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ABSTRACT

Earth-air systems are already commonly applied aassive technique to reduce the overall energyofise
buildings by reducing the required cooling or hegtdemand. However, they often require large sartaea
for their installation, and make use of large diten¢éubes to reduce the pressure drop. As an atteen water-
earth systems are being considered. To exploree thves options, one dimensional analytical modelsewe
derived. The impact of different design parametigrduding tube length, tube diameter, fluid floate, etc.,
have been investigated. For the earth-air systeis shown that for high Reynolds numbers, the gsistance
is in fact dominating, and as such this shoulddrefally considered in the design. For the watethesystems,
the addition of a compact heat exchanger to trartbfe heat to the air, has a strong impact on thexadl
performance compared to an earth-air system. Davelthr comparable performance, a compact heat exgha
with a high effectiveness is required (0.8 or highA strong interaction between the effectivenesthese two
heat exchangers was found as the water flow raiesvaor the earth-water heat exchanger, therssistance
is even more dominant than for the earth-air system

1. INTRODUCTION

Rising concerns about the environment (climate ghamelated to COemissions) and the increasing cost of
energy result in an increased number of ‘passigehniques being considered both for new housesfand
retrofitting into existing ones. These techniquediide improved insulation of roofs and walls, tiee of high
performance glazing, more efficient heating systgiendensing boilers) and also ground coupled heat
exchangers, which are receiving much attentiore@emnt years. These simple heat exchangers are upaafea
single tube (or multiple in parallel) through whiehfluid is circulated. By placing the tube suffiotly deep
(more than 1 m below the surface for a moderateatk zone such as Belgium), the fluid which isudated
can be cooled down in summer and heated up in wifités is due to temperature lag which occurs betwthe
surface and more profound soil layers. The sothiss used as a thermal sink and source, providieg'
heating or cooling, reducing the required heatingcaoling capacity to be installed for the housextto
residential applications, there is a lot of intefesm the agricultural sector for usage in therggedntensive
greenhouses (Sethi and Sharma, 2008).

Currently most of these systems use ventilationaaid thus make use of large diameter tubes (tacesthe
pressure drop). These tubes are made of a polynasoid corrosion issues due to the condensingtoreisand
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need to be installed carefully to avoid forminggsiant moisture zones (which generate health rigk®y also
require a considerable length to provide a givgracidy (De Paepe and Janssens, 2003), which fesidemtial
application can be difficult to reach due to thetmize. As an alternative, earth-water heat exghanhave
been proposed and built. In this case, small diamabes are used with water, and an additiondldwanger
(water-air) is then used to transfer heat betwberatr and water. These systems are thus cheageraaier to
install compared to the air based systems. Somenteapplications have been described by Inalli Bedn
(2004) and Guo et al. (2012). Congedo et al. (20&8ked at various configurations of water-eartlathe
exchangers using CFD.

In this paper, one dimensional analytical mode¢sdmscribed for an earth-air heat exchanger améah-water
heat exchanger combined with a compact water-ait lexchanger. These models are used to study the
influence of different design parameters (tube fengube diameter, fluid flow rate, etc.) on theerthal-
hydraulic performance.

2. HEAT-EXCHANGER MODELING

2.1 Earth-Air Heat Exchangers (EAHE)

Shown in Fig. 1 is a schematic of earth-air hea@harger. It is a very simple configuration, a ladigmeter
tube is put into the soil, through which the aovwk. The resulting temperature profile is showikig1 on the
right. The soil temperature was set at°@) and air inlet temperature was taken to b@25Tube material is
high-density polyethylene (HDPE) which has a thdrmanductivity of 0.2 W/m-K. This is a material
commonly used to build these heat exchangers.

Air Flow

Fig.1 Schematic of an earth-air heat exchanger

If the dimensions of the earth-air heat exchangerkaown, computing the heat transfer rate candre dy
using either the log-mean-temperature-differendd{D) method or the-NTU method. In this case, the latter
one was used. The air exit temperature was detechfilom the effectivenegs which is a function of the NTU
value, as shown in Egs. (1) - (2). Different NTUat®nships exist, which depend on the flow confaion of
the heat exchanger (e.g. Kakac and Liu, 2002).tlkisrcase, the relationship for an evaporator edeoser
(with a constant temperature on one side) was uBee.NTU value could be determined from the aimwflo
capacitance&,; and the overall conductance, UA, using Eq. (3). [Hter was described in Eq. (4) as a sum of
the different heat transfer resistances. Theréhme® contributions: conductive resistances thrabghtube wall
and the surrounding soil layer, as well as the eotive resistance of the air. Fouling resistancéhenair side
was neglected. The air-side resistance was detedntirough Eq. (5) based on known correlationsttfier
Nusselt number. The conductive resistance throbghtitbe wall was determined through Eq. (6). Thié so
resistance was modelled as a cylindrical layeodfasound the tube with a thickngssEq. (7).

Tajr,out = Tair,in - g(Tajr,in _Tsoil ) (1)

e=1-¢"™ )

NTU =2A 3)
C

air
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1
U_A = Rair + R(ube + Rsoil 4)
1 1
= = 5
R hmDL NulAsi ©
In(D_/D
ube ZQ (6)
2771tube|—
_In[(D,+2p) /D, ] ,
" 2lﬂsoill- ( )

Two correlations were employed for determining aliveside Nusselt number. Equation (8) is valid lminar
flow (Gnielinski, 1983) and Egs. (9) — (10) areigdbr fully turbulent flow (Gnielinski, 1976). Thequation
for laminar convection is similar to the well knowtausen correlation. Because the Gnielinski coticgiefor
turbulent flow is only valid for Re > 2300, and tlaeninar correlation predicts a much lower valu&kat2300,
an asymptotic blending function'{®rder) was used to merge the two correlations (Et)). This provides a
smooth transition between laminar and turbulent ftegimes, as shown in Fig. 2.

%
NU,qp, :[3.663 +1.610 e[:_:”]q ﬁ ’ (8)
N, = .., [{Re-1000 [Pr o
[E1+ 127 q/ we (i1 J
f..» = (1580n Re- 328)7 (10)
Nu = (NuS,, + Nus, )@ (11)
35
30 4
25 i
<
N'E 20} B
S
o 15F B
10 i
5k i
0 L T | L Lol L Ll L
10" 10° 10° 10* 10°

ReD
Fig. 2 Air side convective heat transfer coeffities. Reynolds number

In terms of the pressure drop performance, a singifgproach was adopted, using & &der asymptotic
blending function between a laminar friction redaship (the Blasius equation, Eq. (12)) and therféhko
equation (Eq. (10)) which was also used to deteznilte Nusselt number. All substance properties were
evaluated at the average temperature of the flughs, therefore the results were obtained inemative way.
To evaluate the overall thermal-hydraulic perforoeof a specific configuration, the J-factor, inlnoed by
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De Paepe and Janssens (2003) was used. It istih@frthe pressure drop to the NTU value, and sfasvn to
be a good performance metric of a ground coupled éxchanger.

g =16 (12)
lam RE
f=(12,+15,)" (13)
_ AP
= (14)
NTU

2.2 Earth-Water Heat Exchangers (EWHE)

The earth-water heat exchanger system (Fig. 3)isisnsf a water loop (indicated in blue) which sters an
amount of heat Q to the soil in the EWHE. The wéten absorbs the same amount of heat Q from tha ai
compact heat exchanger (CHE). The resulting tenergrofiles for both heat exchangers are alsavaha
Fig. 3. The configuration works in ‘cooling modahd heat is transferred from the air to the sodwkver, the
reverse option is equally possible, and it resolthe same type of equations being used.

T
Twater,out — water,out

Tair out «—

\
Twater,in Q
CHE Tsoil
Air
EWHE

—_
Water

Fig.3 Schematic of an earth-water heat exchanger

Similar to the EAHE, the-NTU method was used to model the heat transfdopeance. Because there are
now two fluid streams, the resulting equations depen which fluid has the larger capacity rate. By
rearranging the different equations for heat trangi both units, the following equations were ded. The

effectiveness of the water-air unit is noted &g and that of the soil-water heat exchanger€ag. If

Cair < Cwater :
T _ gWA |:q:a.ir EI_air,in _‘EWA Izt‘SN |:q:a.ir |:I_air,in + ‘ESN |:q:water |:I_soil (15)
water ,in
Ewa [Cajr T Eqw ECwater ~Ewa [}SN [Cair
T _ Twater,in - ‘ESN EI_soil
water ,out 1- (16)
gS.N
Tair,out :Tair,in _£WA |:q.rair,in _Twater,in) (17)
if Coer <Cyir:
Twater’m - Evn D-air,in —Eun sy D-air,in tEqy D-soil (18)

Ewn TEsw ~En [}SN
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T in — € T
Towon == (19)
C
Tair,out :Tair,in _EWA GC;m;er(-rair,in _Twater,in) (20)

ar

Provided the geometries are known for both heahaxgers and the flow rates (allowing computatiorhef
UA values), Egs. (15) - (20) lead to the deterniamabf the different temperatures shown in FigTBe air inlet
temperature and soil temperature were fixed aga2® 4C and 10 °C. Instead of pure water, a mixafrevater
and ethylene glycol (25% volume) was used with seoreosion inhibitor. The fluid properties of thisixture
were modelled through a series of temperature dipenequations. Instead of including all the geoimet
complexity of the CHE (tube dimensions, fin typebé layout...), the CHE was modelled simply byadi

effectivenessy,. The same heat transfer and friction correlatiassused for the EAHE were used for the
WEHE.

3. RESULTSAND DISCUSSION

3.1 Parametric Study on EAHE
A parametric study was conducted based on the tonglin Table 1, under different Reynolds number.

Table 1 EAHE operating conditions

Air inlet temperature Tairin 25°C

Soil temperature Tsoil 10°C

Soil thermal conductivity Asoil 1.4 W/mK

Tube wall thickness t 2.5% of tube inner diameter

Tube thermal conductivity Jtube 0.2 W/m-K, High-density Polyethylene (HDPE)

Shown in Fig. 4 are the contributions from threerthal resistances as the Reynolds number increbisedeft
figure shows the absolute values, and the rightrelaive contribution. During the calculation, thiée length
was fixed at 25 m, and 24h penetration depth wkenté#o be 0.17 m (sandy soil). Three tube diameters
considered (0.11 m, 0.2 m, and 0.4 m), and a consttio of tube thickness relative to the tubembter (2.5%)
was employed. This value is based on data fronba tmanufacturer. It can be seen from Fig. 4 thét an
increasing air speed the impact of the resistaft¢heotube and the soil increases rapidly. Onlioat speeds
(Re < 1000) it can be assumed that the air-sidsta@&e is dominant. Also, increasing the diamedsults in a
decrease in the contribution of soil resistanceemgithe considered soil volume decreases relativéhe
considered volume of air. Remarkably, at high viéiles the soil resistance dominates. This is anoitgmt
design consideration. Figure 5 shows the corredpgrair outlet temperature of the three tube diamsetAs
can be seen, for the low Re numbers the effectagenel.

o impact D impact D
10 1
0.9
R, D=0.11
R, D=0.11 058 i
—— R _D=0.11
= tub
, Fupe D=0-11 07 ] e
10 R D=0.11 — Ry D=0.11
= _ 0.6 R’ D=0.2
; R, D=0.2 — air
< _ < -
X 1ube D=0-2 5 05 — R}, D=02
o R_.D=0.2 .
Soil 04 | |——R{,D=02
10? ~ 7 Ry D04 -~ - R, D=0.4
— ~ — Rype D=0.4 0.3 ] ar
we -~ - R, D=04
-~ — Ry D=04 0.2 .
-~ - R D=04
'soil
01
10-3I L L L L ) 0
10* 10° 10° 10* 10° 10° 10" 10°

Fig. 4 (L) Various contributions to the heat trarsfesistance, constant tube length 25 m, var@ibldow and
tube diameter; (R) Relative contributions to th&isence to heat transfer, scaled to the totadtaasie
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24

T
D=0.11m
D=0.2m
D=0.4m

22¢

20+

18

16+

Tairou (°C)

14+

12+

10 7
10 10

2 106

Fig. 5 Outlet temperature of the air-tube heat arger, constant tube length 25 m, variable air flat® and
tube diameter

The effectiveness can be used as a design paranetgpical value to aim for is 0.8, which for anlet
temperature of 25°C corresponds to an outlet teatper of 13°C. Through iteration the tube lengtiuieed to
havee = 0.8 for different Reynolds numbers can be ole@irThe results are shown in Fig. 6. It is cleat th
using large diameter tubes results in a largertlemgquirement. In particular for high air flow eat the
required length increases very fast. Around Re 83B@re is a ‘flat’ part of the curve, which is sad by the
behavior of the Nusselt number in this zone (sege Bi.

350

T
D=0.11m
D=0.2m
D=0.4m

300 -

250 -

200 -

L (m)

150

100

50

o R ; ‘ ‘
10" 10° 10° 10* 10° 10°

Fig. 6 Required tube length L to reach 0.8 for varying tube diameter and air flow rate.

Different soil types have a different penetratiapth, related to their physical properties. Fornepie, clay
soils tend to have a smaller penetration depthutabd2 m, due to their higher water content. Ciamdghe
penetration depth from 0.17 to 0.12 m only showsnall effect. The same was found for the tube wall
conductivity. Increasing the tube wall conductivitycreases the conductive heat transfer resistarmagh the
tube wall. However, becausg,,. only has a small to negligible contribution to total resistance (see Fig. 3)
the effect is very small. The soil conductivity festronger impact, which is illustrated in Fig.Nate that the
selected value of 0.3 W/m-K is an extreme condjtiasually soil thermal conductivity varies around 1.5
W/m-K. Yet it is clear that for high air flow ratethe soil conductivity contributes significantly.
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160

D=0.11 )\SO“=1.4

1401 D=0.11 A ;72 1
ol D=0.11 A;70.3 |

100~

L (m)

80+

60

40+

20+

10 107 10° 10* 10°
Rep

Fig. 7 Required tube length L to reach 0.8 for varying soil thermal conductivity ana #iow rate.

3.2 Earth-Water Heat Exchangers (EWHE)

Table 2 EWHE operating conditions

Air inlet temperature Tairin 25°C

Soil temperature Teil 10°C

Soil thermal conductivity Asoil 1.4 W/m-K

Tube wall thickness t 1.9 mm

Tube thermal conductivity Atube 0.2 W/m-K, High-density Polyethylene (HDPE)
Tube diameter D; 0.032 m

Water flow rate 500 I/h

Air flow rate 750 m3/h

Because a second heat exchanger is present icchfiguration, compared to the EAHE, it is impottan
assess its impact. Presented in Fig. 8 is theutletatemperature coming out of the CHE for a vagywater
tube length and varying CHE effectiveness. Therpatars that are fixed are described in Table 2shavn in
Fig. 8, increasing the heat exchanger effectivenedsces the impact of the CHE, however even at kiggh
effectiveness a large length of tube is neededdohr an ‘overall effectiveness’ of 0.8,{T.:= 13°C).

21

20

19 R\

18 \

17+

16

Tairou (°C)

15+

141

13+

12+

11
50 100 150 200 250 300 350 400 450 500

Lwater (m)

Fig. 8 Air outlet temperature for a varying CHEezffiveness and water side tube length
To explore the potential effectiveness of a CHEg tbuvered fin correlation by Wang et al. (1999)swa

considered. Louvered fin type was used, becaupeoitides the most compact heat transfer solutisraic
liquid heat transfer, and it is commonly used forcanditioning applications. Different configuratis were
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compared, varying the number of screens, the tidreeater, tube spacing, fin spacing, the air chasizel and
so on. The parameter space was confined to thelidtdd in the paper by Wang et al. (1999). Thailtes
indicated that an effectiveness of 0.8 could beeaeldl easily and with a good performance (indicaktedugh
the J factor for the CHE). The final heat exchangerfiguration that was selected has a tube dianoét6.9
mm, a fin pitch of 2 mm, 6 tube rows, a transvetshk spacing of 25 mm, a longitudinal tube spacihgl.7
mm and a fin thickness of 0.115 mm. This resultarireffectiveness of 0.798. Using a larger chasizel on the
air side provides a better performance, as it Isvike air velocity, resulting in a significant retian of the
pressure drop. The resulting temperature profifeth® WEHE configuration are shown in Fig. 9. Thater
tube length is 50 meter, and the CHE geometry destrabove was used. As can be seen, the air outlet
temperature reaches only 15°C. Increasing the ilmerrate brings the temperatures closer togethhis is
due to the interaction between the effectivenedsotti heat exchangers: raising the water flow iatecases
the effectiveness of the CHE from 0.4 to 0.8 (fee tonsidered Re range), which is due to the dsioga
convective water side resistance, but at the same the effectiveness of the water-soil heat exgkanirops
from 0.7 to 0.1, as it has a fixed length of jubt . Increasing the tube length further to 150nsewithe
effectiveness of the water-earth heat exchangéthlkuair outlet temperature remains quite high.

20

AN - Talr‘out
L N\ il
19 \\ Tw ater,in
18 \\ Tw ater,out
17+ S~ B

T (°C)

167 \\/\
15+
14+ 1

131 b

12 I I I Il Il I I
0 1000 2000 3000 4000 5000 6000 7000 8000

ReD

Fig. 9 Temperature profiles for a varying watemfleate for an EWHE

The corresponding contribution of the differentrthal resistance components is shown in Fig. 1@ait be
seen that increasing the water flow rate has agtedfect initially and as soon as the flow becomebulent,
the soil resistance becomes dominant. The saméhitkhess and properties were considered as ifeTlabAs
such, for EWHE it is even more important to accdanthe soil layer in the design than for an EAHE.

0.8

0.71 q

0.6 B

0.5+ —
Rwa{er

0.41 Riube |

R* ()

o
'soil

0.3r

0.2r

0.1r

0 I I I L 1
0 1000 2000 3000 4000 5000 6000 7000 8000

ReD

Fig. 10 Relative thermal resistance contributiondoarying water flow rate of an EWHE
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3.3EAHE vs. EWHE
The results above initially seem to indicate thatEBAHE can realize a better performance using shquipe
lengths (though with a significantly larger diamtés a potential solution to the higher air otutemperatures,
using two CHE in parallel was considered, with #ieflowing in series through them. The water floate
coming from the earth-air heat exchanger is sgitieam of the units and then mixed after pasdingugh
them. Only a few cases were simulated, but alrséghificant decrease in the outlet temperature foasd. For
example, when using two of the CHE described alvatle an air flow rate of 750 m3/h, the outlet temgdere
drops to 13.7 °C, which is comparable to an EAHEhvein effectiveness of 0.8. This makes optimizing t
EWHE system more complex and further study shoalddnducted. An important factor to consider isfihal
cost of installation. Installing large diameter éskfor a given length requires dedicated groundksyorhereas
the EWHE system uses small diameter polymer tubi@shwcan be installed much more easily. This shbeld
considered in further studies.

4. CONCLUSIONS

Analytical models were developed for an EAHE and EAWHE combined with a compact water-air heat
exchanger. The results show that for both typdseat exchangers, at higher flow rates the theresastance of
the soil becomes dominant, in particular for the BV This should always be considered in the degigoess.
The CHE effectiveness must be as high as posdbtarameter study of louvered fin units was undentato
obtain a value of at least 0.8. There is a strobgraction between the two heat exchangers in WelE case:
when varying the flow rate their effectiveness shaw opposite trend. On the whole the required tube
installation length is larger for the EWHE compatedan EAHE, but the tubes are much smaller. A dawe
studies using two CHE in parallel showed furthepriavement of the EWHE. This should thus be further
studied in combination with the economic costsheftbtal installation.

NOMENCLATURE
C. heat capacity rate, W/K
D tube diameter, m Greek symbols
f friction factor, - AP Pressure drop, Pa
h heat transfer coefficient, WAK & effectiveness, -
J J-factor, ratio of pressure drop to NTU A thermal conductivity, W/m-K
L tube length, m
NTU number of transfer unit, -
Nu Nusselt number, -
p penetration depth, m
Pr Prandtl number, - Subscripts
Q heat transfer rate, W
R thermal resistance, K/IW i inner
Re Reynolds number 0 outer
T temperature?C SW soil-water
t tube wall thickness, m WA water-air
UA overall thermal conductance, W/K
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