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ABSTRACT ¢ What are the optimum length and cross-section of
air pipes for a given flow rate?

What is the optimum depth and distance of several
pipes for the layout of an earth heat exchanger?
Which further effort is needed to condition pre-
heated or pre-cooled air according to comfort
standards required inside buildings?

Earth heat exchangers are advantageous features to
reduce energy consumption in residential buildings. In*
winter they pre-heat ventilation air with minimal
operation costs - necessary for low energy architecture’
-, in summer they help to prevent passive houses with
relevant solar gains from overheating by pre-cooling
ventilation air.

The goal of GAEA (Graphische Auslegung von 2 THEORY OF EARTH HEAT
ErdwarmeAustauschern, German for Graphical Design  EXCHANGERS

of Earth Heat Exchangers) is to provide an easily The principal process taking place in an earth heat
usable calculation tool for to match earth heat exchanger is that ambient air flows through a system of
exchangers and buildings. This may work well as a pines which is buried in the ground. The air exchanges
stand-alone tool but is also projected to be part of heat through the pipe walls with the surrounding earth.
detailed building simulations to evaluate the potential ot the outlet of the pipe system the air enters the
of earth heat exchangers within the whole heating andyentilation system of a building and is usually
ventilation system of houses. conditioned for heating or cooling. The underlying
theory therefore comprises mainly heat flow
KEY WORDS: earth heat exchanger, low energy mechanisms and fluid dynamics.
architecture, passive solar architecture, building  The authors designe@AEA according to well
simulation known models of heat and mass transfer [3, 4, 5, 6]. An
analytical model is used to determine the temperatures
1 INTRODUCTION AND PURPOSE OF along one pipe constituting the earth heat exchanger.

GAEA The calculations are based on approximations for the

For many years earth heat exchangers have beefarth temperature which varies with the time of the
acknowledged to be useful tools for the climatization year and depth under surface. Heat transfer coefficients

of buildings, both to decrease energy consumption and©" the heat flow between air, pipe wall and earth are

increase building comfort. For low energy houses in €Stimated from material coefficients, flow properties

particular the fraction of heating demand or cooling and geometric parameters. The following restrictions

load that can be avoided by earth heat exchangers i&'¢ made for the current version of the program:

considerably large. Methods to adjust earth heat® Homogenous earth is situated above and ar_ound the

exchangers for individual projects are still lacking. earth heat exchanger, ground properties are
Similar to previously developed products at the ~ constant _ _

Software Laboratory for Low Energy and Solar * When 9a|cu|at|ng more than one pipe ((_a.g. parallel

Architecture [1, 2]GAEA relies on a graphical user pipes in an earth heat exchanger) interference

interface. All input values are preset to default values ~ Detween different pipes is (preliminarily) assumed

and may be edited by means of scroll bars. When one 0 be negligible.

input is edited the result of this change is immediately

visible in the presented output figures. Hereby a quick 2-1 Earth temperature

understanding of many questions may be obtained.Earth temperature at the wall of the pipe depends firstly

Some topics of investigation may be: on the heat transfer from earth surface to deeper layers.

» How do earth heat exchangers affect a building's Secondly when the earth heat exchanger is used the air
energy demand?

" Author to whom correspondence should be addressed.



in the pipe itself influences the earth temperature at thesurface and on thermal properties of the earth above

pipe wall. the pipe as follows:
A parameter U* is defined to measure the ratio of
both effects taking into account thermal conductivity of TipC
the earth, heat transfer coefficient between the airflow £€=So Toh 3

and the earth at the pipe wall as well as the geometric

configuration [77]:
iguration [7} with:
A pc =volumetric heat capacity of ground in J/(m3 K)
U*=2m—[4

1
U 0 1)
L B + E&E? -1 Typical values for ground properties may be extracted
o V[RoU ﬁ from literature [5, 8, 9].

Whereas v. Cube [5] introduces a correction factor
with: to represent the influence of the pipe on the earth
temperature Albers [7] separates the stationary and
instationary terms of equation (2) and compares the
heat flow from the earth surface to the pipe with the

U* = conductance ratio of heat transfer from earth
surface to pipe and from airflow to pipe wall

A = thermal conductivity of ground in W/(m K) . '

U. = heat transfer coefficient per length of wall of heat flow through the pipe wall. He then f'”P'S the
pipe between bulk air and wall in W/(m K) corrected earth temperature at the wall of the pipe

S = depth of pipe center under surface in m to be:

R,  =radius of pipe inm
(Ro is assumed to be small compareddo S e = Ueotdap @)

The earth temperature at the wall of the pipe not

influenced by the pipebey is calculated from the  with:

ambient air temperature with its mean valyeand its dew = earth temperature at the wall of the pipe in °C
maximum valuedn,, assuming a sinusoidal tem- J,p = air temperature inside the pipe in °C
perature variation throughout the year. A paraméter

describes the "thermal depth" of the pipe. Heat flows This means thake\y is the weighted arithmetic mean
from air to earth surface without resistance [5]. The between the airflow temperature inside the fpe

result is: and the earth temperature at the wall of the pipe not
influenced by the pipedgo with the thermal
- O conductances from earth surface to pipe and from
o) =9 m +(9 max —9m) B S cosRmL —£m (2 PP
Eo(t) =9m ( max m) % , %0 (@) airflow to pipe wall as weighting factors.

with: 2.2 Ambient air temperature

Jgo0 = _earth temperat_ure_at the wall of the pipe not The ambient air temperatus,o
influenced by pipe in °C i

9m = annual mean value of ambient air temperature
in °C

Imax = annual maximum value of ambient air
temperature in °C

determines the inlet
temperature for the earth heat exchanger, it indirectly
also relates to the earth temperature (see equation (2)).
A sinusoidal temperature profile throughout the year is
assumed which provides sufficient accuracy for the
purpose of the program [5, 7]:

13 = dimensionless parameter for "thermal depth"
of pipe 0
t =timeins da0) =9y +(’9 max ‘ﬁm) EOS%“ED ®)
ty = duration of yearin s (1-a31.5 x 16's)
tlty =fraction of year (with t4 equal zero for  ith:
maximum ambient air temperature) 9a0 (t) =ambient air temperature in °C at time tin s

The "thermal depth"¢ in which the earth heat 2.3 Heat transfer in the earth heat exchanger

exchanger is situated depends on the real depth ur]deIEor to calculate the heat exchange in the pipe the total

length of the heat exchanger is divided into 100
segments which are treated step by step. Each segment
is supposed to carry air of constant temperature so that

1 i . heat exchange in the segment leads to a jump in
The parameter U* is also used to describe altered heat

flow characteristics caused by nearby building
structures or ground water.




temperature at the border between two segments. Théemperature step by step, i.e. segment for segment, the
heat exchange for each segment is: air temperature is adjusted according to the heat flow in
the segment and the heat capacity of the air.

Y = Az, 08e\y -9 6
ow foew ~9ae) 3 DIMENSIONING OF AN EARTH HEAT
with: EXCHANGER WITHGAEA

QW = heat flow from earth through wall of pipe to Albers [7] presents an experimental earth heat
air in pipe in W exgharjger Iocateq ?n the south of Germany. For a first
Az = length of segment in m validation and verification of the program the authors
entered the obtainable data if@&A\EA and compared
the calculated results with measured values of
temperatures and energy flows. Further evaluation is
planned within the project NESA of the AG Solar
NRW which investigates low energy and solar
architecture and includes buildings with earth heat

The heat transfer coefficient per length of wall of pipe
U, for pipes typically used with earth heat exchangers
depends only on the heat transfer coefficigraithits
inner surface:

UL = 21Ry h; ) exchangers under operation [11].

- |

with: 3.1 Investigated system

h, = heat transfer coefficient at the inner surface of 1he investigated earth heat exchanger system assists an

pipe in W/(m2 K) undivided family house for heating in winter and
cooling in summer. A single pipe winds around the

The heat transfer coefficient at the inner surface of thefoundation of the house to whose ventilation system it
pipe h depends on flow properties, dimensions of the connects. The pipe extends to the length of 42 m, its

pipe and material properties of the air in the pipe [10]: inner diqmeter is 125 mm. The pipe is embedded in the
ground in a depth of between 0.7 m and 1.8 m. To

A pNu enable drainage of condensate the pipe has a slope of
hj =— (8) 2 % from air inlet to outlet.
2[R, The house is heated with a heat pump. The earth
heat exchanger is operated in winter to preheat the
with: ventilation air and in summer to lower the ventilation
Aap = thermal conductivity of air in pipe in W/(m K)  temperature. For moderate outside temperatures the
Nu = Nusselt number of air in pipe ventilation system is switched to directly suck in air

from an inlet located above the roof of the building.
The Nusselt number Nu of air in a pipe depends on  For the system given hereby several calculations
Reynolds number Re and thus on flow rate. Forare performed within GAEA Weather data are
turbulent airflow in the temperature region relevant for available as 20-year-averages from the weather station
earth heat exchangers Gnielinski [4] proposes theStuttgart-Hohenheim lying close to the house [7].
following approximation:

3.2 Calculated results

Nu = 0,0214[6Re0'8— 10())[|prq4 (9)  Figure 1 shows the temperature at the outlet of the
earth heat exchanger for an air flow of 140 m3 per hour.
The amplitude is damped and shifted compared to the
outside air temperature as expected. Figure 2 gives the
local temperatures along the pipe for a warm summer
day as calculated b¥SAEA The program is also
2.4 Air temperature in the pipe capable _of specifying the heat flow for every segment

] of the pipe for a particular day (Fig. 3) as well as
Now the air temperature throughout the total length of summing the total heat exchange in the system
the earth heat exchanger can be calculated. Begi””inghroughout the year (Fig. 4).

with an inlet temperature equal to the ambient air

with:
Re = Reynolds number of air in pipe
Pr = Prandtl number of air (typically: Pr = 0,72)



Air temperature before and after earth heat exchanger
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Figure 1: Ambient air temperature and temperature at the outlet of the earth heat exchanger throughout the year
(calculated byGAEA

Temperatures along the earth heat exchanger
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Figure 2: Temperatures along the pipe of the earth heat exchanger for a warm summer day (calGA&éy by

Heat flow in the earth heat exchanger
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Figure 3: Heat flow along the pipe of the earth heat exchanger for a winter day (calculafseAy



Heat exchange throughout the year
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Figure 4: Heat exchange in the earth heat exchanger throughout the year (calc@s&d)by

system is therefore switched to circumvent the earth
3.3 Heat gain during winter - cooling in summer heat exchanger. Heating or cooling of air inside the
The integration of the heat exchange over time gives arPiPe calculated bySAEAmust then not be taken into
estimate of the possibilities of the investigated heat@ccount for the total heat balance.

exchanger system. In the described @&&Apredicts Both corrections are to be considered wigEA
a heat gain in winter and a cooling effect in summer of forms part of a detailed building simulation. Actual
about 600 kWh in each case. weather conditions may be used as input for the

The actually achievable energy flows may vary Program. The calculation of heating demand according
according to the following influences. Firstly the O €.0. EN 832 [12] allows to calculate a utilization
ambient air temperature distribution is not as smooth asfactor for the output of the earth heat exchanger to
the approximated sinusoidal curve used for the Detter characterize its performance.
calculations. Therefore the usable energy flow tends to ) . )
be higher since bigger temperature differences and3-4 Comparison with experimental results
hence bigger heating or cooling demands are correlatedrigure 5 shows the air temperature in the segments of
with higher energy flows in the earth heat exchanger.the investigated earth heat exchanger for a warm
On the other hand especially during transition time the summer day as measured by Albers [7] and calculated
ambient air sometimes leads to a better room comfortby GAEA
then the air from the earth heat exchanger does. The

Calculated and measured air temperature along the earth heat exchanger
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Figure 5: Comparison of measured and calculated air temperatures for a warm summer day along the earth heat

exchanger



The parameters for the model were chosen as tomore accurate when coupled to a building simulation
represent the real weather conditions at the time ofprogram where more detailed temperature profiles and
measurement, e.g. ambient air temperature was 25.3 °@ realistic control strategy can be considered.

and earth temperature at the depth of the pipe but not

influenced by the pipe was 12.8 °C. 4 OPTIMIZATION OF AN EARTH HEAT

The main input values for the progrdBAEA are EXCHANGER WITHGAEA
chosen according to the data provided by Albers [7]: A mai licati GAEAR be th o
¢ annual mean value of ambient air temperature main application o as to be the optimization

9,.=85°C of devices during the planning of buildings. Interesting
parameters during the optimization process are the
layout of pipes and the length and cross-section of
pipes constituting the device.
One crucial point for an earth heat exchanger to
operate satisfactorily is that only with turbulent airflow
relevant heat exchange will take place. Figure 6 shows

The di f th b lai he correlation between the number of pipes and the
e discrepancy of the temperatures may be explainegyi, neter of each pipe for a system with an airflow of

largely by inhomogenous earth properties above they ;4 3 (as in the layout calculated before) for the
real pipe whereas the model assumes fixed values. In %&eynolds number set to 2300, ie. airflow is just
refined version ofGAEA it is planned to allow for T

differe;nt depths for each segment of the pip'e_ Figure 7 shows the achievable heat gains of
With the model described abo@AEAestimates & itgarant layouts for an earth heat exchanger with a

heat gain during winter and a'cooling energy during total air flow of 500 m3/h. The diameter of the pipes is
summer o; abo{;]t h600 kWE n eacI:h ﬁase f:)r th%chosen to ensure turbulent air flow at 140 ms3/h
Investigated earth heat exchanger. In the real wor according to figure 6. It can be seen that for this system

control strategies have an Immense effect on thea clear improvement in performance is reachable for
performance of the system. For the investigated house[he number of pipes to be two or three instead of one,

AIber; measured a heat gain of 923 kWh during Winter'but for more pipes no significant improvement is
of which 127 kWh stem from the ventilator needed to gained. Thinking of the costs for laying pipes [5] a

propel the air. In summer a cooling energy of 421 kWh robable compromise would be to use two pipes but
was measured, here the ventilator produced waste he%iOt more. A refined version of the progr@AEAwill

of 36 kWh [7]. As Albers notes and. as mentloqed suggest a sensible solution for the number of pipes, its
above monthly averages do not suffice for detailed lengths and cross-sections according to given
calculation of the energy flows in an earth heat

exchanger. The authors believe tI@AEA will be

¢ annual maximum value of ambient air temperature
Fmax= 26 °C

¢ density of groungb = 1600 kg/m3

* heat capacity of ground ¢ = 1300 J/(kg K)

« thermal conductivity of groundl = 1.5 W/(m K)

starting to become turbulent.

constraints by means of a mouse-click.

Turbulent flow for one or more pipes
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Figure 6: Conditions for turbulent flow in earth heat exchangers with one or more pipes



Heat gain of different layouts of earth heat exchangers
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Figure 7: Comparison of different earth heat exchanger layouts

programs for the calculation of heating and ventilation
5 GAEAAND BUILDING SIMULATION of buildings.

As a stand-alone todBAEA serves the design and A refined version of the program will allow the

optimization of earth heat exchangers for buildings w:putt of mol;e deﬁned gtrr? ur?d tcoverrllngs an('ja\ ebarttth
during the planning process. Yet especially for low structures above the ear €al exchanger. etier

energy houses the whole heating equipment is acouphng with building simulation programs raises the

complex system which must not be regarded in its panspossibility t(.) use rgal weath_er profiles and hence make
only. Up to now the results oBAEA like the air the calculation of air properties more accurate.
temperature at the outlet of the buried pipe can be
exported into files and be used as inputs of building ACKNOWLEDGEMENTS
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