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Abstract: The Earth-Air Heat Exchangers (EAHE) systems offer an environmental friendly way to reduce the use of non-
renewable energy for air conditioning by taking advantage of the thermal inertia of the ground, where the temperatures
lag those on the surface, mainly in the summer and winter. For this, the EAHE make use of underground ducts where
the ambient air is blown, to receive or lose part of its heat from/to the surrounding soil, and, finally, enter a building as
conditioned air. Many works in the literature have focused in the thermal performance of EAHE composed by only one
duct, and it is well known, for instance, that it can be improved to some extent by increasing the ducts size and/or reducing
their diameter. However, to use the results of those papers, one needs to take the ducts far apart from each other, to avoid
their mutual thermal influences. Taking a different approach, this article aims to explore new layouts to build EAHE with
four ducts. Employing the constructal design method, this work presents as results the best spacings among the ducts
in order to improve the heat transfer between soil and air, increasing the EAHE thermal potential. This is done varying
the ratio between the vertical and horizontal spaces among the ducts, up to limiting global constraints, and using several
simulations of the temperature fields in the ducts, with a verified and validated three-dimensional computational model.
Keywords: Constructal design, Earth-air heat exchangers (EAHE), Renewable energy devices, Air conditioning.

1. INTRODUCTION

The energy being expended with conventional air-conditioning systems throughout the world is growing larger and
larger every year. This comes from different factors, such as inappropriate design of buildings, augments of ambient
temperature due to climate changes, and even problems caused by urban density (Rodrigues and Gillott, 2015). From
the alternatives to help improving the thermal comfort at a low energetic cost, this paper investigates the Earth-air heat
exchangers (EAHE). Such devices explore the thermal inertia of Earth to dissipate heat by circulating the air inside buried
ducts. Thus, in a hot summer day, the air travelling through the ducts is cooled after giving up part of its heat to the
surrounding soil. The reverse occurs in a winter day, when the air gains heat from the soil. In both cases, the air leaves
the outlet of the ducts at a milder temperature.

Even though the concept of underground ducts/pipes has been known for centuries (Jacovides et al., 1996; Rodrigues
and Gillott, 2015), the interest for them has increased mainly over the last decade. Indeed, Diaz-Mendez et al. (2014) state
that some countries still do not use them. On the other hand, one can find reports from installations in many countries,
like in Germany (Pfafferott, 2003), in India (Misra et al., 2013), in China (Yang et al., 2010), and, of course, in Brazil
(Vaz et al., 2014), only to mention a few. In this regard, there is a growing literature aiming to study different themes like:
the development and validation of complete or simplified models for their simulations, as well as the analyses of their
operational parameters (Brum et al., 2012; Brum et al., 2013; Paepe and Janssens, 2003).

It should be noted that most of these references study EAHE composed by only one duct, or sets of ducts located far
apart from each other to avoid mutual thermal interferences. A problem recently raised by Rodrigues et al. (2015) was
how to arrange geometrically new layouts for two or more ducts aiming to improve their thermal performance. Inspired in
the related work of Rocha ef al. (2012), some answers were achieved by using the constructal design method (Bejan and
Lorente, 2006; Bejan and Lorente, 2008). In short, the idea is to let the the flow configuration vary freely, up to volume
constraints, towards the direction of the main flow currents, while one observe the evolution of some objective function.
For EAHE, the current is the heat that mainly flows in the cross-sectional direction from the ducts to the ground. As for
the objective function, this paper studies the so-called thermal potential, which is an average of the differences between
the temperatures on the outlets and the inlets of the ducts.

This paper aims to use the constructal design method to improve the geometrical configuration of a new layout for
EAHE with four ducts. As it is done in (Rodrigues et al., 2015), we consider that the ducts form a prism whose shape can
vary inside the soil (thus letting the flow configuration freely change) but its volume must remain constant. As it is shown
ahead, we end up finding the best vertical and horizontal spacings among the ducts, in order to improve the EAHE thermal



potential. Finally, it is important to mention that this work also presents new models for the thermal potential, allowing to
simplify the analyses of the set of EAHE, as well as establish results for their energetic performance and effectiveness.

2. METHODOLOGY

Regarding the geometry, the soil is contained within a three-dimensional domain 2 consisting of a parallelepiped
whose length, height and width are, respectively, L, = 26m, H; = 15m and W, = 10m. The EAHE is composed by
four ducts inside €2 taking the shape of right circular cylinders with length L, = L and diameter D, = 0.11m. The Fig. 1
shows a two-dimensional view of the four ducts over the xz-plane. The centers of the ducts are placed in the corners of a
diamond which is centered around the point Q(Ws/2, Dgye), where Dq, = 3m, the same depth proposed by Brum e al.
(2012) for EAHE with one duct. From the constructal design method, the vertical S, and horizontal S}, spacings among
the ducts (center to center) are free to vary under certain constraints. First, to avoid overlapping the ducts, and keep them
in , we imposed: S, > D., S, > D, Sp, < Wy —2D., S, < 2D,ve — 0.5. Second, but very important, they must
satisfy a fixed volume fraction:
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Here, Vg is the volume of the prism with length L. and whose cross section is the diamond associated to the EAHE, while
Vs is the volume of €. Therefore, with the constructal design, we are concerned to study how the overall performance
of the EAHE varies when its prismatic structure is morphed (keeping its volume constant) towards the main heat currents
which are flowing between the ducts and the soil. For this paper, we adopted 1y = 0.01, which is a volume fraction also
used in (Rodrigues et al., 2015), and we present ahead the results of 15 simulations varying the ratio r = S,/ S}, from
approximately 0.05 to 7.05.
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Figure 1: Cross-section view of the four ducts.

To study the EAHE, we adopted a relatively complete model, where the flow inside the duct is considered transient, in-
compressible, turbulent and described by time-averaged conservation equations of mass, momentum and energy (Versteeg
and Malalasekera, 2007; Wilcox, 2002; Incropera et al., 2011). In cartesian coordinates, these equations are, respectively:
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and we have to find the fields of temperature T’ (K), velocity v (m/s) and pressure p (N/m?). Here, the overline is
used to denote time-averaged terms and the equations obey the usual index notation where: the axis labels x, y and z are
replaced, respectively, by 1, x2 and x3, therefore, the integers 7 and j run from 1 to 3; the symbol ;5 is the Kronecker
delta (if ¢+ = j then §;; = 1, otherwise, §;; = 0); the summation symbol is dropped, being replaced by repeated index
notation, i.e., the Einstein notation. As for the other symbols (in order of appearance), ¢, p, v, T, o, and g, they represent,
respectively, the time (s), the air density (kg/ m?), the kinematic viscosity of the air (m? /$), the Reynolds stress tensor
(m?/s?), the thermal diffusivity of the air (m?/s), and the turbulent energy flux (mK/s). The models used for 7 and ¢
were:

Tij = ’U/- Ul- (5)
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where the apostrophe (') indicates the time varying fluctuating component (Versteeg and Malalasekera, 2007). To deal
with the closure problem, we used the Reynold stress model (RSM), where it is necessary to solve the following additional
transport equations for the Reynolds stresses:
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Here the correlations for pressure strain C'jx, dissipation rate IL;;, and third-order diffusion €;; are given by:
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Additional modelling to close the set of equations are provided by references like (Versteeg and Malalasekera, 2007;
Wilcox, 2002), and we do not present more details here for the sake of brevity.
Regarding the temperature field in the soil, it was computed from the conservation equation of energy, i. e.:
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where o is thermal diffusivity of the soil (m? /8).

This model for EAHE, was first introduced in (Brum et al., 2012), where it was validated through comparisons with
the experimental data available from a research involving a set of EAHE installed in the southern brazilian city of Viamao
(Vaz et al., 2014). Therefore, the simulations in this paper are also related to the conditions find in that part of Brazil. This
is the case of the boundary conditions for the temperatures on the soil surface T and at the inlet of the ducts 7;, which
are given by:

T, (t) = 18.70 + 6.28sin(0.0172t + 26.24), (12)

T,(t) = 23.03 + 6.925in(0.0172 + 26.42), (13)

where the temperatures in these models are in °C' and the time in days. These equations were obtained from the exper-
imental data using the algorithm for the least squares method described in (Brum et al., 2015). The other surfaces of
the domain were assumed to be thermally insulated. As for the air velocity at the ducts inlet, we adopted the value of
3.3m/s which was also used experimentally. For the outlet, it was assumed to be at atmospheric pressure. Regarding the
initial condition, all the domain was considered at 18.70°C, which is the mean temperature of the soil, as it can be seen
in Eq. (12). Naturally, the thermo-physical properties of the air and soil also follow the work (Vaz et al., 2014) and they
are summarized in the Tab. 1.

Table 1: Thermophysical properties of air and soil

Density  Thermal conductivity — Specific heat ~ Absolute Viscosity
(kg/m®) (W/mK) (J/kgK) (kg/ms)
Air 1.16 0.0242 1010 1.789 x 10°°
Soil 1800 2.1 1780 -

To make the simulations, we first constructed the computational domain using the GAMBIT software. The mesh was
composed by tetrahedral cells, and it was more refined inside the ducts than in the portion of soil to better capture the
higher temperature gradients. Here, we followed the pattern suggested in (Rodrigues et al., 2015), where the maximum
sizes for the cells in the ducts and in the soil were D, /3 and 3D., respectively. As it was done in the same reference, we
neglected the material properties and the thickness of the ducts. After that, we solved the governing equations with the
FLUENT software which adopts the finite volume method. Moreover, from all the available options regarding: algorithms
for the treatment of transient pressure and velocity fields, and schemes to handle numerical instabilities due to advection
terms; we adopted, respectively, the Coupled algorithm, and the Upwind scheme. Finally, the simulations covered a
period of two years divided in time steps of 3600s which advanced after the residuals (between two successive iterations)
of mass, momentum and energy balance become lower than 1073, 1073 and 10, respectively, meeting the convergence
criterion.



3. NEW MODELS AND RESULTS
3.1 Modeling the instantaneous thermal potential

For EAHE composed by four ducts, the instantaneous thermal potential P can be defined by:

P(t) = > [Tox(t) — Tix(t)]/4, (14)

k=1

where Ty, 1, (t) and T; (¢) represent, respectively, the temperatures on the outlet and on the inlet of the k-th duct, at the
time ¢. Here, for all ducts, T; 5 (t) = T;(¢) which is given by Eq. (13). Nonetheless, P is also a function of other variables,
in particular, it varies with the ratio between the ducts vertical and horizontal spacings, i. e., 7 = S,/ S, In this paper, we
find that P can be modelled by sine-based functions like:

P(t,r) = a(r)sin(bt + c) + d, 15)

where b, c and d are real constants and a is a function of 7. As usual, we also call a, b, ¢, and d, respectively, the amplitude,
angular frequency, phase and mean value of P. The idea that the variations in r affect mainly the amplitude of P can
be noticed in the graphics of the Fig. 2. It shows that increasing r from 0.05 to 7.05 decreases the amplitude of the
instantaneous thermal potential, while the changes in frequency, phase and mean value are little noticeable.
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Figure 2: Graphics of P along the year for three different ratios r = .S, /S.

Using the least squares method as in (Brum et al., 2015), we first explored models for P by fitting the numerical
discrete results to sine-based functions in the form:

P;(t) = ajsin(bjt + ¢;) + d;, (16)

where a;, b;, ¢; and d; are real coefficients. We notice that j = 1,2, ..., 15, since we simulated EAHE instalations with
15 different values of » which are displayed approximately in the Tab. 2, together with the corresponding coefficients.

Table 2: Values of a;, b;, ¢; and d; for each r
r 0.05 0.16 0.33 0.56 0.85 1.20 1.61 2.08 2.61 3.20 3.85 4.56 5.33 6.16 7.05
aj | 5.374 5342 5.247 5.175 5.096 5.102 5.083 5.073 5.055 5.031 4999 4958 4910 4.854 4788
b; | 0017 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.017
cj | -1.443  -1.430 -1.415 -1.406 -1.373 -1.403 -1.404 -1.408 -1.411 -1.415 -1.419 -1.423 -1427 -1.430 -1.434
d; | -2705 -2.661 -2.598 -2.558 -2.588 -2.552 -2.572 -2.598 -2.625 -2.654 -2.687 -2.720 -2.755 -2.788 -2.823

These results confirm that the variations in r affect much more the coefficient a; than the other ones. In fact, the
variations in b; are negligible. We also computed the standard deviations (Bulmer, 1979) of a;, b;, ¢; and d;, obtaining
the following respective values: 0.165, 0.000, 0.017 and 0.085. This justifies adopting a model for P, like the one in
Eq. (15), where the coefficients b, c and d are given, respectively, by the mean values of b;, c¢; and d;, while a is a function
of s. Using least squares, we fitted the discrete values of a; by polynomials. As it can be seen in the comparison shown by
the Fig. 3, the data can be properly fitted by third and fourth degree polynomials, however, we chose the later to increase
correlation, attaining a Pearson’s R correlation (Bulmer, 1979) of 0.99. Therefore, we modelled a and P by the following

functions:

a(r) = 0.00217% — 0.034173 + 0.1827r2 — 0.4113r + 5.3794, (17)

P(t,r) = a(r)sin(0.0172t — 1.4160) — 2.6589. (18)
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Figure 3: Comparison between a third and fourth degree polynomial to fit a;.

3.2 Design and Potential

It is important to find such models, because they sum up in a few equations a great amount of numerical data obtained
in the simulations of the EAHE installations, thus simplifying their analyses. A first concern with EAHE is to use them to
improve thermal comfort, mainly in summer and winter to, respectively, cool and warm buildings. Thus, if in the summer
one wants to decrease P as much as possible, in the winter occurs the opposite. In general, from the model for P given by
the Eq. (18), this is satisfied by maximizing its amplitude. Studying the function a(r) given by Eq. (17) inside the interval
of simulations considered for r = S, /Sy, then the maximum amplitude occurs for = 0.05, while the minimum one for
r = 7.05. In design terms, these results help to understand part of the relations between the EAHE thermal performance
and the geometry of the installation. Looking at the two-dimensional view of the Fig. 1, where the ducts form a diamond,
then reduce its height to widen the base improves the instantaneous thermal potential.

3.3 Thermal Potential

Since the EAHE are usually more useful during the summer or the winter, it is convenient to study their performance
during warmer or colder months. In this regard, some references (Brum et al., 2012; Rodrigues et al., 2015;Vaz et al.,
2014; Brum et al., 2013) employ a monthly average of the instantaneous thermal potential, which is simple called the
thermal potential P, and it is given by:

t
Ji, P(tr)dt

P =
k t—tg

19)
Here, t; and ¢; are, respectively, the first and last day of the month, and the integral can be computed for fixed values
of r. The Tab. 3 presents the values of the P; during the summer months of December and January, as well as in the
winter months of June and July, for » = 0.05 and r = 7.05, which represent the best and worst geometries, respectively.
From these results, the thermal potential is relatively improved by more than 7% and 25% in the summer and the winter,
respectively.

Table 3: Thermal potential (°C') for the warmer and cooler months of the year.
December January June July
r = 0.05 -1.94 -7.49 252 219
r="7.05 -7.39 -6.98 1.99 1.69

3.4 Energetic Performance

Besides the thermal comfort, the thermal potential is also directly proportional to the amount of conventional energy
that one can save in a month with air conditioning. The power, or energy performance (Incropera et al., 2011; Pfafferott,
2003) of the EAHE can be monthly estimated by:

Q = 4pairvairADcairPta (20)
where pqir, Cair and v, are the density, specific heat and mean velocity of the air in the ducts. The first two parameters
TI'Dg

are given in the Tab. 1 and we assume v,;- = 3.3m/s, which is also the air velocity at the ducts inlet. Finally, Ap = 1
is the cross-sectional area of the ducts. From the results shown in the Tab. 4 below, considering the best geometry for
the EAHE installations, they can achieve more than 1100W and 320W, respectively, of cooling and heating power. This
represents energetic savings with air conditioning higher than 810kWh and 230kWh in the summer and the winter,
respectively.



Table 4: Power (Q) and energy (E) during the warmer and cooler months of the year for r = 0.05.
December January  June July

QW) 1166.4 1100.5 370.6 322.1
E(kWh) 867.8 818.7 2757 239.7

3.5 Effectiveness

Even though the previous results helped to compare the different geometries for EAHE and provide an idea of their
energetic capacity, they do not offer a measure of efficiency. In other words, we do not know how much we achieved from
the soil potential. For different references, like (Incropera et al., 2011; Lee, 2010; Pfafferott, 2003; Paepe and Janssens,
2003), a measure of effectiveness is given by a temperature ratio:

TO*E

g— o1
Tsoir — T’

(2D
where T,;; is the soil temperature while 7y and T are the air temperatures on the outlet and on the inlet, respectively.

To estimate the effectiveness over a year of operation of the EAHE, we adopt in this work a variation of the previous
equation, computing the efficiency by:

2% P(t,r)2dt

VIE [ Taoult) - Tu(0) | dt
where T;(t) is given in Eq. (13), while
Tsoi(t) = 18.70 4+ 1.945in(0.0172t — 0.11) (23)

is the soil temperature at the center of the installation, i. e., at the depth of 3m (Brum et al., 2013). One also can note
that we are computing the numerator and denominator of the Eq. (22) by the usual norm of the square-integrable function
space L2[0, 365] (Reddy, 1998). Having stated the above, we found that the efficiency also increased by reducing r, more
specifically, the higher and lower values of 6,,, were 71.6% and 66.7% for r = 0.05 and r = 7.05, respectively.

4. CONCLUSIONS

This paper presented recent results obtained by the application of the constructal design method to enhance the geo-
metric distribution of four ducts buried in the soil to form EAHE. Taking a cross-sectional view of the ducts, they were
assembled in the form of a diamond with height and base measuring, respectively, .S, and S;,. Based on many numerical
simulations, varying the ratio r = S,,/S},, under limiting constraints, we showed that the thermal performance of the
EAHE can be enhanced by reducing r, or, in other words, by elongating the diamond base.

This work also brought new contributions regarding the development of simple sine-based models to study the so-
called instantaneous thermal potential P of EAHE. From these efforts, we found that that the variations in r affect mostly
the amplitude of P. This simplified our analyses and allowed to determine the best geometric configuration from the
examined ones.

The results also indicated the following possibilities: (1) to increase the thermal potential over summer and winter
months by more than 7% and 25%, respectively; (2) to improve the energetic savings with air conditioning, by more than
810kW h in the summer and 230kW h in the winter; (3) to raise the annual efficiency by more than 70%.
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