mean cavity temperatures ranged from 33.2 °C to 33.7 °C, and
between 32.7 °C and 33.9 °C in a Section 2 m above the floor. Configuration 4—the EAHE
inlet located 0.25 m from the cavity base and the chimney outlet at a 2 m height—produced
the lowest average temperatures and the most efficient EAHE—chimney interaction and
therefore was adopted as the best-performing configuration among the eight tested cases
and used as a reference geometry for all subsequent simulations.

Table 3. Geometric parameters and thermal results of the eight coupling configurations evaluated
(B: EAHE connection distance; A: chimney connection height). The objective criterion is the mean
cavity temperature; Case 4 (in bold) was selected.

Case B (m) A (m) Tavg Cavity (°C) Tavgat2m (°C) Exec. Time (h)
1 1.00 1.0 33.6 33.3 17.13
2 1.50 1.0 33.7 33.6 30.51
3 2.00 1.0 33.7 33.9 48.94
4 0.25 2.0 33.2 32.7 29.43
5 0.50 2.0 33.4 33.0 51.57
6 1.00 2.0 33.4 33.0 69.01
7 1.50 2.0 33.6 33.5 26.53
8 2.00 2.0 33.6 33.8 35.59

2.5. Computational Domain, Mesh and Boundary Conditions

To reduce computational cost without affecting the physical representativeness of
the model, the domain was simplified by cutting the symmetry, reducing the depth of
the cavity and chimney to a thickness of 0.20 m while preserving the trajectory, length,
and diameter of the EAHE. A symmetry condition was imposed on the front plane and
an empty condition on the back plane so that the governing equations were solved only
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in the plane of interest, yielding a quasi-two-dimensional representation of the flow at a
considerably lower cost.

The relationship between the computational and the physical domains is summa-
rized below. The physical cavity is 3 x 3 x 3m (Vphys = 27m3) with a chimney
outlet of 0.15m x 1m = 0.15m?2; the reduced computational slice keeps the same
height and length but a depth of 4 = 0.20m, giving a computational cavity volume
Vop =3 x3x020=18m3and a computational outlet area Ayp = 0.15 x 0.20 = 0.03 m2.
Because ACH is the ratio of the volumetric flow from the outlet to the enclosed volume,
and both the outlet area and the volume scale linearly with the eliminated depth 4,

0 Aout3600  0(0.15d)3600  (0.15) 3600

ACH =
c Veav 9d 9 ’

(10)

the depth d cancels out. Consequently, the ACH computed on the quasi-2D slice is iden-
tical to that of the full 27 m3 room, and the mean temperatures (intensive quantities) are
likewise preserved. The ACH values reported for the three configurations (Section 3) were
obtained with Ayp = 0.03m? and Vop = 1.8 m> and therefore correspond to the physical
room. Only the EAHE duct, which retains its true circular cross-section, transports the
physically dimensional duct flow rate reported in Section 3.5. It should nevertheless be
acknowledged that the quasi-two-dimensional simplification neglects three-dimensional
flow and temperature effects (such as lateral recirculation and corner effects) present in
the actual room; the reported values should therefore be interpreted as representative
of the mid-plane behavior, and a fully three-dimensional simulation is recommended as
future work.

The coupled domain was meshed in Salome using the unstructured NetGen algo-
rithm with tetrahedral elements. A base size between 0.006 m (minimum) and 0.04 m
(maximum) was used, with local refinement down to 0.003 m near the EAHE walls and
elbows, 0.005 m inside the solar chimney and 0.01 m in the connecting cavity, to resolve
steep thermal gradients and buoyancy-driven ascending flow (Figure 3).

@) (b)

Figure 3. Unstructured mesh of the coupled system: (a) cavity and connection to the solar chimney;
(b) local refinement around the EAHE elbow.

A mesh-independence study was carried out for the coupled domain using three
refinement levels (coarse, medium, and fine). For each mesh, the pseudo-transient evo-
lution of the mean air temperature in a representative cavity region (1 m above the floor)
was monitored until it reached an asymptotic value. Table 4 reports the cell count, the
computational time, and the resulting temperature. The solution converges asymptoti-
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cally with refinement, and the medium mesh (133,933 cells) was selected as the definitive
configuration because it captures buoyancy-driven convection and vertical thermal gradi-
ents at a substantially lower cost than the fine mesh. This medium mesh was used for all
coupled simulations reported below. Although the independence metric tabulated here
is the mean cavity temperature, the flow-related outputs were also monitored during the
study: the maximum velocity and the outlet volumetric flow reached practically constant
values upon refinement (consistent with the convergence of the residuals), indicating that
the ventilation-related quantities (outlet flow and ACH) are likewise insensitive to further
refinement. A dedicated per-mesh tabulation of the outlet flow and ACH was not carried
out, which is acknowledged as a limitation.

Table 4. Mesh-independence study for the coupled domain (mean air temperature monitored 1 m
above the cavity floor).

Mesh Cells Comp. Time (h) Mean Cavity T(1 m) (°C)
Coarse 85,875 1.14 32.02
Medium (selected) 133,933 6.76 32.84
Fine 398,396 18.83 32.26

The EAHE duct was segmented to assign first-kind (fixed-temperature) boundary
conditions from experimental data, complemented by temperatures prescribed at the cav-
ity roof and walls and at the solar-chimney glass and interior surfaces. The wall tempera-
tures for the hottest and coldest design days were estimated with a previously validated
global energy-balance tool [50]. Two flow-driving conditions were used according to the
objective of each stage. For the comparison of three-configurations under the design condi-
tion (Section 3), a fixed EAHE inlet velocity of 0.9218 m s~! was prescribed, following the
experimental reference of forced-convection of Diaz-Herndndez et al. [10]; this provides
a controlled, identical supply condition for the three cases so that the differences are at-
tributable only to the presence/absence of each component. For the design-day evaluation
of the complete system (Section 2.8), no inlet velocity was imposed: the flow was left to de-
velop solely from buoyancy (natural convection), using pressureInletOutletVelocity at
the openings so that the coupling between the EAHE and the solar chimney emerges from
the density field rather than from a prescribed velocity. The main boundary temperatures
for the hot design condition are summarized in Table 5.

Table 5. Main temperature boundary conditions prescribed in the coupled model (hot design condition).

Element Type Value
EAHE inlet fixedValue  34.76°C
Chimney outlet zeroGradient -
EAHE Section 1 fixedValue  32.15°C
EAHE Section 2 fixedValue  27.80°C
EAHE Section 3 fixedValue = 28.00°C
EAHE Section 4 fixedValue  28.10°C
EAHE Section 5 fixedValue  27.70°C
Cavity roof fixedValue  35.40°C
Cavity north wall fixedValue  33.50°C
Cavity south wall fixedValue = 33.30°C
Solar chimney (glass) fixedValue  49.00°C
Solar chimney (interior) fixedValue  68.50°C
Front plane (whole model) symmetry -
Cavity/chimney back plane empty -

https:/ /doi.org/10.3390/mca31050205
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2.6. Solver Configuration and Reproducibility

The coupled simulations were performed with the OpenFOAM solver
buoyantSimpleFoam for the forced-convection design condition and buoyantBoussi-
nesqSimpleFoam for the natural-convection design-day cases, designed for steady, tur-
bulent flow with heat transfer and buoyancy effects through the Boussinesq approx-
imation. The controlDict file specified a steady run between 0 and 200 s, with an
initial time step of 0.005 s, automatic adjustment to keep a maximum Courant num-
ber of 0.2 (maximum step 0.008 s) and residual monitoring enabled. In fvSchemes, a
steadyState time scheme was used, with Gauss linear gradients, bounded Gauss
upwind divergence terms, and Gauss linear orthogonal Laplacians. In fvSolu-
tion, the modified pressure p,o, was solved with the PCG solver (DIC preconditioner,
absolute tolerance 1 x 10~%), while velocity, turbulence quantities and energy used
PBiCGStab with a DILU preconditioner; pressure-velocity coupling was handled with
the SIMPLE algorithm, with relaxation factors of 0.7 (pressure), 0.2 (velocity) and
0.1 (energy). The thermophysical model was heRhoThermo with a pureMixture and
the Boussinesq approximation (M = 28.9, pg = 1kgm 3, Ty = 300K, B =3 x 10 3K},
Cy = 712]kg’1K’1, u=1x 10> Pas, Pr = 0.7), and turbulence was modeled with
the RAS k—& model. Convergence was verified by monitoring the residuals of velocity,
pressure, and temperature and the global mass balance; the momentum, energy and
turbulence residuals dropped below 107° and the pressure residual below 1075, and
the maximum velocity and outlet volumetric flow reached constant values.

For reproducibility, the complete software environment was: OpenFOAM (The Open-
FOAM Foundation) v12 [37] for the CFD solution, Salome (NetGen algorithm) for mesh
generation, ParaView 5.8.0 for field post-processing, and Python 3 (NumPy, pandas, Mat-
plotlib and openpyxl) for the section-based reduction of the design-day indicators. The
steady buoyant SIMPLE procedure used in this study is summarized in Figure 4.

Steady buoyant SIMPLE solver (buoyant*SimpleFoam)

1. initialize fields U, p_rgh, T, k, epsilon; set relaxation factors

2. while (residuals > tolerance) do

3. build and solve momentum predictor for U (Equation (3)) with buoyancy
g*betax(T-TO)

4. solve pressure (p_rgh) equation; correct U to enforce continuity (Equation (2))
5. solve energy equation for T (Equation (4)); update rho via Boussinesq (Equation
(6D))

6. solve k and epsilon transport (Equations (5) and (6)); update turbulent viscosity
nu_t

7. wunder-relax fields; check residuals of U, p_rgh, T, continuity

8. end while

9. post-process Q, m_dot, ACH, thermal power (Equations (10)-(12))

Figure 4. Pseudocode of the steady, buoyancy-driven SIMPLE procedure.

2.7. Performance Indicators

The results were post-processed with ParaView 5.8.0. A cross-section normal to the
flow was extracted with the Slice filter; its area was obtained with Integrate Variables,
and the mean temperature and velocity with Descriptive Statistics. The volumetric
flow rate was computed from the continuity equation for incompressible flow and the air
mass flow rate from

Q=A5, 1=pQ. (11)

Consistent with the Boussinesq formulation of the coupled model, the density used
in Equation (11) is the Boussinesq density evaluated at the local mean temperature,
p = po[l — B(T — Ty)] with pg = 1kgm 3, Ty = 300K and B = 3 x 1073 K~!; at the EAHE
outlet temperature this gives p &~ 0.99 kgm~3. This is the density that reconciles the mass
34-1

and volumetric flow rates reported in Section 3.5 (e.g., 23.71m*h~1 = 6.59 x 103> m3s~1,
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and i = 0.99 x 6.59 x 1072 = 6.52 x 1073 kgs~!). The value p = 1.1568 kgm 2 listed
in Table 2 corresponds to the reference properties used only for the convective-coefficient
(h) calculation of the soil sub-model and is not used in the coupled mass balance. The
ventilation capacity was quantified through the number of air changes per hour,

Qout X 3600

ACH = ,
Veav

(12)
where Veay is the volume of the cavity and Qoyt is the volumetric flow of the outlet. The
thermal power removed by the EAHE and by the cavity was evaluated from the steady-
flow energy balance,

Q =1ircy AT, (13)
where AT is the temperature difference between the inlet and outlet of the corresponding
control volume. It should be emphasized that Qrank (evaluated with ATgapg < 0 onahot
day) represents sensible heat extracted from the supply air by the ground, whereas Qsc
represents sensible heat gained by the air inside the solar chimney from solar radiation.
These two quantities act on different air streams and have opposite thermodynamic mean-
ing; therefore, they are reported separately and are not added into a single “cooling power”
delivered to the building. The chimney heat gain is the driver of the buoyancy flow, not a
cooling contribution. Finally, to compare the relative magnitude of the ground-cooling ef-
fect and the chimney driving gradient in the design-day analysis, a dimensionless relative
thermal-contribution ratio was defined as

|ATgAHE|
Rar = ——— % 100%. (14)
|ATsc|
This ratio is not a heat-exchanger effectiveness in the classical (e-NTU) sense; it is simply
an indicator of which mechanism dominates the thermal response for a given design day.

2.8. Design-Day Evaluation: Hot and Cold Conditions

To assess the behavior of the entire system under contrasting climatic demands, two
additional steady-state simulations were carried out under the boundary conditions cor-
responding to a representative hot and a representative cold day of a typical year, ob-
tained with the validated global energy-balance tool [50]. These are two representative
steady design-day conditions and do not constitute a transient annual simulation. For
each scenario, the three-dimensional velocity components (Uy, Uy, U;) and the tempera-
ture were extracted on representative cross-sections of the solar chimney, the cavity and
the six EAHE segments, and reduced with a dedicated Python routine. The section veloc-
ity magnitude was computed as

o= L2+ U2+ T2, (15)

and the indicators of Section 2.7 were evaluated with the outlet velocity taken in the
upper chimney section, an outlet area Aoyt = 0.15m? (the physical chimney outlet,
0.15m x 1m), a cavity volume Vay = 27m? and constant air properties p = 1.225 kg m 3
and ¢, = 1005 J kg~ 'K ™!, with a reference ambient temperature of 20 °C. In an earlier ver-
sion, this area had been set to an assumed value of 0.30 m?2; it has now been corrected to
the physical outlet area of 0.15m?. Accordingly, we recalculated all affected quantities, in-
cluding the volumetric and mass flow rates, ACH, renewal time, and thermal powers. The
updated values are presented in the corresponding table in Section 3.5. The temperatures
and temperature differences are unaffected, and the hot-versus-cold comparison, which

depends on the ratio between the two scenarios, is likewise unchanged. This design-day
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analysis quantifies how the ventilation and the thermal-energy exchange of the same phys-
ical system respond to opposite climatic demands. Because this evaluation and the com-
parison of three-configurations use different post-processing conventions, their absolute
ventilation magnitudes are not directly interchangeable; therefore, the two studies are in-
terpreted independently and a unified single-convention post-processing is identified as
future work (Section 4).

2.9. Model Verification and Consistency Check

The EAHE sub-model (the earth—air heat exchanger without the solar chimney) was
verified against the full-scale experimental data of Diaz-Hernadndez et al. [10], obtained
at the same warm-humid site (Tabasco, Mexico) over one year of monitoring, which is
the reference used to define the physical model. The experimental campaign reported an
air-temperature reduction of EAHE (cooling potential) of up to 5.5 °C under summer con-
ditions. The present CFD model reproduces this behavior: the computed air-temperature
reduction across the EAHE is 5.75 °C for the hot design day and 4.75-6.81 °C for the design-
condition cases, i.e., the same order and trend as the experiment, with a difference of about
4.5% for the hot design day (5.75 vs. 5.5 °C), as summarized in Table 6. This comparison
should be regarded as a consistency check against the reported experimental cooling po-
tential rather than a matched, one-to-one validation case because the experimental and
numerical boundary conditions are not identical; it therefore supports the consistency of
the EAHE sub-model with the experimental data but does not constitute a full validation
of the coupled system. A complete point-by-point validation of the fully coupled EAHE-
cavity—solar-chimney model against dedicated experimental measurements is in progress
and is identified as future work.

Table 6. Verification of the EAHE sub-model against the experimental cooling potential reported for
the same site by Diaz-Hernandez et al. [10].

Quantity Experimental [10]  Present CFD (EAHE) Difference
EAHE air-temperature reduction (hot/summer) up to 5.5°C 5.75°C (hot design day) ~4.5%
EAHE air-temperature reduction (design cases) 2.8-5.5°C [10] 4.75-6.81°C same order/trend

3. Results

This section presents the numerical results of the proposed passive conditioning sys-
tem. The analysis begins with the evaluation of the thermal inertia of the surrounding soil,
followed by a comparison of the thermal and ventilation performance of the three simu-
lated configurations. Finally, the design-day behavior of the complete system is examined
under representative hot and cold conditions.

3.1. Analysis of Soil Thermal Inertia

The four-day transient simulation of the soil block (Figure 5) revealed a marked con-
trast between the surface and the deep soil. The temperature of the soil-surface showed the
largest fluctuations, driven by the diurnal cycle, with peaks of up to 28.9°C at 42 h and
90 h. The air temperature inside the pipe gradually increased, reaching a maximum of
28.32 °C at 90 h, while the temperature of the soil immediately around the pipe remained
almost constant (27.65-27.70 ° C) throughout the simulation. The small surface-to-depth
temperature difference (=1-2K in Figure 5) is a direct consequence of the warm-humid
tropical setting: in this climate the whole soil column is warm, and the diurnal wave is
strongly damped below 2m, in contrast with temperate climates where a larger surface-
to-depth gradient is expected. The reported temperatures (Figure 5) are in kelvin and are
consistent with the site-specific experimental data [10]. This behavior demonstrates that
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the soil at 2.5 m acts as a thermal regulator, damping the extreme surface fluctuations.
Within the simulated four-day period, no significant depletion of soil was observed as a
heat sink or source; this conclusion is restricted to the simulated period and is consistent
with reports that thermal saturation of the surrounding soil may appear only after several
days of continuous operation [13], while longer-term soil stability (seasonal/annual) has
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301.7

been reported elsewhere [8].
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Figure 5. Temperature field of the soil block around the buried EAHE duct at representative instants
of the four-day transient simulation. The near-duct soil remains almost isothermal while the surface
layer follows the diurnal cycle.

3.2. Complete System (EAHE + Cavity + Solar Chimney)

Figure 6a shows the temperature field of the complete system. Air enters the ex-
changer at about 303K (the ground boundary temperature) and remains almost uniform
along the buried duct. On entering the cavity, the cool jet spreads over the lower region
and mixes with the interior air, producing an ascending thermal gradient from roughly
305K near the floor to approximately 308K in the upper region, i.e., a natural thermal
stratification. The solar chimney reaches the highest temperatures of the system (approxi-
mately 315 K) as a consequence of the heating of its exposed surfaces, which reduces the
air density and enhances the buoyancy that drives the flow.

The velocity field (Figure 7a) shows the highest velocities inside the EAHE duct
(~0.30ms ™) due to its small hydraulic diameter. On entering the cavity the cross-section
expands and the velocity drops below 0.10 m s~!, favoring mixing; the cool jet travels
along the lower part of the cavity and then rises as it is drawn towards the chimney inlet,
where it accelerates again. The streamlines (Figure 8a) confirm the establishment of a con-
tinuous circulation loop driven by the density difference between the cold air supply and
the heated air in the chimney.
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Figure 6. Temperature contours (K) for the three analyzed configurations: (a) complete system;
(b) EAHE + cavity; (c) bare cavity.
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Figure 7. Velocity-magnitude contours (m s~ 1) for the three analyzed configurations: (a) complete

system; (b) EAHE + cavity; (c) bare cavity.
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Figure 8. Streamlines coloured by velocity magnitude (ms~!): (a) complete system; (b) EAHE + cavity;
(c) bare cavity. The complete system develops a continuous circulation loop from the EAHE inlet to
the chimney outlet.

https://doi.org/10.3390/mca31050205


https://doi.org/10.3390/mca31050205

Math. Comput. Appl. 2026, 31, 205

17 of 26

Quantitatively, the EAHE delivered a mean air temperature at the outlet of 30.01 °C, a
mean velocity of 0.829 m s, a duct volumetric flow rate of 23.71 m®>h~! and a mass flow
rate of 0.00652 kg s~ . This flow rate is the area-averaged value evaluated at the EAHE
outlet cross-section (mean velocity 0.829ms~! over the post-processing section area of
0.00794698 m2); it is therefore lower than the nominal estimate of ~26.9m3h~1 obtained
from the imposed inlet velocity of 0.9218 ms~! over the full duct area. The difference
arises from the local velocity profile and the area-averaging over the section, not from any
density effect. The temperature drop across the exchanger was 4.75 °C, corresponding to
a sensible cooling power of the supply air of 31.2 W. The mean cavity temperature was
33.20 °C, the outlet velocity was 0.1387 m s~! and the ventilation rate reached 8.32 ACH,

with a thermal power removed from the cavity of 67.04 W.

3.3. EAHE + Cavity System (Without Solar Chimney)

Removing the solar chimney isolates the effect of EAHE. The temperature field
(Figure 6b) shows the cool air entering at about 303 K and gradually warming to
307-308 K; without the chimney, the circulation is weaker, and the hot air accumulates
in the upper part of the cavity. The velocity field (Figure 7b) confirms the loss of inten-

sity, with recirculation zones and velocities below 0.10 m s~}

in most of the cavity. In this
configuration the EAHE reduced the inlet air temperature by 6.81 °C (mean outlet temper-
ature 27.95 °C), with a volumetric flow rate of 10.96 m3h~1, a removed thermal power of
20.84 W, a mean cavity temperature of 33.45 °C, a ventilation rate of 4.27 ACH and a cavity

thermal power of 17.42 W.

3.4. Bare Cavity (Reference Case)

In the bare cavity (Figures 6c and 7c) the temperature field is practically uniform
at about 308 K, and the velocity is negligible (<0.02 m s~!) over most of the volume.
The mean cavity temperature was 34.42 °C, the ventilation rate only 2.01 ACH and the
removed thermal power 4.56 W. This case represents the behavior of a house without pas-
sive strategies and constitutes a reference to quantify the benefit of the EAHE and the
solar chimney.

3.5. Comparative Evaluation of the Three Configurations

Table 7 summarizes the main performance indicators of the three configurations and
the percentage indicators that quantify the contribution of each device. The complete
system clearly outperforms the other two: it reaches the lowest mean cavity temperature
(33.20 °C), the highest ventilation rate (8.32 ACH) and the highest removed thermal power
(67.04 W). The achieved ventilation is also compared with the recommended residential
ranges below.

Regarding ventilation adequacy, the ACH achieved by the complete system (8.32h~1)
is well above the minimum outdoor-air ventilation rates typically recommended for resi-
dential spaces (of the order of 0.35 h~1 for whole-dwelling ventilation), whereas the bare
cavity (2.01 h™!) and the EAHE + cavity case (4.27h71) also exceed that threshold but
with a much lower renewal capacity. A formal ASHRAE 62.1/62.2 compliance state-
ment is deliberately avoided here because it requires the specific occupancy, floor area
and zone-air-distribution data of the target dwelling, which are outside the scope of this
numerical study; therefore, ACH values are reported as design indicators rather than as
certified compliance.
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ACH (h™)

2.51

Hot

Cold

35

Table 7. Comparison of the main performance indicators of the three analyzed configurations (de-
sign condition).

Metric Unit Complete EAHE + Cavity Bare Cavity
EAHE mass flow rate, 1z kg g1 0.00652 0.00303 0.00319
EAHE duct volumetric flow rate, Q m3h-1 23.71 10.96 11.60
Outlet flow rate for ACH, Qout m3h! 14.98 7.69 3.63

Air changes per hour, ACH h1 8.32 4.27 2.01
Mean outlet velocity, 0 ms! 0.1387 0.0712 0.0336
Mean cavity temperature °C 33.20 33.45 34.42
AT inlet-outlet (EAHE) °C 4.75 6.81 -
Supply-air cooling power (EAHE) w 31.2 20.84 -
Thermal power removed (cavity) W 67.04 17.42 4.56

The outlet flow rate for ACH is Qout = 7 App with Ayp = 0.03m?2, and ACH = Qout 3600/ Vap

with Vop = 1.8 m?; as shown in Equation (10), these ACH values also apply to the full 27 m3 room.
Synergy indicators: coupling the chimney raises ACH by 94.8% (complete vs. EAHE + cavity) and
by 313.9% (complete vs. bare cavity); the isolated EAHE raises ACH by 112.4% (EAHE + cavity vs.
bare cavity). The EAHE duct volumetric flow rate corresponds to the area-averaged value at the
outlet cross-section, which differs from the nominal inlet-based estimate as explained in Section 3.

3.6. Design-Day Performance: Hot and Cold Conditions

The complete system was finally evaluated for a hot and a cold representative design
day. Figure 9 compares the two scenarios, and Figures 10 and 11 present the detailed
ventilation, energy and thermal-profile results obtained with the Python post-processing
routine. The consolidated indicators are reported in Table 8.

Hot vs. cold design-day performance of the complete system

Cavity T (°C) EAHE AT (°C) Chimney AT (°C) Combined power (W)
33.74 0.19 1458 182.12
T

Hot Cold Hot Cold Hot Cold Hot Cold

Figure 9. Hot vs. cold design-day performance of the complete system: air changes per hour, mean
cavity temperature, EAHE temperature change, solar-chimney temperature change and subsystem
thermal powers (reported separately).

On the hot design day, the system operates in a strong cooling regime. The EAHE
cooled the air by 5.75 °C (from 33.41 °C to 27.66 °C), the solar chimney developed a driv-
ing gradient of 2.10 °C, and the buoyancy produced a volumetric flow rate of 67.88 m3 h~!
(18.86 L s~ 1), equivalent to 2.51 ACH and a renewal time of 23.9 min. The EAHE ex-
tracted 133.42 W of sensible heat from the supply air, while the chimney air gained 48.70 W
from solar radiation (a driver of the flow, not a cooling contribution); the relative thermal-
contribution ratio was Ryt = 273.9%, confirming that the ground exchanger is the domi-
nant thermal mechanism in hot conditions while the chimney sustains the flow. The mean
cavity temperature settled at 33.74 °C (Figure 10a). On the cold design day the behavior
changes qualitatively: the EAHE became almost thermally neutral, with a negligible vari-
ation of +0.19 °C (from 26.37 °C to 26.57 °C) because the ground and the incoming air are
close to thermal equilibrium; therefore, the exchanger tempers the air without overcooling
it. The solar chimney, whose glazed surface is still heated by solar radiation while the in-
coming air is cold, developed a much higher driving gradient of 14.58 °C, but the resulting
flow was lower, 18.52 m®*h~! (5.15 L s7!), equivalent to 0.69 ACH and a renewal time of
87.5 min. The mean cavity temperature settled at 24.05 °C. The reduction in ventilation
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rate in winter is advantageous as it limits the loss of indoor heat while still guaranteeing
air renewal.

Ventilation & energy — Hot design day
(a) Volumetric / mass flow rate (b) Air changes per hour

67.88

2.51

Air changes per hour (ACH)

renewal time: 23.9 min

L/s kg/sx10?

(c) Thermal power (d) Mean temperature by subsystem

== ambient (20 °C)

Thermal power (W)
= - o -
) o < =) ) a 9
o o S o S a =) o
Mean temperature (°C)

Solar chimney Combined Chimney Cavity

(A) Hot design day

Ventilation & energy — Cold design day
(a) Volumetric / mass flow rate (b) Air changes per hour

18.52

0.69

Air changes per hour (ACH)

renewal time: 87.5 min

L/s kg/sx10%

(c) Thermal power (d) Mean temperature by subsystem

== ambient (20 °C)

801
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o
::u
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Solar chimney

Combined

(B) Cold design day

Chimney Cavity

Figure 10. Ventilation and energy indicators of the complete system: (A) hot design day; (B) cold
design day. Each panel shows the volumetric/mass flow rate, the air changes per hour, the thermal
power of each subsystem and the mean temperature per subsystem.
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Thermal field — Hot design day

(a) Mean temperature by section (b) Air temperature profile along the EAHE
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Thermal field — Cold design day
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Figure 11. Section-averaged temperature distribution and air-temperature profile along the EAHE:
(A) hot design day; (B) cold design day. On the hot day the EAHE profile falls markedly from inlet
to outlet, whereas on the cold day it remains nearly flat.

Table 8. Ventilation and thermal-energy indicators of the complete system for the hot and cold de-
sign days (Veay = 27 m3, Aout = 0.15m? (physical chimney outlet, 0.15m x 1m), p = 1.225kg m3,
cp = 1005 kg 1K 1).

Indicator Unit Hot Day Cold Day
Outlet velocity magnitude, o ms~! 0.126 0.034
Volumetric flow rate, Q m3h! 67.88 18.52
Volumetric flow rate, Q Ls! 18.86 5.15
Mass flow rate, i1 kgs! 0.0231 0.0063
Air changes per hour, ACH h! 2.51 0.69
Renewal time min 23.9 87.5
Solar-chimney inlet temperature °C 36.45 30.74
Solar-chimney outlet temperature °C 38.54 45.32
Solar-chimney ATsc °C 2.10 14.58
EAHE inlet temperature °C 33.41 26.37
EAHE outlet temperature °C 27.66 26.57
EAHE ATgane °C —5.75 +0.19
Mean cavity temperature °C 33.74 24.05
Solar-chimney heat gain W 48.70 92.36
EAHE cooling power 4 133.42 121
Relative thermal-contribution ratio, Rat % 273.9 1.3

Figure 12 completes the picture with the velocity magnitude of every analyzed sec-
tion and its relationship to local temperature, showing that the highest velocities concen-
trate in the EAHE outlet and the chimney throat in both scenarios but with a substantially
larger magnitude on the hot day.
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Fluid dynamics — Hot design day
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Fluid dynamics — Cold design day

(a) Velocity magnitude by section (b) Velocity-temperature relation
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Figure 12. Section velocity magnitude and velocity—temperature relation for the complete system:
(A) hot design day; (B) cold design day.

4. Discussion

The comparison of the three configurations makes it possible to separate the individ-
ual contributions of the EAHE and the solar chimney and quantify their combined effect.
From a thermal point of view, the bare cavity showed the least favorable behavior: an
almost uniform field at 34.42 °C and only 4.56 W of removed power. Adding EAHE re-
duced the mean cavity temperature to 33.45 °C and reduced the supply-air temperature
by 6.81 ° C, in line with the cooling potentials reported experimentally for warm-humid
climates [10,11]; however, without a device to extract hot air, ventilation remained limited
to 4.27 ACH. The best performance corresponded to the complete system, in which the air
cooled by the EAHE is driven into the cavity, while the solar chimney generates a buoy-
ancy force that sustains a continuous circulation. As a result, the ventilation rate reached
8.32 ACH and the removed power increased to 67.04 W.

In this work, the term “synergy” is used in a qualitative, complementary sense to
describe the mutually reinforcing action of the two devices; because a solar-chimney-only
configuration (without the EAHE) was not simulated, we do not claim a formally quan-
tified synergy against an independent solar-chimney baseline. Taking the bare cavity as
the baseline (2.01 ACH), the EAHE alone raises ventilation to 4.27 ACH (an increment of
+2.26 ACH), and adding the solar chimney raises it to 8.32 ACH (a further +4.05 ACH).
The coupled increment is therefore larger than what the EAHE contributes in isolation
because the ground-cooled air increases the density contrast that drives the chimney; this
mutual reinforcement—the ground-cooled air increasing the density contrast that drives
the chimney—is what is here referred to as their complementary (synergistic) action. A
dedicated solar-chimney-only case would be required to quantify the synergy against an
independent chimney baseline. This behavior is consistent with previous CFD investi-
gations of coupled EAHE-solar chimney systems, which reported that ground cooling
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improves buoyancy-driven ventilation through the complementary action of sensible heat
exchange and natural convection [51].

The design-day evaluation adds a second dimension: the coupled system responds
differently to contrasting climatic demands. On the hot day of design, EAHE dominates
the thermal response and provides a strong 5.75 °C of air cooling, while the solar chimney
maintains a ventilation of 2.51 ACH; the system behaves as an effective passive cooler. On
the cold design day, the roles reverse: the EAHE becomes nearly neutral (+0.19°C), avoid-
ing the overcooling that would be undesirable in winter, while the naturally reduced buoy-
ancy reduces the ventilation to 0.69 ACH, which limits the loss of indoor heat while still
renewing the air. It must be stressed that this climate dependence is a passive consequence
of the boundary conditions of each design day and not an active control action: no con-
trol strategy was modeled, and the term “self-adjusting” used in the previous version was
removed accordingly. Similarly, the improved thermal performance reported here should
be distinguished from actual thermal comfort: a mean cavity temperature of 33.2-33.7 °C
on the day of the hot design represents a clear improvement over the bare cavity, but is
still above the comfort range for occupied rooms; the 24.1 °C obtained on the cold day is
within a comfortable range, but comfort also depends on humidity and air speed, which
were not evaluated here.

To bring the hot-day cavity temperature closer to the comfort range, several measures
can be derived from the present results and the literature: increasing the EAHE length or
using multiple parallel ducts to raise the supply-air cooling; increasing the burial depth
or the number of passes to enlarge the ground contact area; enlarging the chimney ab-
sorber area or height to increase the ACH; and combining the system with complementary
passive strategies (night ventilation, shading, radiant/evaporative cooling and envelope
insulation). For rooms larger than the 27 m3 cavity studied here, the relative (intensive)
conclusions remain valid, but the inlet/outlet areas and the EAHE flow capacity must be
scaled proportionally to the volume of the room to preserve the reported ACH.

It should be noted that the three-configuration comparison and the design-day evalu-
ation adopt different post-processing conventions (the former uses the outlet-patch mean
velocity with the Boussinesq density on the quasi-2D slice, the latter the chimney-section
velocity magnitude with a fixed 27 m® volume and constant air properties). Consequently,
their absolute ventilation magnitudes are not directly interchangeable; each set of indi-
cators is internally consistent and is interpreted within its own analysis, and unifying
both under a single post-processing convention is identified as future work. The main
simplifications—the steady-state assumption, the Boussinesq approximation, the quasi-
two-dimensional symmetry reduction, and the prescribed wall temperatures for the de-
sign days—were adopted to keep the parametric and design day studies tractable; they
represent conservative, maximum-demand scenarios. Future work should address a tran-
sient annual simulation (required before any year-round claim can be made), a fully cou-
pled experimental validation, the reporting of y* and a unified post-processing conven-
tion, and the economic assessment of the system, whose viability is known to depend on
regional climate and electricity tariffs [36,52].

5. Conclusions

A CFD study of an earth—air heat exchanger coupled with a solar chimney was car-
ried out in OpenFOAM to assess the thermal and ventilation performance of a passive
conditioning system for dwellings in warm-humid climates, including an evaluation
for a representative hot and a representative cold design day. The main conclusions are
as follows.
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¢ Within the simulated four-day period, the soil surrounding the EAHE at a depth of
2.5 m acted as a stable thermal reservoir: the temperature of the soil adjacent to the
conduit remained within a narrow range of 27.65 to 27.70 °C despite fluctuations in
surface temperature. This conclusion is restricted to the simulated period; longer
simulations would be required to establish seasonal or annual stability.

*  Of the three configurations analyzed under identical numerical conditions, the com-
plete system demonstrated the best overall performance, achieving an average cav-
ity temperature of 33.20 °C, a ventilation rate of 8.32 ACH, and a cavity thermal-
power extraction of 67.04 W; by comparison, the EAHE-plus-cavity configuration
recorded 33.45 °C, 4.27 ACH, and 17.42 W, while the cavity alone showed 34.42 °C,
2.01 ACH, and 4.56 W. Incorporating the solar chimney increased ventilation by 94.8%
relative to the EAHE-plus-cavity configuration and by 313.9% relative to the cavity
alone. The ACH achieved exceeds typical residential ventilation recommendations,
although a formal ASHRAE compliance assessment would require occupancy and
floor-area data.

*  The results indicate a complementary, mutually reinforcing interaction between the
EAHE and the solar chimney: the ground-cooled air increases the density contrast
that drives the chimney, so their combined operation improves air renewal and heat
extraction beyond the isolated contribution of each device.

* The design-day evaluation revealed a climate-dependent response. On the hot de-
sign day, the EAHE achieved a 5.75 °C reduction in air temperature and the system
maintained 2.51 ACH; on the cold design day, the EAHE became virtually thermally
neutral (+0.19 °C), the ventilation decreased to 0.69 ACH and the cavity temperature
was 24.05 ° C. This behavior is a passive consequence of the boundary conditions of
each design day; no active control was modeled.

The coupled operation of the EAHE and the solar chimney generates a complemen-
tary, mutually reinforcing behavior that neither device achieves on its own, and its thermal
and ventilation response differs markedly between the hot and cold design days analyzed.
These findings provide quantitative, design-oriented criteria (burial depth, component lay-
out, ventilation and the expected contribution of each device) for combined passive sys-
tems in warm-humid dwellings, and the open-source methodology offers a reproducible
framework that can be adapted to other geometries, soils, and climates. A transient an-
nual analysis and a fully coupled experimental validation are required to extend these
design-day results to genuine year-round performance and thermal-comfort claims.
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Abbreviations

The following abbreviations are used in this manuscript:

ACH Air Changes per Hour

ASHRAE  American Society of Heating, Refrigerating and Air-Conditioning Engineers
CFD Computational Fluid Dynamics

DNS Direct Numerical Simulation

EAHE Earth—-Air Heat Exchanger

LES Large-Eddy Simulation

RANS Reynolds-Averaged Navier-Stokes

SC Solar Chimney

SCEAHE  Solar-Chimney/Earth-Air Heat Exchanger
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