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Abstract. The present numerical study aims to evaluate tlaidge and cooling potential of buried pipes in tareities of South
Brazil i.e. Curitiba, Floriandpolis and Porto-Alegrén a first part, ground temperatures at the bdrigipe location (between 1 and
3 m depth) are calculated by both a simplified ni@ael a three-dimensional volume-finite code (SO)UNhen, a prototypical
house and its buried pipe are modeled with a bujdinergy simulation tool (TRNSYS) to evaluate thsitipe and negative effects
of such system on thermal comfort and heating aadirgg energy. Results show that this passive syist@articularly efficient in
Curitiba, can reduce energy consumption in Portagldeand is not well-adapted to Florianépolis.
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1. Introduction

Minimizing energy consumption and providing gooddor thermal comfort are the main goals of the ding
physics area. In Europe and North America, a grgwirierest in heating and cooling systems basedenawable
energy sources arises from the energy demand iedwdftnew office buildings. In particular, eartbdt exchanger that
consists of forcing air from outside through burppes system before using it for air ventilati@stbeen the object of
recent several studies: Bojt al. (1999), Wagneet al. (2000), Hollmuller and Lachal (2001), PfafferotO(3) and
Al-Ajmia et al.(2006).

In South America, Larseet al. (2003) presented results about a buried pipe |daatéa Pampa (Argentina) that
indicate a poor performance of the system, butiggessted by the authors, it can originate fromhbation of the pipe
which was buried at only 0.4 m depth. Hollmukgral. (2005) in their study of passive cooling for builgs located in
Sao Paulo and Florianépolis concluded that buripdspsystem alone is not efficient and has to leel irs combination
with nocturnal ventilation to improve its potential

Figure (1) illustrates how a buried pipes systemrealuce heating and cooling loads and improventakcomfort
in the case of a building located in Curitiba. Etarity, all data have been sort according to th&laor temperature
and averaged over 24 data period. The temperafwaéoilding zone without buried pipes or heatimgling systems
(2a) is a function of the building itself, outdaemperature (1), solar (6) and internal gains afittration/ventilation
rates. In the present example, a sanitary air chaage of 1.0 ACH has been set except during sumvhere it has
been increased to 3.0 ACH. As a result, the zongpéeature lies between the outdoor temperaturetl@domfort
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temperature (18 - 28 °C) during winter and is clésethe outdoor temperature that is higher than abmfort
temperature during summer. The principle of bupgues system is to (pre-) heat or (pre-) cool teetilation air by
flowing it through the ground. The ventilation a@gmperature can then reach the ground temperatuaespecified
depth (3 - 5) that will increase the zone tempeeaf@b) during winter and cool the zone during swenm
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Figure 1. Position of the problem.

The present study aims to evaluate the potentiabuwifed pipes in three cities of south Brazil (@bs,
Florianopolis and Porto Alegre). These three laretihave been chosen because the buried pipemsgstapected to
be more efficient in those regions as the heatimargy demand is not high enough to require heatysems so that
discomfort occurs in buildings during winter andbing loads are less important than in other Biazitities. In a first
part, the modeling procedure and the descriptiothefstudied case are provided. Then results coimgeboth the
ground temperature evaluation and the effectshafreed pipes system on the heating and coolingsl@ad comfort are
presented and commented.

2. Modeling procedure
2.1. Ground temperature model 1
The equation obtained by Kusuda and Archenbach5)1B6usually used to evaluate the ground tempegatu

building physics. It is based on the heat conductnalytical solution of a semi-infinite homogenadid under
sinusoidal solicitation at its boundary. The saattan be found in Carslaw and Jaeger (1959):

o\ 2 z_(365)"
T oug@D) =Teur +a,, xexp —zx xcos —| (t-t  )-=x| = (1)
ground( I) f asurf { [36&7) J {365(( max) 2 (mj ]J
where Tyrouna(Z1) is the ground temperature (°Cf,surf is the mean surface temperature over the year §C)is the

surface temperature variation amplitude (°€)is the considered depth (my is the ground thermal diffusivity
(m?/day), tis the time (day) and__is the day of the year when the surface temperauraximal (day).

max

The accuracy of the undisturbed ground temperasuvery sensitive to the values of the input paranseof Eq.
(). According to Labs (1989), when the variables determined from field measurements, the modeéigdly yields
errors of no more thaa 1.1 °C. The main difficulty lies in the evaluatiohthe ground surface temperature because it
is not yet included in the weather data. Tools sashhe EnergyPlus Weather Utility that is parttef EnergyPlus
(Crawler et al., 2004) package, reads and trarsstaisnmon weather files and creates statisticalffiere the monthly
ground temperature values at 0.5, 2 and 4 m deguthbe found. Unfortunately, the 0.5 m depth da&t tan be
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considered as the ground surface undisturbed teryveris the same than the outside air temperanosthly
averaged. Same approximation is used in TRNSYS TApe Simple ground temperature profile model (TRSS
2006).

This assumption can be justified in cases whersatar radiation reaches the ground surface (graavered by
deep vegetation for example) but, as soon as sfaré solar and long-wave sky radiation exchanges pdace, this
simplification does not stand any longer and themete problem has to be numerically solved.

2.2. Ground temperature model 2

The governing equations utilized in the code SOLWstsed on the theory of Philip and De Vries (1367/nodel
heat and mass transfer through porous media, @eee iy Egs. (2) and (3). The energy conservatiamgon is written
in the form:

pocm(T,H)%—:D.(/l (T,6)aT7)-1(T)0O.j,) ) (2

and the mass conservation equation as:

99 _ | L 3
o ”{A] 3)

wherep, is the solid matrix density (m3kga),is the mean specific heat (J/kg.K)is the temperature (K),is the

thermal conductivity (W/m.K). is the latent heat of vaporization (J/k@)s the volumetric moisture content (m3/m3),
j, is the vapor flow (kg/m2.K)j is thetotal flow (kg/m2.K) angp, the water density (kg/m?).

The total three-dimension vapor flowy ) given by summing the vapor flowj() and the liquid flow (j, ) can be
described as:

i aT 00, aT 90 .
—=- D \T,8)—+D,\T,8)— |i—| D,(T,8)— + D,\T,0)—
(0ra5+0ra%)i-[o(ra% ora)];

A (4)
_ aT 96, 0K,
[DT(T,H) 5 D,(T.0) % o jk

with D, =D, + D, andD, =D, + D,,, whereD,is the liquid phase transport coefficient assodiai® a temperature
gradient (m2/s.K)D,, is the vapor phase transport coefficient associtdead temperature gradient (m?/s.B),is the
liquid phase transport coefficient associated tmaisture content gradient (m?#/B),is the vapor phase transport
coefficient associated to a moisture content gradign?/s)D, is the mass transport coefficient associated to a
temperature gradient (m?/s.K) abglis the mass transport coefficient associated toiatare content gradient (m2/s).

The boundary conditions at the ground surface eaexpressed as:

(AT ] L)) =HT, ) Lo )R, ®

wheredis the thermal conductivity (W/m-K)h(Txl—Ty:H) represents the heat exchanged by convection \uih t

external air, aq, is the absorbed short-wave radiation a(®)h, (o,.. - pvyy:H)iS the phase-change energy term. The
long-wave radiation loss is definedRis(W/m?) ande is the surface emissivity. The solar absorptivitydgpresented by
a and the mass convection coefficienty which is related thby the Lewis’ relation.

Similarly, the mass balance at the ground surfaeeitten as:

(DG(T,H)?; +D, (T,H)gj = h;( ot -pv,y:H) ©

wherep, is the water density (kg/m3%, ,.is the vapor density in the external air (kg/m%i g

N, is the vapor density

at the upper surface of the soil domain (kg/m3).
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The other soil domain surfaces were all considadidbatic and impermeable. Equations (5) and (@yshvapor
concentration differencgp, on their right-hand sides. This difference is betwéhe porous surface and air and is
normally determined by using the values of previberstions for temperature and moisture contesmegating
additional numerical instability. Due to the instdp created by this source term, the solutiontdf linear set of
discretized equations normally requires the useeof small time steps, which can be exceedinglg tt@nsuming
especially in long-term soil simulations; in soree@arch cases, a time period of several decadé¢s hasimulated,
taking into account the three-dimensional heatrantsture transfer through a very refined grid.

In order to raise the simulation time step, Meneleal. (2002) presented a procedure to calculate thervitge,
independently of previous values of temperature misture content. In this way, the tesm was rewritten as a

linear combination of temperature and moisture ot
(pv,ext - pv (S)) = M 1(Te><t - T(S)) + M 2( gext - Q(S)) + M 3 (8)
where

prev prev PS(S) prev prev
Mle%w, MZ:M(PS(S)] ( 0(/’] ’Msz% (T(s)] R(67(s)) +

O\ T(s)) \aa(s)
Ao R(T ) — R(T "(s)))

In the equations above, the index (epresents the surface in contact with exterimglex? far from that surface,

Ris a residual function O(PSJ, P.is thesaturated pressure (P@)is the universal gas constant (J/kmol.M)is the
T
molecular mass (kg/kmol},is the relative humidityprev means previous iteration aAds the straight-line coefficient
from the approximatiofpsj =AT+B.
T

The governing partial differential equations (E2) &nd (3)) are discretized using the control-vauiormulation
method (Patankar, 1980). The spatial interpolati@ihod used is the control-difference scheme (C&rd) the time
derivatives are integrated using a fully-impligipgoach.

2.3. Building and earth heat exchanger simulation

Heat and moisture transfer within the building bagn modeled within the TRNSYS environment. Thizgpam
has been chosen because the thermal behaviorldiriysi (Type 56) is quickly and accurately predic{@udkoff and
Neymark, 1995) as it involves the transfer functinethodology (Stephenson and Mitalas, 1971) td treat transfer
through the building’s envelope. Moreover, TRNSYfionment allows the user to model and couplééttuilding
simulation other physical phenomena in a simplemeaiby adding equations, reading external filebn&ing external
programs. Those possibilities would allow directdaling of the whole earth heat exchanger and itgiiag to the
building simulation but, as the study’s main gaathie evaluation of the heating/cooling potenttalould unnecessary
complicated the analysis by increasing the numiberagables affecting the system efficiency (pipkameter and
length, number of pipes, pipes material, pertudmatf the ground temperature in the pipes surroggli.). The
ground temperatures is then directly read usingxaernal file considering the earth heat exchamgdi-dimensioned
such that the air that exits the buried pipes ithatsame temperature than the ground at the aresidlepth. This
simplification also induces that the soil tempematis not perturbed by the building and the bupgmks presences.
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2.4. Studied Case

Three south Brazil locations have been investigatdatie present study: Curitiba, Floriandpolis d&atto-Alegre.
The sandy silt soil has been used for those tlegiems. According to Santos and Mendes (2005),depth domain is
enough to study the evolution of heat and moisitutée ground surface region. Grid of3<50 cells has been used to
discretize the 21x5 n7 domain. Initial conditions are 15 °C and 50 % RM. ground boundaries are considered
adiabatic and impermeable except the ground sunfdoere weather’s solicitations are imposed. Corivecheat
transfer convection coefficient has been set toWM/@n’K, long-wave radiation emission and short-waveiateh
absorption coefficients to 0.5. Convective moistiiemsfer convection has been evaluated considésmgs number
equals to 1. Simulations have been carried ounhdugn years to reach the periodic ground temperasponses.

The prototypical Brazilian house has the followiignensions: 88x2.8 nt. Vertical walls are made of brick (15
cm) covered on each surface by plaster (2 cm).rob&consists of a 10 cm-concrete slab coveredlagtgr (2 cm).
The floor is linoleum covered 10 cm-concrete siEfiermal properties of the materials are presemtddb. (1).

Table 1: Thermal properties of the building matsria

Material A (W/m.K) p (kg/nT) tm (J/kg.K)
brick 0.749 1900 920
plaster 0.72 2050 932

concrete slab 1.113 849 921.1

Single glazing windows (6 Thare located on the north and west walls. Thessliar protection for the north wall
to limit solar loads during summer. Short-wave atidn absorption coefficients are set to 0.4 agmel wall surfaces
and to 0.6 at internal ones. The external surféd¢leofloor is considered adiabatic in order toidwbe modeling of the
complex coupling with the ground which would addliéidnal complexity to the present study. No maisttransfers
through the walls have been modeled in the prestedy. Constant convective heat transfer coeffisief 3.2 W/m.K
and 24.7 W/rhK are imposed at the internal and external wafases, respectively. Two seated people and amite
load of 500 W are imposed during whole day. Forréference case, a total external airflow rate & tri/h (1.0
ACH) from June, 1 to September,®1and 3.0 ACH for the rest of the year have beersidened to take into account
the cumulated effect of infiltration and ventilatioFor the case with earth heat exchanger, no extegnal air enters
the house and the same amount of air is heateeftdimiough the buried pipes.

3. Results
3.1. Ground temperature
Figure (2) presents the ground temperature obtawigl SOLUM at the end of each year of simulatiar f

Curitiba. Convergence is reached after only fivargelncreasing the cell number from 50 to 100 gibee same results
showing that the grid is thin enough to correctiglaate the temperature evolution.
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Figure 2. Ground temperature calculated with SOL&atthe end of each year of simulation.
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Figure (3) — left graph shows the ground tempeeaséolution at 1, 2 and 3 m depths for Curitibae Eimalytical
solution referred as Kusuda and Archenbach (196%hé graph has been added in order to check tlidityaf the
results obtained with SOLUM. The ground surfaceferature obtained with SOLUM has been used to atalthe

mean surface temperaturfs(m), the surface temperature variation amplitueg, () and the day of the year when the

surface temperature is maximahf) (see Eq. (1)). Even if the ground surface tentpeeais not perfectly sinusoidal
(regression coefficient close to 0.9), the absotlitterence between the SOLUM and the analyticaldptions stays
lower than 1 °C and decreases with the depth (B)g- right graph).
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Figure 3. Ground temperature (left) and absoluferdince between SOLUM and Kusuda and Archenba@&5)L
predictions (right) — Curitiba.
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Figure 4. Ground temperature for Floriandpolistflahd Porto Alegre (right).
Table 2: Parameters of Eq. (1) for the presentcizst
Tsurf (OC) asurf (OC) tma)(day)
Curitiba 20.45 7.13 11
Floriandpolis 23.54 7.18 21
Porto Alegre 23.22 9.65 8
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Figure (4) presents the ground temperature eveldtothe two other locations. From those threghsait is clear
that the pipes have to be buried at a depth hitfzar 3 m to obtain ground temperatures lower thadaor air ones in
summer and to increase the difference between thevinter.

Table (2) gives the parameters of Eq. (1) obtafoedhe three locations considering sandy silt sdibse thermal
diffusivity is about 2.810 m’/day. This equation that can be applied to evaltraeground temperature at any depth
is used in the next sections at a depth of 3 nvaduate the buried pipes system potential.

3.2. Effectson energy loads

In this section, set temperatures of 18 °C in wiated 28 °C in summer have been imposed. Figureso(57)
present the heating and cooling energy for theetloeations in the case of the studied buildindwaibd without buried
pipes system.

Concerning the building without buried pipes systeaferred as “reference” in the graphs, the lacabf the
building implies three different requirements: legtneeds in Curitiba, low heating and cooling reeiedFloriandpolis
and moderate heating and cooling needs in Portgrale

The buried pipes system can induce a 52, 62 an@62duction of the heating energy loads for Cuaitib
Florianépolis and Porto Alegre respectively andba4l and 48 % diminution of the cooling ones.dmts of energy
economy, the system is more efficient in Curitiarpitting an economy of 54 kWhftyear and in Porto Alegre (49
kWh/nf.year) than in Florianépolis (17 kWhiryear).

3.3. Effects on thermal comfort

In this section, the effect of buried pipes on peagmmfort is studied considering that there ardeating/cooling
systems. As the buried pipes system presence rasdifith the temperature and the relative humidity® zone, the
results are presented in Figs. (8) to (10) in teofiBredicted Percentage of Dissatisfied for thedtcities. The graphs
presents PPD values for the building with burieglepi system versus one for the reference case poiats located
below the dotted line show the positive effectta buried pipes system on the comfort (PPD dimomiti

The same trend appears for the three cities dtinegvinter. PDD values tend to be lowered by thesence of the
buried pipes system improving the thermal comféramout 8 %PPD. Note that the maximum PPD valu#iseains
with the buried pipes system showing that this esysis inadequate to avoid high discomfort period improve
comfort below PPD value of 90 %.

During the summer period, the system is very effitiin Curitiba as it decreases the discomforthafud 4 %PPD
on average with a peak of 33 %PPD during the higbhesods of discomfort. In Florian6polis and Po#tegre, the
system is less efficient to reduce the discomfort.
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3. Conclusion

The potential of using buried pipes system to (st and (pre-)cool the air of ventilation hasrbstudied in
three cities of south Brazil (Curitiba, Floriandgaand Porto Alegre). The first part of the studg Iput in evidence the
need to take into account the solar radiation m élaluation of the ground surface temperature thod in the
calculation of the temperature within the grounidnBation results reveal that buried pipes systas dgood potential
in south Brazil, particularly in Curitiba where shows positive effects for reducing the energy f$oadthe case of
conditioned spaces and improving the comfort in ¢ase of unconditioned buildings. A direct perspecbf the
present work concerns the modeling of the comilateed pipes system and its surrounding ground.
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