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ABSTRACT

Earthair heat exchangers (EAHX)r earthtubes,decrease building
heating/cooling loads byre-conditioning supplyiain underground pipesAir circulates
underground to exchange heat with the surroundindgs@ireenteringthe building.
The concept is fairly simple, but the field currently lacks fundameanfaimationof the
energy interetions in common EAHXnstallations. This identifies the need of a model
framework inclusive of all EAHX design considerations, tidependent climate
conditions, andeAHX types to support the completion of this fundamental information.
The EAHX typesin this studyincludeinstallationsunder locationsrée of structures
(under yard) and undéoundational slab(under slab).This researcklevelopghe
groundwork otthis framework through v er sat i |l e model using th
methodand numeric itegration TheGr eends Funct i onthemajoriiyod 1 nc
of time-dependent heat transfer mechanisonsounding EAHXghrough long and short
time solution componentsThe long time component calculates ithigal soil
temperature distributioim theunder yard, nomadiant under slab, and radiant under slab
installations The under yard simulations were successfully validated using experimental
soil temperaturéata from around the United States. The-ramhiant under slab
temperatures producednr eal i sti ¢c results in some | ocat
Function method in this location hsignificantpotential forunder slab EAHX
applicatiors. Results from the long time solution feed into the short time solution as a
spacedependent initiatondition. The short time solution uses a finite difference
approach to calculate the heat transfer along the EAHX length. This method was
validated using @mputation fluid dynamics with goahreement.The twocomponents
work together to quickly simula a large number of EAHX installations. The research
includes arexample optimization procedure to demonstratd thea me wor k6 s v er s e
It successfully optimizethe EAHX lengthsfor 95% effectiveness in cooling on the
hottest day of the year in 1&caions around the United States.
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INTRODUCTION

The U.S. Energy Information Administration predicts worldwide energy
consumption will increase 56% by 2040. The majority of the increase will fromehe
nonOrganized for Economic Cooperation and Development countries, such as India,
China, and Russia, as their economies continue to dowPart of this energy growth is
from building heating and cooling. As economic conditions conttoumprove, the
demand for comfortable buildings will also rise. Cheap ways to meet this power demand
unfortunatelyresult in the burnindpssil fuels which contribute to climate change. This
is why there is currently significant research and investment in energy efficiency
measures to reduce current and future energy use in buildings. In fact, energy efficiency
investment recently overtook investment in renewable erjétgyOne efficiency
measure currently gaining renewed interest in reducing building heating and cooling
loads is theearthair heat exchanger (EAHX

The use of relatively constant soil temperatuoesandition indoor spaces is not a
new conceptand has its roots in ancient PersfncientPersian architecture somonly
employedwindcatchersd naturally ventilate buildings. Theyestill in use today.
Windcatclers were also commonly joineduaderground tunnels called ganats as seen in
Figurel. Qanats are larger tunnels meandistribute a water supply to several
buildings. The pressure differenagr@ss the windcatcher would cause air to be drawn
from the surface through the ganat. This would use the cooler soil temperatures to
condition the air before it was brought in the buildiy Todaymodern ventilation

systems applyhe same principle®r EAHXs. Air is preconditioned by circation
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through underground pipes in either an open or closed loop configuration. The soll
captures or dissipates heat from the air flowing through the pipes before active heating or
cooling begins.Earthair heat exchangecome in several different crosgctional areas
and forms such as pipes, ducts, crawlspacedaagel tunnels. Two common typesf
EAHXs are installationsinder a space free of above structures, termed under yard (UY)
in this research, andstallationsu nder a bui | dslab,deéred undesiald at i on

(US) in this research.

Hot Air

wwl- Wind Tower

Cooled Basement
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Figurel: Early example of a windcatchand eartkair heat exchanger in ancient
Persian/Arabic architectufé]

There are numerous benefits an EAHX can provide to a building and its
occupant s. The most obvious is incaleased
equipment. This translatée loweroperating expenses for the buildiagd reduced

emissionghrough less electrical or fuel consumptigknother less obvious benefit is
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better air qual ity Thsisactomglisheduy drimgingingoes o ccu

outside air into the building at a lower energy cost. Buildings typically recirculate indoor
air through the mechanical system to keep energy use low since conditioning outdoor air
is more energy intensive. This nexilated indoor air is mixed with a small amount of
outdoor air. The downside is this causes increases in carbon dioxide and volatile organic
compound levels. This decreases occupant comfort, and in extreme cases can lead to sick
building syndrome. Sican EAHX will precondition outdoor airif is not as energy
intensive to condition it and more can be brought into the building.

The renewed interest in EAHXs has come with increased reséande status
of currently available information is insudfent. Design information for architects and
engineers is generalized and full of assumptions which lead to poor design decisions.
The limited information has led to a history of unsatisfactory installations where systems
demonstrate meager performaace unhealthy air quality due to condensation. Oddly,
there are no design guides, standards, or codes dedicated to EAHXs. The field is in need
of these guides and standards, but the fundamental inforntato@se them ois
currently not presentThis fundamental information include®mmon design
considerations such as EAHX length, air speed, duct diameter, burial depth, etc. But it
must go beyond the basic design variables, and include other considerationstsach as
heat transfer differences of B\HXs for radiant and neradiant slabsthe performance
betweeran UY and US EAHXin the same climatic conditiglr the performance

resultswi t h r e s p e c timetdapendenticlimatacbridibonsdcsname a few. All
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this fundamental informatiortrsictured together will give the holistic view needed for
EAHXSs to take the next step in the industry.

Current research is making stepsilian the fundamental EAHX informatian
There are a number of simple design methods in literédutsasic engieering
calculations. These arlited to steadhstate analysis and are not as accurate since
EAHXs are transiergystems Other studies solve the transient partial different equations
for soil conduction and air convection/diffusion with numerical mmdth These methods
are highlyaccurateon a localized scale, but are limited to the number of heat transfer
mechanisms they include. For example, a cylinder of soil arourlel&HX is the
domain boundary instead of the soil surface and deep soil. @#&arch uses finite
element analysis (FEA) and computation fluid dynamic (CFD) simulations which have
had great success. The only drawback is theprat@bitively time intensive to conduct
the number of simulationia a fundamental studyOne aalytical study by Cucumo et al.
[5] comes the closest to capturing the transient nature of EAlHXe majority of heat
transfer interactions. T&imodel is only valid foY EAHXs though. Its other
limitation is it assumea heat transfer distribution along the EAHX pipe, which may not
be representative of the actuall$emperature distribution.

The studies above provide useful informatibatindividually these studies are
not inclusiveenough to cover all the fundamental information listed earliarsimgle
simulation model.A simulation model is essential because there are too many design
iterations to cover with experimentationly. This identifies a need for a simulation

method robust enough to include all design considerations in each type of EAHX
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installation, and allow for input of tirrdependent, climate specific weather conditions.
This framework must accomplish all tidad norewhile retaining a high level of
accuracy and low computational tim&he goal of the following research is to fill this
needby developing the framework for this robust alation method capable of
supplyingthe fundamental information the industrgha. The specific objectives are
1 Performing experimentation at a test residence metiridentical UY and US
EAHX for general observation and validation
1 Develop a means to quickly calculate annual undisturbed soil temperature
distributions in the UY ant)S installation locations
1 Develop a finite difference scheme using pseadalytical relationships to
determine to convective and conductive heat transfer along an EAHX
1 Perform an example optimization with the above methods to demonstrate the
effectivenes of the simulation framework
This framework is an extension of thealytical model developday Cucumo et a[5].
It will follow their basc setup, buexpands the analytical approach to US EAHXSs,
includes more timeariable boundary conditions, and uses a finite difference approach
for the heat transfer along the EAHX pipe.
The framework is split into two steps tlaae generally termeithelong and short
time solutions. The long time solution is the first step weestablisheanUY or US
soil temperature distributionA pseudeanalytical approach solves for the distribution
wherenumeric integration solveanalytical integrals with noxact representation. The

numerical integration can be quite time intensive for l[&f§elomairs, which is not in
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line with thisr e s e a r s Hnespogsaha tesearch developachew method called
the Base Solution Generation (BSG) technique thedpsible ofjuickly performing
large scale numerical integration. Tl temperature distributidinom thelong time
solution providsthe initial condition information for the following short time, finite
difference approach tralculateheat transfealong the EAHX. The finite difference
method splits the domain into twell solutions for above and below the EAHX which
combineat the endo form the total solution.

A powerful heat conduction solution tec
method captures all the tintependenkheat transfer mechanisnmsthe long and short
time solutions The GF method is venysefulin EAHX simulations since it is capable of
incorporating both time and space dependent boundary conditidnspace dependent
initial conditionsin an analytical format. This is an attractive approach since the so
temperature, air temperature, foundation slab, and initial soil tempeaatuad
dependent on timer space The GFmethodis an analytical approach where the exact
solution for the heat transfer system is writtirectly into integral form. This integral
does not necessarily have an exact representation of elementary futhciiogts
especially for the time dependent boundary conditions in EAHXs. This is why the
EAHX simulations are pseueimalytical because numeric integration is the only means
to solve theGF integrals.

The GF method is advantageous in many respects, dagsthave limitations.

For example, the US installation type is limited tegyade foundations. The GF method

requires orthogonal boundary cammhs, and odd shaped domains that include basements
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are not possibleAlong the same lines as orthogonalibdary conditions, the
simulations are limited to-D heat transfer from the EAHYr simplicity. Later results
show there are-P effects around the EAHX, but it does not significantly affect results.
The EAHXis continuously omn the simulations. lermittent operation is possible in the
finite difference method, but not investigated in this resea@ther limitations include
only singlecircularpipe systems. CommonlAHX are set up in multiple pipe runs or
labyrinths to maximize surface areaddreat transferThis research does not consider
the changes in airflow through each of the multiple pipes and heat interactions between
pipe legs. Itis also possible to have square duct or large tunnel EAHdbe
following is limited to only smalbliameter circular pipes (less than two feet). fiinal
limitation outside the GF method has to do with internal convective flow inside the
EAHX. This convection does not include the latent heat from mass (moisamnsfer.
Despite the limitations, theesearch successfully developed a model framework
for a fundamental EAHXstudy Many of limitations discussed above can integrate into
the current framework and are a subject of future work. Currently, the model can
efficienty calculate the soil tempa&ture distributions in the UY, neradiant US, and
radiant US locations (egrade slabs only). The BSG technique significantly reduced the
amount of time to calculation these distributions. Thenaaiiant US distributions did
result in some unrealistresults for several locations, and requires future work to expand
the solution method to threBmensions. The finite difference method for transhezet
transferthrough the EAHX was also successful and validated with CFD simulations.

alsotakes fa lesscomputational timeéhan CFD. The long and short time solutions
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worked together to perform an example optimization of all three installation types in 15
locations around therited States. This example optimized the EAHX length to achieve
95% effetiveness with respect to the undisturbed soil temperature in cooling on the
hottest day of the year in each location.

The example optimization is just one way to apply the model framework, and
demonstrates the fTheamewdmemksie mees tharesearchi t y .
goals of developing a framework for an-@itlusive EAHX study. Future work can
improve the framework to include such considerations as intermittent operation and latent
heat transfer. This research has laid the groundwork fobust EAHX simulation
model capable of completing the fundamental information required to generate standards
and design guidelines for EAHX§.he information will help the field improve the

quality of EAHX desigs, and in turn reduce emissions anddaug energy consumption.
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BACKGROUND

EAHX Designand Construction

Earthair heat exchangers are classified as any below grade air ducting such as
pipes, rectangular ducts, crawlspaces, and large tunnels that exchange heat with the
surrounding sdi As previously stated, this research is only concernedsaithl
diameter (less than 2ft)rcular pipe EAHXs.Earthair heat exchangeese ypically
located in one of twareas: undeagreen space adjacent to a buildingumder he
bui | doumdaidnstself From this point on, EAHXs located under the grspace
will be referred to as under yard (UY), amdderthe foundation slab as under slab (US).

Il nstall ation of EAHXs along a foundationos
considerd in this research. UsualligAHXs are split into multiple pipe legs to increase

surface area and maximize heat transfer. These are also known as pipe labyrinths.

Figure2 is an example of an EAHX split into two pipe ledd¢nder slab EAHXs are

attractive systems because they are cheaper to install during new construction when
excavation is already taking place. Only a foot or two of additionavekioa is

required in this location and the excavator is alreadgita Compare this to an UY

install needing six to eight feet of excavation and the cost savings are apparent.

There are several consideratiaagollow when designing or installing BAXs to
preventstanding water from collecting in the pipingvater is introduced into the system
through rain at the inlet or condensation from the air during cooling and heating. Water

mitigation strategies are important becauseding water can lead mold or microbial
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growth in the EAHX This is almost impossible to remove and can lead to abandonment
of the systensince it is extremely unhealthy_uckily, it is easy to prevent. Eardir
heat exchangeshouldalwaysbe installed at a grade multke a septic system. This
grade should drain any water to a drain or sump puhfye. example EAHX shown in
Figure2 has such a drain under the two main pipe legsélaals to the sump pump at the
right of the figure. Inlet towers should also have covers and filters. The covers prevent
rain water from entering the pipe and the filters prevent food for microbe grdivsh.
also a good idea to construct an EAHX frpiping specifically meant for that purpose.
There are currently several companies that specialize in this piping and sell EAHXs in
kits. Current EAHX pipes have silver linings along the internal surface to inhibit
microbe growth. The pipe joints alseeurubber gaskets for the joints since this is where

water can infiltrate. Glued joints are also common and sufficient.

Figure2: Example of two pipe legs on an eadtin heat exchanger
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Soil Properties

Soil properties are difficult to anticipate based on location. They are highly
variable and depend on soil composition and moisture content. Luckily, there is a fairly
well understood rangef common soil types. The classification of soil types comes in
one of two ways. They are either generalized agyhdight, dry, ordamp as shown in
Tablel from the GLD geothermal design software from Thermal Dynamics®.offfes
type of classification is by clay and silt type soil with moisture content as sholabia
2 from the ASHRAE Fundamentals Handbook. Both tables displayssine$ults. The
difficulty comes in classifying osite soils as heavy, light, clay, or silt. This is where
soil classification becomes subjective. Since the majority of soil typesrelativity

similar thermal properties, estimating an average Maltyically acceptable.

Foundation Construction

The rate of heat loss or gain from a building to the soil will influence the
performance of an under slab EAHX. The building to soil heat transfer depends on the
buil di ngds f oun dsabongrade,tandpgrawlspaceB arsteertheen t |,
primary types of foundations. The insulation methods and moisture control strategies for
each foundation type varies based on climate location, but several building energy codes
recommend insulating foundatiomsclimates with greater than 2500 heating degree days
(base 65°F). An uninsulated foundation can be responsible for up to 20% of buildings
heat loss. Basement and stabgrade foundations are either insulated on the interior or

exterior. Interior inglation is easier to inspect and install in most cases, but exposes the
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foundation wall to freezing and thawing. Exterior insulation is also more continuous and
limits thermal bridging. Moisture is controlled through subgrade drainage through a
gravel bae below the foundation slab. Above the gravel base, a vapor barrier keeps any
moisture from diffusing through the concrégg.

There are more design options for a crawlspace foundation. It can be
unconditioned or sergondition space below the building. An unconditioned space
requires ventilatioso moisture does not collect and degrade insulation performance.
Typically, a moisture blocking ground cover is more effective that passive ventilation.
Crawlspace ventilation can also increase building energy loses through the floor and
require more inglation on walls, ducting, and piping. A seoanditioned space offers
advantages of requiring less insulation on ducting and piping. The insulation is also
easier to install since it can be placed on the ground surface instead of between floor
joists. Insulation can also be placed on the exterior of the building and crawlspace. Both
types of crawlspace construction complicated predicting heat loss to the ground since the
air temperature of the crawlspace is difficult to determine with any ventilation o

conditioning[8].

Tablel: Soil properties at PF from GLD geothermal design softwdfd

. K Co J U
Soil Type 3 )
(Btu/hr-ft-°F)  (Btu/lb-°F) (Ib/ft”) (ft“/day)
Heavy,Damp 0.75 0.23 131 0.60
Heavy, Dry 0.50 0.20 125 0.48
Light, Damp 0.50 0.25 100 0.48

Light, Dry 0.20 0.20 90 0.26
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Table2: Soil and rock thermal properties from ASHRAE Handbpgk

Soil Type J k U
(Percentage Water  (1p/ft%)  (Btu/hr-ft-°F)  (ft¥day)
Heavy Clay, 15% 120 0.8-1.1 0.45- 0.65
Light Clay, 15% 80 0.4-0.6 0.35-0.50
Heavy Sand, 15% 120 1.6-2.2 09-1.2
Light Sand, 15% 80 0.6-1.2 0.5-1.0
Heavy Clay, 5% 120 0.6-0.8 0.5-0.65
Light Clay, 5% 80 0.3-0.5 0.35-0.6
Heavy Sand, 5% 120 1.2-1.9 1.0-1.5
Light Sand, 5% 80 0.5-1.1 0.6-1.3

RadonCollection in EartbAir Heat Exchangers

A common concern in any residential building is radon gas. Radon is a
radioactive gas created from the breakdown of uranium in rock, soil and water, and is a
leading cause of lung cancéRadon is drawn into buildings through cracks and gaps in
foundations, and through the foundation materials themselves. Most conditioned
buildings are negatively pressure, and this acts as the driving force for the infiltration and
diffusion of radon fronthe foundation. There are several methods to prevent the
majority of radon from entering a buildimigt is present The most common method is
active slab depressurization where air is drawn fraagtiavel layer below the slab. The
presence of radorag always requires testing since radon concentrations can vary with
buildings directly next to each othi; 9.

A concern with EAHX operation is that radon will diffuse through the
underground piping aterial and mix with the incoming aifhis is a valid concern and
thereis currently no research on the diffusion of radon into an EAHX air pipe or duct.

Important information to considés that typically radon infiltrates a building through
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cracks andgyaps. It will eventually diffuse through concrete, but concrete is also porous
and not an impermeable barrier. Radon will also diffuse through EAHX piping materials
such as PVC, but has much lower diffusion coefficient values than concrete. Radon is
also unlikely to collect in an EAHX system when it is not operating since there is little
pressure differential to drive the diffusion. Fresh air is continually brought through the
EAHX system while operatingesulting indiluted radon concentrationsAny planned
site for an EAHX installation should test if radon gas is present and in what

concentrations as part of the design process.

Internal PipeFlow

Gr e sRurictions are the primatgyol for analyzing the conductive heat transfer
in the soilsurrounding the EAHX pipe. Theannot however calculatee convective
heat transfer between theovingair and pipe wall, othe pressure drop through the
underground piping.These calculations require turbulent internal flow correlations
calculatt he convective heat transfer, and ul ti:
Thefollowing discussion is concentead on circular pipes sinamilar relationships are

available for other types and shapes of underground ducting.

EntranceRegions and Bundary Layers

Internal flows in all crossections are split into two regions: the entrance region
and the fully developed region. The entrance region is a product of-8lg mondition
for viscous flows. A boundary layer or shear layer beginero ft the entrance as the

fluid contacts the wall. The boundary layer continues to grow until it merges and extends
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over the entire crossection. The flow is fulhdeveloped at this point. The distance
between the entrance and the fudigveloped regin is called the hydrodynamic entrance
length. The flow velocity after the entrarleagth is purely axial and varies only in the
axial coordinat¢10, 11}

The hydrodynamic entrance length depends on the effective duct diameter and if
theflow is laminar or turhilent. Thetransition between laminar and turbulent flow is
determined by the Reynolds number showRdguation(1). In fully developed flow for a
circular ppe, the transition occurs at a Reynolds number of approximately 2,300.
However, larger Reynolds numbers on the order of 10,000 are required for fully turbulent
conditions for internal flow10]. The velocity profile varies across tb@sssection of
the pipe sdquation(1) uses therosss e ¢ t meamflsiid velocity The entrance length
in laminar flows can be approximated fré&quation(2) [11]. There is no universal
approximation for the turbulent entrance length, but it is knownttisgagenerally
independent of Reynolds numbétquation(3) gives a rough approximation for the

turbulent entrance lengft0].

‘ (1)

Y'Q
0 o™ T8rrQ 2)
U 3

pm o QT (3)

Internal pipe flow also develops a thermal entrance region that is similar to the

hydrodynamic entrance length. The thermal boundary layer forms as the air convectively
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transfers heat with the pipe wall. Given enough length, thermally fully developed
conditions are reachglO]. The length of the thermal boundary layer is dependent on
Prandlt number in laminar flow. Atmospheric air experiences Prandlt numbers around
0.7, meaning the thermal boundary layer will develop befednydrodynami¢l2]. The
length of the thermal boundary layer can be approximated Esjagtion(4). The
turbulent flow thermal boundary layer is less a function of Pandlt number and harder to

predict. Approximations such as Equat{dpare reported in literatuf@0].

T8t ¥ QO | (4)

o p T ©))

Pressurd®rop and Friction Factor

Analytical expressions to describe pressure drop in ducts are preferred, but
turbulent flow is too complex for analytical expressions. Instead, the wall sheaisstress
nontdimensionalized using the dynamic pressure to yield the Darcy friction factor
Equation(6). The Darcy friction f acuntbviedved asuteef ul n e ¢
Moody diagram irFigure3. Here the friction factor is experimentally related to the
Reynolds Number, duct diameter, ahett surface roughness$Jsing these three
parameters, the Moody diagram yields an estimated friction factor that is used in
Equation(7) to calculate the pressure drop through the duct. This is a quick and simple
way to calculate pressure drop in a fully developed, turbulent circulafldycd 1}

Determining he pressure drop using friction factors is not limited to turbulent flow.
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Laminar flow friction can also be read off the Moody diagram, or calculated directly

using Equatiorg8).
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Figure3: Moody diagram for friction factor in a circular pipgermission to copy
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Reading friction factors off the Moody diagrasnot always convenient;
especially in computer programming. Equati®is a curve fiffor friction factor along
thesmoothpipeline of the Moody diagramThis is a convenient way to calculate
turbulent flow friction factors, but only for smooth pipes.smooth pipe is defined as
having an almost zero value when dividing the surface roegghby the duct diameter.
Earthair heat exchangegipesaretypically 6 to 12 inches in diameter and made of
plastics (such as PVC, HDPE, etc.). This type of piping falls under the category of
Adrawn pi pe, OFigure3hasa coonghress factay 0.0026 mm (9.883E
inches). Table3 calcuates the surface roughnessdtameter value for several of drawn
pipesizes The results are small, and fréfigure3 their friction factor values are along
the smooth pipe line untiReynolds number values d€° to 10'. Equaton (9) is a fair

approximation of friction factor below these Reynolds numiis11]

Table3: Moody diagramiJD values for drawn tubing at various diameter piping

Pipe Diameter Roughness Facto Roughness Facta

(inches) (mm) (inches) “/D
6.0 0.0025 9.843E05 1.641E05
8.0 0.0025 9.843E05 1.230E05
10.0 0.0025 9.843E05 9.843E06
12.0 0.0025 9.843E05 8.203E06
Q T WIEYQ pHT (9)

Energy Balancand Log
Mean Temperature Difference

An energy balance can be applied to internal flowpipa since the fluid is

completely enclosed. This results igeneral expression for the inletchoutlet
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temperatures, and rate @invective heat transfer shown in Equat{®@). This

expression is valid no matter the internal flow conditions or thermal boundary conditions.

N ao "Yji Y& (20)

The wo types of boundary conditiom®mmonin internal floware aconstant
heat flux and constant surface temperatdilee latter boundary conditiaa common for
EAHXs since it is possible to predict theil temperature around the EAHX pipe.
Through integration, it is possible to derizgquation(11) which relates the averaged
convective hat transfer coefficientflow rate, pipe dimesions, pipe surface temperature
ard inlet/outlet temperatured he temperature difference along fhipeis averaged
using the log mean temperature difference in Equdfigdpsince the fluideémperature
follows an exponential decay as it travels through the pipe. The log mean temperature
difference is used in Equatig¢fh0)in place of the armal temperature difference to yield
Equation(13)which is the convective heat transfer for internal flow with constant surface

temperature bourady condition10].
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Convective Correlations for
Laminar and Turbulent Flow

The use of EquatiofiL1) requires convectiorheat transfecoefficients which are
calculated from the Nusselt numberEguation(14). LaminarNusselt numbers and
convection coefficients can be derived theoreticatlgmpirically. A detailed
mathematical explanation on laminar convection coefficient derivation for
incompressible, constant propefiyid is available from multiple sourc¢$0, 12]and is
not discussed in this sectiofiwo important results from this derivation doe the
constant heat flux and constant surface temperature boundary consfitiovs in

Equation(15) andEquation(16) respectively.

"D
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Turbulent flow is much more complex than laminar and reqtiresise of
empirical correlations. A classicafjuationfor fully developed (hydrodynamically and
thermally) turbulent flow in a circular pipe is the DittBselterequation Equation(17).
Thisequationsaccur ate for L/ D O Pro,O Rle6 0O 1 0Wh0iOlOe,
Dittus-Boelterequationis generallyconsidered accurate, errorslage as 25%re
observed in literatureError is reduced by usingquation(18) proposed bysnielinski

[10]. T h e A f eguationrefarsto ¢he friction factor from which is found on the
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Moody diagram or calculated froBquation(9). Equation(18)i s val i d over 3,
O 5%inad 0.5 O Pr O 2000. The | otisalso | i mit o

valid in the transitional region.
06 MHQOI & MMMOO ' Owhé ¢ a Qe ¢ (17)
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Coefficientof Performancend Effectiveness

A convenient way to measure the performance of an EAHX is through the
coefficient of performance (COP). A general definition of COP from the ASHRAE
fundamentals is the amount of energy removed/added during a cycle or process divided
by the required energgput to operate the cyc[@3]. For EAHX, the amount of energy
removed/added during the cycle is the convective heat transfer rate between the air and
surrounding soil. Fan energy is the only enengyt to operate the EAHX (cycle). In
other words, the COP says how many units of energy are extracted or rejected per unit of
energy input to run the EAHX. A high COP indicates a high efficiency. Equdi®is
the general equation for the EAHX COP. Equafibd) calculates the convective heat
transfer (Qny) in Btu/hr. The fan power input is calculated from fan curves or direct on

site measurements. For this research, a positive COP represents heating of the airstream,
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and a negative COP cools the air stream. The negative values do not mean the EAHX is

underperforming. It is only signifies the EAHX is in cooling mode.

(@]

C
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(19)

Another means to measure EAHX performance is through heat transfer
effectiveness Effectiveness is a simple method that compares the actual change in air
temperature to maximum possible change as seen in Eq(2@ijorin the case of
EAHXs, the maximum possible change in temperature is with respect to the undisturbed
soil temperature at the same depth. This is based off the idea that if the EAHX was
infinitely long, the air temperature would eventually reach equilbmwith the

surrounding soil.

QO—— (20)

Heating and Cooling Degree Days

The degrealay method is primarily for building energy analysiscan estimate
the anergy consumption of HVAC equipmeoy multiplying different values of outdoor
temperature by the corresponding number of holire method provides a simple
estimate of annual | oads, and [Bloimthissel y <c¢h
research, this last characteristic is the main concern since numerous locations are
compared and contrasted. The number of heating degree days (HDDs) and cooling

degree days (CDDs) allows for climate and building load comparison between Iscation
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For example, high numbers of both HDDs and CDDs indicates a location that goes
through drastic temperature swings in winter and summer. Another example commonly
seen is a location with a high number of HDDs and hardly any CDDs. This indicates a
locaton with harsh winters and low cooling requirements in the summer.

The degreelay method starts with the balance point temperatuggjuation
(21). In heating, his is defined as the value of the outdoor temperature at which the total
heat loss is equal to the heat gain from the sun, occupants, lights, plug loads, and other
energy source®r the specified value of indoor temperatuiiénis indoor temperature
can vary and is typiicaltllye 6t5dJtFalt oh e4a&btUFIl. 0 s i
building. It is possible the equation for HHDs and CDDs using the balance point
temperature and integrating the rate of energy consumpyitime heating/cooling
system. The resulting two equations are shown in Equéiyrand Equatior{23).
Equation(22) indicates leating in the building is only needed when the outdoor
temperature is below the balance point temperature. The opposite is trueGdOke
where the balance point temperature is below the outdoor temperatursore

information on the degree day meth see the ASHRAE FundamentglS]

(21)
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LITERATURE REVIEW

Literatureassociated witlkearthair heat exchangers (EAHXSs), also known as
earth tubes, is loosely classified into analytical and numerical models for under yard
(UY) installations. Soil temperature prediction iseavily studied area fanalytical
models since it has@nsideableinfluence on designThese studiesither directly
incorporatea previously esablished soil prediction methat usea close variation.One
difficulty in analytic methods is coupling the conductive and convective heat transfer
between the soil anair passing through the EAHXCoupling the two heat transfer
modess easier with numerical models. The numerical models are commonly quasi
numerical since they incorporate some analytical componéusently missing the
field are studies on under BI@US) EAHXs. This is a common installation type, but
there is no information on how it differs from the UY install. Foundation heat loss and
soil temperatures below a foundation slab are important factors for US installations. The

following discusseghere two topics since current literature reviews them in detail.

Soil Temperatur®redictions

Soil temperatures iareas free of above structumgerience smadt periodic
fluctuationsdaily, and a large sinusoidal fluctuatiannually. Dailyfluctuations occur
near the surface and are not of interest for EAHXs. The larger annual fluctudtions
interestoccur at a much lower depth. The annual fluctuation is sinusoidal in shape and
caused by thperiodic naturef annual air temperatures dodsolar radiation. A third

effect on the soil temperature is latent heat transfer of moisture transport through the soil.
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Soil models begin with the atmospheric air temperature, and then include solar radiation
and moisture transport to increase accyrakhere are two approaches for predicting the
annual soil temperatures present in literature. They both solve the Fourier heat equation
shown inEquation(24), but differ on boundary condition (B@pplication The first
uses the annual air temperature and/or solar radiation as-depeadent BC. The
second develops an energy balance including all possible thermal effects for the BC.

pT Y

T o (24)

The classicamethod of predictingoil temperature is theCarslaw and Jaeger
solutionfor a semiinfinite solid with a harmonic surface temperature in the form of
Equation(25). This solution is the building block of other simplified solutions because it
is possible to represent the annual sinusoidal air temperaturgquitition(25). The
solution proceeds from the fundamental solution for this problem tylpguation(26).
Equation(26)representsa t e mper at ure wave of wave numbe
Equation(27)is found fromsolving Equatior{26) with Fourier transformsral Equation
(25) actingas the temperature wavEquation(27) uses the same dfieients as the
harmonic surface function. The Carslaw and Jaeger solution fits well to experimental

data, and many studies use it orraikdr form for soil prediction§l4].
%0 O 06 AT100 | 6 AT7100 § E (25)
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A simplification to the Carslawaeger solution is presented by Nofziger and Wu.
The simplification comes from +@rrangingequation(27) specifically for predicting soil
temperaturesEquation(27)is a general solution for any semfinite solid. Several
weather and timeonstants replace the harmonic coefficients and eliminates the infinite
saies to result irequation(28). An annual mean surface temperaturgs Bnd a surface
temperature amplitudé\ are the weather constants that depend on location. The time
constant s Jduliaedate (days)faddy,' fdr theetime from January 1st to the
day of the minimum surface temperature (daysjuation(29) calculats the surface
temperature amplitude whefg.axand Ty are the daily maximum and minimum surface

temperatures respectivdlis].

vafd Yy 89 7§ oe— — — __c - ¢ @9
oy
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Calculations for the surface temperature and surface temperature amplitude in
Equation(28) useeither the annualir or soil surface temperatures. Nofziger and Wu
found that using air temperatures consistently underestintiatesoil temperatures.

Their observations conclude better results are obtained by increasing the maximum and

minimum air temperatures by 3.5 °F (2 °C) before calculating the means surface
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temperature and surface temperature amplitude. The best agréetmesen the
predicted and observed soil comemi the soil surface conditiofs5]. Two other
similar studies also identified accurate predictions using the soil surface to calculate
climatic constants. Thstudies use soil temperatudata measured in Athens, Greece
from 1917 to 1990and a Carslawager based equation for the simulat[@g, 17]

The ASHRAE HVAC Systems and Equipment Handboegorts a similar
equation for soil temperatures undee District Heating and Coolinghapter The only
difference is a change to the phase lag inside tieefanction. The ASHRAE equation
requires no preliminary calculations since the mean temperature and surface temperature
amplitude are listed in a Regional Climatic Constants {die This creates an easy to
use equation as long as the climatic constants table is available. Thespfrfices
ASHRAE equations is to estimate heat loss from district heating and cooling hydronic
systems. There is no mention of EAHXSs, but the equatibthapply. The handbook
does comment that the equation cannot account for freezing, thawing, oraéapof
moisture in the sofl7].

The ASHRAE handbook also includes equations $timeating soil diffusivity
and effective thickness of soil surface covers. The diffusivity calculatiBauation
(30)isafunctionofsdi moi st ur e c ont 'nsoilthérmadl gondacavityy dens
"ks" and specific heat of the soil and water. This equation is meaningful because it relates
moisture to diffusivity. The ASHRAE handbodkeat loss from the district piping
depends otthe type ofsoil surface coverEquation(31)is a correction factor that adds a

fictitious solil layer to account for this extra istance where "h" is the convective heat
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transfer coefficient at the surface. The

the thermal resistance calculatiaf

cE
Mm# # XjpmT

(30)

&
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An early study uses an energy balance to develop what it terms the solair
temperature BC. The solair temperature is a combination of convection and radiation on
the soil surface as seenHiguation(32) wherelh = 0.9, "S" is the solar intensity
(Btu/hrft?), " O "emibsivity t haen =120 G&®hrft>. Thisequation is familiar
because without the radiation terms iaisonvective BC. The solution proceeds much in
the same way as previous Carsldaeger boundary value prebis. A Fourier series is
fit to the periodic solair temperatundich actsas the BC for the senmfinite solution.

The model results are not exceptional due to generalizations of the convective heat
transfer coefficient, absorption, and emissivity.e3& values change with time, but the
model uses constant valuyés)].
o) T—Y QY Yo | Y -3Y (32)
T W
A later publication expands the solair temperature BC by adding the latent heat

flux due to evaporation. The energy balance also includes convection at the sottace,

radiation,andlong-wave adiation. This study differs from the previous by using the
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energy balance to first calculate the soil surface temperature instead of a BC in the
boundary value problem. A Fourier series is fit to the calculated sueiaperatures,
and the solution proceeds in the same manner as the Gdestgensolution. The model
agrees well with yearlong experimental results. Tpartly due to a large amount of
historical experimental data that calibratedconvective andadiation constants. Itis
unclear if this model woskwell in other locations without extensive calibration. This
study finishes with a sensitivity analysis between wind speed, absorptivity, evaporation
fraction, and relative humidity20].

Several studies also predict soil temperatwiés numeric models. Rajeev,
Chan, and Kodikara discretized two diffusion equationfiéat and moisture transport in
GEO-SLOPE International 2010 to model heat and moisture movement in sod @%e
year period. The studyetermine how years of drought could affect underground
infrastructure. Two sites near Melbourne Australia provitiecexperimental data for
model validation. The numerical results were generally in good agreement with field
measuremeni®1]. Another numerical study b9in, Hiller, Jiang, and Bao is specific to
cold-region soil temperatures. They use the numerical model to identify the freeze/thaw
interface in an upper boundary layer. The authors compare the upper boundary model to
a temperature only boundary. Theyhd it as a more accurate prediction of soil

temperaturg22].
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Analytical EarthrAir Heat Exchanger Models

Tzaferis and De Paepe classifie tinalytical models for EAHX systems into two
groups. The algorithms of the first group calculate the convective heat transfer from the
circulating air to the pipe, and then the conductive heat transfer from the pipe to the
surrounding soil. The secondogip calculateonly the convective heat transfer from the
circulating air to the pipe. The first classification group requires the additional inputs of
soil thermal characteristics and the undisturbed soil temperature during system operation
[23]. The convective model complexity in both groups increases with inclusion of mass
transfer. The two classificationaypshold true for the majority of EAHX analytic
literature. Other studies increase complexity by coupling the convective and conductive
heat transfer through the convective boundary conditi@amenergy balance. Others
assume no atmospheric surfackees and develop models for local heat transfer around
the EAHX pipe. Optimization and economic aspects are also analyzed through use of the
above models. The following literature review of analytical algorithms starts with the
convective heat transfenly classification and moves forward to models of increasing
complexity.

The convection only models require three inputs: the geometrical characteristics
of the system, thermal characteristics of the pipe, and temperature of the pipe surface
[23]. The last input is typically found using a previously discussed soil temperature
model. Muehleisen published inple design algorithm to calculate the length of tubing,
heat transfer effectiveness, pressure drop, fan power, and mean monthly temperature of

outlet air. The dgorithm implementation only requirescamputerspreadsheet. The
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algorithm has built in inpts for pipe surface roughness that factors into Nusselt number
calculations. An equation and tabulated values from the British Standard Institution
similar to the ASHRAE method estimates the pipe surface temperature. Muehleisen
compared this algorithnotother simplified models and foutitbat neglecting the tube
andsoil thermalresisance results in a much smallength for the same amount of heat
transfer. This was due to the overall heat transfer coefficient being much smaller when
including the sdiand pipe wal[24].

De Paepe and Janssens published a method for preliminary EAHX design checks.
The authors note a majority of current algorithms are too complex for the target audience
of EAHX designers. Their algorithm usasimple log mean temperature difference to
calculatethe convective heat transfer rat&he Nusselt number for the convective heat
transfer coefficient is found by the Glielinglorrelation for smooth pipg40]. No
calculation for soil temperature is given in the publication. It simply states that soill
tempeatures are practically constant throughout the year at depths of 6 to 12 feet.
Design effectiveness is determined by a dimensionless number called the "Number of
Heat Transfer Units" which is a function of mass flow rate, surface area, and convective
codficient. The optimal design choice based on building ventilation requirements is
found by a ratio of heat transfer units to pressure drop and tube |2Bjjth

Pfafferottcompared EAHX designs in three locations through a simplified
coefficient of performancéCOP) calculation The COPexpressionn Equation(33)is a
ratio ofthe useful heating and cooliegergy gain through the EAHX thefan input

power. The energy gaimas found using thenergy balance in Equati¢h0) which
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requires the EAHX outlet temperaturEéquation(11) calculateshe outlet temperature
with thesoil temperature as the pipe surface temperature. Recall Eq(Etios the
energy balance result for internal pipe flow with a constant surface temperature. A soll
temperature model similar to Equati(#8) predicts the soil temperatures at pipe depth.
Each of the three experimental sites uses a typical fan efficiency of 70%. This leads to
COP values of 29, 88, and 3&0 the three locationsThe COP of 380 results from a
combination of large pipe diameter and low air sj@égl

~ B n n
B YR o

(33)

A convective only study by Krarti and Kreider increases mewxity by
considering heat input from the surrounding soil in an air flow energy conservation
equation. The authors accomplish this by treating the soil surrounding the pipe as an
insulative layer. The Walue of this layer depended on the convectia hansfer
coefficient, air temperature, and undisturbed soil temperature. The undisturbed soll
temperature was found usiag equation similar to Nofzig¢t5]. This method then
solves he conservation ofrergy equation to find the mean temperature variation along
the EAHX at any hour of the day. The model was verified against experimental data with
relatively good agreement. A parametric study also analyzes the influence of air flow
rate and pipe diameten the EAHX's cooling effe¢27].

A good example of repurposing existing underground infrastructure as an EAHX
was studied by Sodlet al Two hospital buildingsear Delhi, Indiavere originally

connected by one kilometlemg maintenance tunnel. The tunnel varied in cross section
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from 3ft by 3ft to 12ft x 15ft. The building owners found the tunnel could double as an
EAHX for cooling. Wet and dry bulb temperatures were monitored along the tunnel to
validate an analytical motfor heat and mass transfer. The mass transfer nugds|
simplified equations meant for environmental engineering. It is unclear if these
relationships were accurate for the air tunnel since only air temperature is reported in the
results. The air teperature had a satisfactory match with observed v§hs¢s

The process of coupling convective and conductive heat transfer is difficult
analtically, and typically requires numerical methods. Hollmuller presents an algorithm
that couples the radial form of Fourier's heat equation with the air energy conservation.
The two are linked though the convective air/beiatexchange (Robin or 3rgpe BC).

The DittusBoelter correlation estimates the convective heat transfer coefficient. This
model is simplified to a radial solution by ignoring the upper surface exposed to
atmospheric air. Instead, a radial isothermal or adiabatic BC is plattezisnil a

specified distance away from the EAHX pipe. Solving the three differential equations for
this boundary value setup is not trivial. The authors verified the model with experimental
results, and conclude EAHXs have potential prsisiing of inlet air temperatures that

have not been previously exploiti9].

Analytical models to this point either use undisturbed soil temperatures for the
convective BC, ocouple the pipe and surrounding soil without accounting for heat from
the upper free surface. Cucumo, Montoro, and Vulcano incorporate the upper surface
and convective heat transfer to the soil ira ttansient analytical model using Green's

Functions. A 1-D plate models the domain between the surface and EAHX with time
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dependent BCs on eashrface Thesolil surface accounts for daily and yearly
fluctuations in air temperature and solar radiation. The convective fluid temperature on
the EAHX boundarydepends on inlet atmospheric air. A second domain below the
EAHX is modeled as a-D semiinfinite medium with the previously mentioned
convective BC. This way the model accounts for conduction above and below the
EAHX. The boundary value problem alsges the undisturbed soil temperature as a
spacevariable IC. The BCs and IC create a complex boundary value problem that
requires the Green's Function method. Finding the pipe surface temperature is the point
of the conduction analys|5]. The surface temperature acts as a BC for a power series
heat and mass transfer convective solution presented by BoulamgBe@t. arhis
Green's Function algorithm is one of the most comprehensiveoswiuction solutions
presenin literature.

A different approach to EAHX analytical models is a building widergn
balance. A series of publications by the Ghosal et al. evaluated the useful energy input
from the EAHX to a passive greenhouse. This included an energy balance for heat
loss/gains through the walls and roof of the greenhouse. This allowed thesaatho
determine when the EAHX was aiding the passive goal by adding/removing useful
energy. Yearlong data logging validated the energy balance model with &ensant.
They concluded a-8°Crise and 5 °C reduction of greenhouse temperature for the
winter and summer respectivgBi-33]. A similar study changes a building's cooling
balance point temperature based on EAHX contiging. A building's balance point

temperature is part of the dow degree hour calculations'he author's goal was
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develop an algorithrfor implementationn building simulation codes such as DOE and
TRNSYS[34]. The code calculated outlet temperatures and heat transfer rate from the
EAHX using a previously published algorithm by the same au{B6ts

The analytical models and algorithms discussed to this point@rarid only
analyze a single pipe system. EAHXs are commonly iest&lith multiple parallel pipe
legs Sodha, Mahajan, and Sawhney analyzedh&enal performance of an EAHX
system using anywhere from 1 to 30 parallel pipes. The heating and cooling potential in
Equation(34) and Equatior{35) respectively characterized the thermal performance
where Ado i s t Thepotentiatstsenrtheontaningtulyhsat additions
during the operaticad period and report the value in kilowatt hours. The positive sign
above the temperature brackets indicates the calculation uses only positive temperature
differenceqd36]. The authors use a separate modeClaesson ashDunando calculate
the pipe surface temperature for any number of parallel pipes in the two eq{@fijons

3 & 6 Y Y 0
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Numerical Based EartAir Heat Exchange Models

Analytical EAHX models with simpler mathematieguationsare convenient for

fast preliminary design checks, méglectimportant heat transfer mechanisms which
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decreases accuracy. Model fidelity increases with inclusion of more boundary conditions
and transport phenomenon, but taquiredmathematial knowledge is rarely present
outside of academia. Numerical models offer the advantage of simplifying complex
mathematics into finite element methods orpaeked software. The coupling of
convective and conductive heat transfer, which is so diffemdytically, is much easier
numerically. They also offer the means to calculate the simultaneous heat and mass
transfer of the air inside the EAHX pipe. The main disadvantage is numerical methods
are typically very time intensive

Prepackageaompuational fluid dynamics (CFD) software is the easiest way to
setup a numerical simulation. Zhang and Haghighat applied CFD to explain the fluid
flow dynamics in a large eartir heat exchange tunnel. They discovered that common
analytical relationshipsniliterature are not accurate for larger tunnels. The CFD analysis
revealed reverse airflow in the top portion of the duct and temperature stratification
through the entire dutteight A second observation was the simulation's sensitivity to
convectiveheat transfer coefficients. They compared seven empirical correlations from
pervious literature and found all seven were considerable smaller than experimental
values for large air tunnels. The authors developed a local convective heat transfer
coefficient for each surface of the air tunnel which significantly increased simulation
accuracy[38].

Computational fluid dynamics is a useful tool for EAHX convective flow
solutions, but has a large computationalkload. A group of researchers from Xihua

University in China developeainumerical algorithm using explicit and implicit finite
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difference methods. Their goal was to predict air temperature and humidity delivered to
an underground mine through a laagetunnel. The rock surround the tunnel was model
with a 2D radial transient explicit heat conduction model. The tunnel length was divided
into N number of segments for eéDLimplicit transient convection model. The
convection model included heat am@ss transfer. A sequential computing algorithm
couples theonvectiveandconductivemodels. The convective heat and mass transfer
solves first and calculates the heat flux through the-eackterface. The heat flux then
inputs into the conductiomodel to solve for heat propagation through the rock. The
time interval is increased and the process repeats. The experimental values match well
with the simulation. Some error occurred with the mass transfer which the authors
contributed to a poor enmmal correlation for the mass transfer coefficient. The authors
also note the computational time was 15 minutes on a standard personal computer. This
was for 11 nodes in both the radial and axial directjdf@k

Implicit finite difference schemes are also usetusolvesimultaneous heat and
mass transfanto the soil from the circulating a&rs shownn a model developelly
Kumar and KaushikTheir model accounts for the natural thermal stratification of the
soil, soil surface conditions, and latent/sensible heat. The coupled heat and mass transfer
equations were developed in a previous study by Ahmed for agricultural pupp@kes
The boundary conditions incorporate energy balance equations for heat transferred into
the pipe from thesoil, but the study is unclear on hawil surface conditions fit into the
formation. The predicted results match very well to the experimental data with errors

below 4%. The authors conclude the reduction in error is only possiblelbging:
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mass transfer in ehairstream, and the progresshaating of the soil around the EAHX
pipe[41].

Hollmuller and Lachal also used axplicit numerical model to solve sensible and
latent heat transfer in an EAHX. The model uses a more simplified form of latent heat
transfer called theewis approach from the ASHRAHIRdamental§l3]. Experimental
data from a greenhouse validated the sensible heat, but thehizdétiansfewas not as
accurate. The authors attribute this to water droplets entering the EAHX from the
greenhouse while thar circulated. This study is unique in that the authors also
performed a heating/cooling potential and economic analysis for three EAHX
installations connected to one building. They found all three configurations were capable
of reducing energy use whe&ompared to traditional sourdd2].

A more involved transient implicit numerical model was presented by
Mihalakakou etl. Unique to this model is it includes a complete matheralatmdel of
the moisture migration through the soil with temperature. The latent heat of moisture
transport is a difficult phenomenon to model accurately. The authors were successful
though and validated simulation values with an extensive set of exgreahdatd43].
Mihalakakou used this numerical modekio separate publicatien The first wasgor
validation ofEAHX heating potential using a neural network estimation. Artificial
neural networks try to simulate the functiand structure of biological neurons. The
neural network and a backpropagation algorithm allowed the author to successful
estimate outlet air temperatufdgl]. The second publication investigated the iaefine

of bare soil and short grass cover on the EAHX heating potential. The bare soil surface



39
was found to increase system hegitcapacity. The above modehs programmed into
the TRNSYS simulation environment for a parametric studpipe lengthpiperadius,
air velocity, andsoil depth[45].

The studies thus far assume BE¥HX is continuously operating for simplicity.
This is not true however since buildings are not continuously drawing in outside air.
Stevens analyzes the consequences of ifttemthEAHX operation though @umerical
finite-difference analysis in a singleuad pipe. The model wasll and did not account
for mass transferStopping and starting the fluid flow at a specified tinterval
accomplished the intermittent operation. The author concludex/éragantermittent
cycle heat transfer was lower theontinuous operation. Also, thestantaneoubkeat
transfer was higher during the active part of each intermittent cycle. Inth&tatudy
simulated180 test combinations to characterizedimensionless convective heat
transfer coefficient, diffusity, and intermittence factor. The author formed empirical
correlations for intermittent heat transfer from the 180 combinations. The correlations
predicted heat transfer rate within 20% for 95% of the data and within 10% for 70% of
the datd46].

Soil shading andoil surface covers are two factors affecting heat transfer from
the surface that few models take into account. A study by Trzaki and Zawhadiemn
both in a numedal mesh. This is accomplishbd calculating whether a particular mesh
subdivision element is blocked from radiation based on environmental gepametithe
time moment slar altitude and azimuth angle$his allows the model to account for the

EAHX location relative to surrounding structuréhe convective heat transfer to the
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soil from the EAHXis based on the enthalpy of the entering air and thgraimd energy
transfer balance. This includes the pipe wall thermal resistdnt not mass trarest
The 2D numerical model is alsable to analyze the effects of parallel pip&be study
ends withthe best practices to increakeat exchange efficiency. The authcwaclude it
is not possible for a general optimizatidue to the multiplicity ath interdependence of
the design variables. Each new design requires an independent optimization based on a

series of simulations accounting for construction and operating conddions

ComputerSimulation Programs and Efforts

A unique approach by Bojic et al. couples an EAHX simulation program with a
building energy simulation. The purpose was to determine building energy reductions
and cost savings associated VEAHX design iterations. The sédAHX mathematical
model calculates energy exchange by splitting the soil into layers. The program solves
the layers in a stewise manner from the surface past the EAHX pipe. Convection and
solar radiation are consideratthe soil surface. The convective heat transfer coefficient
was found experimentally and inputs into the program as a fitted equation. The soil
model does not account for moisture propagation. The coupling of the EAHX and
building allowed the authots observédhow EAHX design choices affetite building
energy balancp!8].

Other studies have incorporated EAHX models into building simulation
programs. Ho Lee and Strand investigated the implementation of an EAHX into the
EnergyPlus program. EnergyPlus is a robust building simulation tool developed by the

U.S. Department of iergy. They added the rate of heat transfer fronfetidX into the
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heat balance calculation framework. A simpler analytical model for soil temperature
calculates the pipe surface temperature, and empirical convective correlations calculate
heat transferate from the soil to the EAHK9]. A similar effort was made by Lee in a
Master's Thesifor the development, verification, and implementation of an EAHX heat
transfer model into EnergyPI{0]. Benkert et al. developed a standalone calculation
tool for EAHX optimizationfor use inbuilding simulation tools. The program was called
Graphical Design of Earth Heat Exchangers or GAEA. This tool also utilizes analytical

equations for fast design calculatigbg].

Heat Transfem Foundation Slabs

Simulatingle at transfer between a buil dingods
is adifficult heat transfer problem due to tlaege number of parameters and
assumptions Onedimensionalsteadystatesolutions are typically onlgppropriategor
rough heating load calculations. Highevels ofaccuracy rquiretwo or three
dimensionatransientconductive and convectiveeat transferThis is further
complicated byhe inclusion of building edgesncethis is whereghe majorityof heat
transferredrom a building occur§8]. Edge calculations are compleathematically
due to the indoor and outdoor boundary conditions meeting atiie poinfor slabon-
grade foundationsA below grade slab or basementatesa norrorthogonal domain that
few analytical methods can solv®ther complications include inhomogenesod,

moisture migration, groundwater flow, freezing/thawing, and influence of surrounding
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buildings[52]. The difficult heat transfer analysis is why the majority of models use
advanced mathematics or numerical methods.

The ASHRAE Fundamentals presents one of the &gproximate methador
calculated below gradsteadystateheat loss It assumes steadyate heat loss will
follow prescribed paths to the surfacEhese paths are dependent on indoor temperature,
outdoor temperature, and a floosfattor. The below three equations describe the heat
loss of a basement slab. The heasls (Biuth©in Equation(36)is equal to the floor
area times a value call ed 3. Hkehdnelandfactory | o ad
inEquaton(37)i s a function of the bebpopwmganandannsap:
air tempe@r,atasals tfihnffeace temper@t whselgolmm | i t ud
Equation(29). The last ternfi Wlgp0is the average dactor for a below grade surface
calculated from Equatio(88)wh er @ fiw t he short esti sbashemdrt
depth bel owweQr adef handofiRl t her malNoresi st a

comments are made to how accurate the follow equations, but they are meant for design

purposes only13].
R 62000 (36)
00 Y o6 Yy 0O (37)
. Q 60 a VY a Qv
voe o gl L2 T g 2 T (38)
v ¢ G q

Krarti et al. has performed a large body of work on foundation heat loss using an

analytical solution they terite interzone temperature profile estimation (ITPE)
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technique. The thnique splits the building/soil domain into several zones where it is
easier to solve the heat conduction equations. The heat conduction zones are coupled
together through symmetry and heat flux continuity at each boundary. This produces a
system of Fouer coefficient equations that are solved with Gal@slan elimination.
The number of coefficient equation depends on the number of specified zones. The final
temperaturealistributions for each zone a@und by substituting in the coefficient values.
The Fourier coefficient calculation is not trivial, but does result in a highly accurate
method. Several studies use this techniqudiiiferent foundation configurations for both
steadystate and periodic heat [d&3-57]. Krarti and Choi also present a sassful
simplification of the ITE technique that is within 10% of the building heat lwkgn
compaed to the full ITPE techniqués8.

Other analytical methods include a study by Delsante, StokegYalsth who
calculate heat loss into a two and three dimensionalisgimie solid usingFourier
transforms. The end resultasolution for the @D heat flow into thesoil underneatta
rectangular slab. They represent the surface tempelstunelary condition as a
harmonic function. They fouritie heat flow is 4D perpendicular tthe slabif the
harmonis frequency is one d4$9]. Kusuda and Bean present a comparison of three
foundation heat loss methods, oieowhi ch uses Glleeetkends Functi o
Lachenbruch Solution. THeachenbruch Solutiois formulated around thieeat loss o&
radiantslabon-grade foundatiomito a 3D semtinfinite medium. From the resulting
soil temperature distribution, the autedound a large temperature gradient exists near

the floor edge during winter, and summer heat transfer is practicalgiommsional
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[60. The Lachenbruch Solution is important be
precedent in foundation heat loss formulations.

Hagentoft and Claesson preseseaof papers that balancgathematical
complexitywith accuracy.They split the heat flow into a steadtate, periodic, and pure
temperaturstep The total time dependent heat loss is found by solViadhree parts
separately anthen superimposing thetagether. The formulation uses dimensional
aralysis throughout the process to reduce the number of parameters. An innovative
concept by the authors is to combine the foundation assembly and materials into an
equivalent insulation thickness. In other words, the foundation is treated as a fictitious
soil layer that has the same thermal resistance as the foundation. This reduces the
number of parameters describing the foundation assembly to one Vhlisgrocess is
repeated for other parameters gndhed for various insuteon and foundation
thicknesses The three parts of the tinteependent heat loss are found by inserting
parameter value®ad offthe grapk. This greatly simplifies an otherwise complex
analytical analysi§s2, 61, 62]

Numerical methods for calculating foundation heat loss are much more common
in literature since it is easier to represent themohogonaldomain and foundation
construction Researches from the Tohoku University in Japan present detailed
experimental results froffive years of measurements at a seimierground test house.
The experiments givenaexcellent ndi cati on of heat fd$ow path
foundation which thgwere able to replicate with a simplé&2finite element moddb3].

A later study by different authors uses the same test house datdy@\&D finite
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element simulation. Their results were in better agreement with experimental values than
the previous D simulation[64]. Zhong andBraun present another stufiy slalzon
gradethat assumes-D heat flow paths from the foundation to the ambient and deep soil.
Their purpose wat® develop correlations for a more general application method meant
for hourly simulationgising transien®-D finite element models. Aonivective boundary
represents the inside slab surface, and a solair temperature derived from the typical
meteorological year represents the soil surface. The authors conclude the method results
in accurate hourly heat fluxgdictions for building simulation§5]

Weitzmann et al. present anotheD2ransient model that is simplified by using a
characteristic dimension shown below in Equafi@®). The characteristic dimension
ACDO is equal to the floor area divided by
simplifies the true 3 heat flow from a foundeon to twodimensions by extending the
actual foundation widtko the value of the characterstiimension. Heat loss from a
foundation is by its nature B3, so any simplification téwo-dimensionswill have
inherent errors. The intent of the characteristic dimension is to reduce those errors by
applying a width that is more representative of the three dimensitresauthors
specificallyapplied this parameter toslabon-grade heated floorThemodel was
validated with good agreement against temperature measurements throughout the

foundation and so[66].

(39)
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PREVIOUS RESEARCH ANIMOTIVATION

The review of current literature and information in the field of eaittneat
exchangers (EAHXSs) reveals essential research in several areas. Soil temperature
prediction in areas free of structuresvisll documented, and in many cases easy to
implement. There also exist many steathte analytical EAHX design calculations that
are good for basic engineering assessments. More complex models perform well at
coupling the soil conduction with heat amass transfer in the EAHX. These models are
both analytical and numerical. While they have high accuracy, the mathematical degree
of difficulty is at the academic level, and they are limited to certain EAHX design types.
The above mentioned models affeetive at simulating certain aspects of EAHXs. A
few of the more advanced concepts can even take into account intermittent operation and
heat transfer between multiple parallel legs (labyrinth systems).

This information is important to the field, bitiis not much help to architects and
engineers outside of academia who are trying to construction high performance homes. It
is unrealistic to expect them to pick up a model out of literature with advanced
mathematics or numerical methodad start degning EAHX systems. Unfortunately,
this is really the only avenue for the design information they sieee there are
currently no other resourceBor example, there is no information on gres/cons of
installing an undeslabEAHX in a hot/humid cinate such as Haion, Texas, or the
expectedBT@ s per foot from an under yard EAHX |
Montana. These ajasttwo examples of many that portray basic, fundamental

information regarding EAHXs as a system that is currantising from the field.
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This fundamental information would be present in EAHX design standards or
guidelines, but these currently do not exist. Earttheat exchangers are not a new
technology, so the question becomes why has this not been doneayeti the reason
is a simulation model currently does not exgstonduct the number of extensive studies
required to form this basic information. None of the previous discussed models in
literature are up to the task for a variety of reasons. Saste@simplified such as the
steady state models. Others have high levels of accuracy, but are concentrated on a
specific heat transfer mechami®r a certain set of conditions

The absence of a model and framework inclusive to all EAHX design
consideréions needed in a fundamental study provides the motivation for this research.
This research approaches EAHXs on systems teaélcombines all design parameters
and energy transfer into one interlinked problem. The end result is a model framework
thatencompasses the majority of EAHXs simulations needed in fundamental research.
The framework must be versatile enough to incorporate other design attributes
included in now through future warkl' he hope is this framework will give academia and
industry the tools to provide much needed information to the rest of the field.

This research is split into five chapters which each represent a piece of the model
framework. The first chapter covers experimental data a test residencearth
identical undeward and under slab EAHXs. This provides the basis for a comparative
study between two installation types, and experimental data for model validation. The
next chapter develops the backbone of the

This method i€apable of incorporating most of the heat transfer mechanisms and time
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dependent weather conditions EAHX experience. This process however requires
numerical integration which can be time intensive. In response, a new simulation
technique was developed $peed the simulation process. The next two chapters then
apply this process to predict the under yard and under slab soil temperatures. This proves
out t he Gr ee n 6asd ldysthe groundwark fan@ hokiebnadethod of
calculating under slab ddemperatures. These soil temperature models then feed
information into the last chapter which simulates EAHX operation with a finite difference
approach. The finite method calculates heat transfer along the EAHX for any set of

operating conditions.



49

EXPERIMENTAL DATA

EarthAir Heat ExchangeExperimental Setup

REHAU® Montana Ecosmart Hou$troject

There are few instrumented eattin heat exchanger (EAHX¢ystems in the
United States. Thisesearcthas access to both an ungiard(UY) and urer slab(US)
EAHX at the REHAU® Montana Ecosmart House Pro(@&WEH) located in Bozeman,
Montana TheRMEH, pictured inFigure4, is a collaborative effort betweémdustry
and academito expand knowledge regarding environmental and human sustainability.
The residencencorporates a series of available, affordable, eneffigient, and
sustainable building products am integrated design approaoldetermine whih
combinationoptimizes energy consumptiorromfort, and lifecycle costs. ieRMEH
also addresses human sustainabiiifyncorporating designs that allow for disabilities
and agingn-place[67].

The energyefficient and sustainable systemslude geothermal, solénermal,a
heat recovery ventilatpthermal heat sinkhermochromic windowselectonically
controlledpumps,nsulated concrete formstructurally insulated panelsadiant
heating/coolingand of course two EAHXs The residenceds mechan
controlledvia web-based softwareThe software is capable dcording data through the
control sensors, budcks he largescale instrumentatiofor research A data acquisition
system segrate from the control system walso installed t@xtensively monitor the

energy systems armilding envelope. There are over 250 sensors spread tloatiga
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residencdor long term monitoring. The data acquisition program stores daily data files
for all sensors This allows researchers to test any system or product while

simultaneously monitoring effects throughout the hars#providesa complete picture

of energy se in the residence.

EarthrAir Heat Exchange€onstruction

Thepurpose behind installingoth anUY and USEAHX in the same residence
was to conduct a comparative stumbtween the two systernader the same set of
experimental conditionsThe EAHXso r i e n tredative tothesasidence foot print is
shown inFigure5. Separate inlet towers footh systems are loeat just outside the
foundation whicklow directly into the mechanidaoom after dropping undegroundas
pictured inFigure6. Thereason both systenfisst flow into the mechanical room is for

control purposesThe inletsare diretedthrough a series of ducts and dampers capable
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system isolation or bypassince air flows into the neaanical room beforenteringthe
EAHXs, dry bulb temperatures were incread®dFto 15°F between the outdoors and

the actualnlet during thecoldest parts of testing.

Under Yard EAHX

UY Soil Sensors

Outlet
US Soil Sensors

./ Sub-Pump

Under Slab EAHX

Figure5: The under yard and under sBBHXs located at the REHA® Montana
Ecosmart House Project in relation to the
of sumppumps, booster fans, asdil temperature sensors



Figure6: Inlet tows otthe under yarcandunder slalEAHXs directed directly into
mechanical room through the foundation

A direct comparison between the two EABIX possible because they hawan
identical constructionThe piping(or ducting)is eight inch diametguolyvinyl chloride
(PVC)with a 0.D inch wall thickness. It ismanufactured using a specialized extrusion
procesghat adherea 0.05 inch thick internal silver linindrhis gives the pipe wall a
total thickens of 0.25inche¥ he si | ver | iomhibit gidrebialprmoldp o s e i s
growth Each system hastatal buried length of 350 feendis installed at an angle to
drain condensed water to separateguimpsas seen ifrigure5. The outlet of both
systems is equipped with327 watt Fantech model FKD 8Xiooster fan.The booster
fan typically achievean air velocity ktween 900 and 1100 feet per minutde booster
fans typically operate dt50 wattsand160 wattsfor the UY and US respectivelyThe

fan curves for the Fantech booster &ma available onlin68]. Dimensioned
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mechanical drawings of boEBAHXs are available ifrigure131andFigurel132 of
APPENDIX A.

The only difference that keephese systems from being completelgntical are
orientation and installation deptlrigure5 gives an idea of how the orientation differs,
but it is clearly seen ikigure7 andFigure8. The UY system irFigure7 requires a wye
and a 90 degree elbow to split flow into two parallel J@gdsle the US systerm Figure
8 only requires one wyeThis orientation difference, while smahljll slightly change
flow characteristicendconvective heat transfeates The instdhtion depth from the
surface isalsodifferent in both systems. The UY EAHX is betweeie@& and 7fed
below the surfacdepending otandscapealope. The UEAHX is 50inchesbelow the
basement slatmeasured from the slab surfacéhe basement slakaries in depth from

approximately 9 feet to the ground surfaepending osloping lamscape

Figure7: Under yard EAHX during construction
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Figure8: Under slab EAHX during construction

FoundatiorSlab Construction

Heat loss through thfieundationslab is important wheanalyzing or simulating
below slab soil temperature¥he heat lossateis dependst on construction and
material types The slab at thRMEH consists ofour inchesof concreteembedded with
PEXa piping for radiant heating/cooling. Below the concrete slab is twesrath
sprayed urethane foariour to six inches of gravethen native soil from the graviel the
EAHX. This places the pipe centerline 40 to 38 indedew the gravel, or 36 to 34
inches from the gravel to the pipe surfaéégure9 is a good example of the slab
construction beforestallation of the uretharfeam The US EAHX is currently below
the layer of gravel in the figure. The US installation trendrigure8 was backfilled to

the top with native soiand thercovered with the gravel shown.



55

;1 & _' e £ o

Figure9: Earlyslab construction at REHA® Montana Ecosmart Hous&oject

Data Acquisition Equipment

The air temperature and humidity at the inlet and outlet of both systems is
monitored byBanner SureCross DX80 wireless sensors. The wireless sensors are placed
as close to the inlet and outtd#tthe EAHXsas possible as seenkigure10to minimize
hed transfer with the mechanical roonfihe outlet sensoro no measure any heat gain
from the booster fans sine the sensoedocatedfour feet upstream of the fangir
velocity ismeasured witla Dwyer Series AVU Air Velocity Transmitter whichnsoved
from system to system between teskbe air volumetric flow rate is a function ¢fe air
velocity, duct crossectional area, and current air densitheRMEH also has a Davis
Vantage Pro weather $itan located in the back yard toonitors outdor temperature,

relative humidity, barometric pressure, dew point, and wind speed/direction.
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I-:igurelo: Le I Under yardwireless temperature/RH sensor located at the quRligiht
T Under slalwireless temperature/Ridensor located at the outlatso pictured are the
PEXa tubes for soil temperatures

Each EAHXsystemincludes wo soiltemperatur@ndonepipe surface
temperature problecated near the outlet3 he two locations are labeledkigure5.
Micro Control Systems T100 thermist@gaced 12 inches ap#im the pipe center
monitor the soitemperatures in the UY system as showRigurell. Three crosslinked
polyethylene (PEXa) radiant tubes provide accessadSsoil. Thesarespaced 16
inches apart frorthe pipe centeas seen ifrigurel2. The PEXa tubeareimbedded in

the slab and come out inside the mechanical room. They are show near the floor in

FigurelO. The tubes contain a typethermocouple and are sealgith spray foam
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The sensolocations are labeled as pipe surface, between pipes, and along pipes. The
between pipes is between the two pipes)emd the alongside probe has only soil past its
location. Undisturbed soil temperatures away from the EAHXs and foundateaiso

measured by typ& thermocouples from just below the sod (surface) to a depth of six

feet in two foot increments.

Between Pipes  Pipe Surface Alongside Pipes

Figurell: Under yard soitemperature sensor locations, sensors distanced 12 inches
from pipe center
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Alongside Pipes Pipe Surface Between Pipes

Figurel2: Under slab soilemperature sensor locations, sensors distanced 16 inches
from pipe center

All data acquisition sensors are monitored by a central desktop computer using
LabVIEW 2011 software. Three data acquisition units Q3Amonitor the50+
sensors. The main DRis a National Instrumentsll) SCXI-1000 chassis, picturemh
the left inFigure13, with four SCXI 1303 thermocouple cards, two SCXI 1300 general
purpose voltage e¢ds, and one SCXI 1308 current input cardNIAcRIO 9072 stand
alone DAQ picture on the right iffigure 13, monitors thermocouples and voltagesthe
mechanical room ThecRIO is positioned in the mechanical roomdonvenienceaince
there isno more room for wires around the main SCXI chassi third DAQ is an
Agilent 34970A which only monitors the three under ysod temperature thermistors

(Figurell).
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Figurel3: Lefti National InstrumentSCXI 1000 chassjRighti National Instruments
cRIO 9072

ExperimentaDatafrom the
REHAU® Montana Ecosmart Houstroject

ExperimentDescription

The EAHX tested consisted ajur separate 20 to 30 day experiments on each
EAHX over the course of one yedaContinuouslyconducting experimentiroughout the
yearwas not possible due tiherresearcloccurringat theRMEH. The EAHX
experimentglid not runduringthese timeso they wouldhotinterfere withother
experiments This resulted in two blocks of testing. The first was from Maréh 2@13

to June 2%, 2013 and the second from Decembef"20013 to April 18 of 2014.
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Table4 summarizes thexperimentates of each EAH¥nd gives each experimean
identifying abbreviation

The experimentgbrocedure was fairly simple. The EAHX interestwas
isolated from thethersystemswith dampers.Only the booster fan was activated to
provide airflow The booster fans were continugueh during the testing periodt is
much easier to validate simulations with the continuously on appesafttoes not
requirewriting multiple control algorithmsSoil temperatures for UExp 1 andJY -
Exp 2 were not recorded becauke #Agilent DAQ used to monitdhe UY sensors/as
not added to the data acquisition system untitERY 3 andJY-Exp4. Air velocity
data for USExp 4 was also not recorded due tauanoticedconnection error.

Table4: Experimental test dates for the under yard and utaleiEAHXs at the
REHAU® Montana Ecosmart House Project.

Under Yard Under Slab
Identifier Start End Identifier Start End
UY-Exp 1 03/31/2013 04/23/2013 USExp 1 03/14/2013 03/31/2013
UY-Exp 2 06/22/2013 07/09/2013 US-Exp 2 04/23/2013 05/08/2013
UY-Exp 3 12/20/2013 01/08/2014 USExp 3 01/10/2014 02/02/2014
UY-Exp 4 02/04/2014 02/27/2014 USExp 4 03/18/2014 04/13/2014

Airflow Raw Data

Figurel4throughFigurel7 displaysthe €Emperature and relative humidity (RH)
raw data fothe airside inlet and outlédr UY-Exp 3 and USExp 3. These two
experiments are highlighted because they occur in similar outdoor conchinohis was
the first time the UY soil temperatures were recordeuhilar figures for the other

testing period are found irFigure133throughFigure144of APPENDIX A. All the
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figures mentionedisplayraw data sampled on an hourly basie first interesting
observation irFigure14 andFigurel5is daily emperature fluctuations withe time of
day, especially inFigure14. These diurnal fluctuatioreemorepronounced in
experiments 1 and @uring the summer montiiseeFigure133 Figure134, Figure136,
andFigurel37). Another interesting result ieé outlet temperaturesry only slightly
with inlet temperature Thisby itself is not that surprising, but it does reveal information
on t he EAHXSs 0 -ddsgred BARX wouldAcauseotheair to always
equilibrate with the surrounding soil before the outlet. Thisot happeningince the
outlet is changinglt is not under designed either since there are no large fluctuations in
outlet temperature.

Table5 andTable6 provide asummary of max/min temperaturkes each
experimentandthe max/min temperature differentor heating and cooling. The two
tables givean idea othe heating and cooling potential of the two EAHXs. Important to
note is that the max/min temperatures did not necessarily happen at the same time as the
max/mn temperature differencdJY-Exp 2has the highest cooling temperature
difference of approximately 21°F, baiso encounters higher inlet temperaturs
heating, both systems producedapproximat83 °F temperature differendaring UY-
Exp 4 and USExp 3 It is clear from the results that the two EAHX systems are easily
capable of producing 20°F to 308 temperature swingsThe following sectionshow
these temperature differences are not constant throughout the experameinchanges

in soil temperature around the EAHMéppen relatively quickly.
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Table5: Under yard max and min temperatures arak cooling/heatingemperature
differences durig each experiment period

Min Inlet  Max Inlet Max Cooling Max Heating

Identifier Temp Temp Temp Diff Temp Diff
UY-Exp 1 32.85 68.95 18.10 9.8
UY-Exp 2 49.35 83.65 20.90 3.10
UY-Exp 3 15.65 50.25 1.8 27.40
UY-Exp 4 2.35 50.25 5.10 33.710

Table6: Under slab max and min temperatures i@act cooling/heatingemperature
differences during each experiment period

Min Inlet  Max Inlet Max Cooling Max Heating

Identifier Temp Temp Temp Diff Temp Diff
USExp 1 23.05 57.65 3.30 24.80
US-Exp 2 28.95 72.35 11.00 22.20
US-Exp 3 11.25 50.25 N/A 32.90
US-Exp 4 25.25 71.15 14.40 23.60

An important piece of information to note frdfigure14 andFigurel5is the air
velocity does not remain constantdbgh the entire testing period hereare several
occasions, such as kigurel134(UY -Exp 2) andrigure137 (US-Exp 2), where flow is
all but cut offeven thoughhe booster fan does not modulaiéhe separation dhe
control and data acquisition systems causes the flow fluctuafidresREHAU®
Company administer&ié control gstem whichhas proverlifficult to work with for the
research teamit is important to note thougiat the average air \aity duringeach test
is relatively the same as shownTiable7. The samaverage velocity increases
confidence in making direct comparisons between experimdlate, he lower air

velocities of USExpl (Figurel136) were not included irne averaged air velocities.
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Table7: Average air velocity {fmin) for each EAHX experiment

dentifier  A\VG Alr Velocity Identifier AvG Air Velocity
(ft/min) (ft/min)
UY-Exp 1 1050 USExp 1 1027
UY-Exp 2 1053 US-Exp2 1011
UY-Exp 3 1011 US-Exp 3 999
UY-Exp 4 1090 US-Exp 4 N/A

The air velocity also dramatically increases on several occasions with the
decrease in air temperature. The best exampleFgure14 between Jad and Jasv,
but smaller increases are also observdeigarel15. It is not uncommon teee increases
in air velocity with decrease in air temperatuaed can baccounted for through
published correction factarsA fan is a constant volume mechanism. It will pump a
specific volume of air at a given rotational speed and static presslepeimdent of air
density[69]. While a fan is consided constant volume&poler (denser or heavier) air is
more difficult to move and requires more energy. Typically this energy increase causes
the fan to un at a higher RPM and increasasvelocity This is likely the caswith the
booster fans on both EAHXs.

The relative humidity (RH) ifrigure16 andFigurel7 correctly tracks the
increases or decreases in dry bulb temperattigure 139throughFigure144in
APPENDIX Adisplays the same RH data for the other experimdsias.example, inlet
dry bulb temperatures in UBxp 3 Figurel5) are alwgs lower thartheoutlet
Accordinglyin Figurel7, the inlet relative humiditysialways higher than the outlet
There are also several occasions in other expetinvdmerethe inlet temperature goes

above or below the outlet, and the relative humidity shadows the samd-atle133
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100.0

andFigurel139clearly display this behavior in two locations where the inlet temperature

drops belowthe outlet and the inlet relative humidity rises above the outlet.
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Dew Points an€Condensation

Condensation mitigatiors an important componeint EAHX design, but
physically measuring condensation in the EAHX piping is challendimgtead, the
experiments determinégondensation occurs by measuring dew points with the outside
weather stationThe comparison oflew points, air inlet temperatures, and pipe surface
temperaturedetermines if condensation has occurréd.conditions in Bozeman,
Montanaare typically very dry during both the summer and wintéris is evident in the
low dew point temperatures igurel8 andFigure19for UY-Exp 3 and USExp 3
respectively Condensation occson the pipe surfacirst, andthe pipe surface
temperatures approximately 10°F frortine dew points ifrigure18 andFigurel9. The
same is observed in the other experimentgare147throughFigurel50. This is not
the best way to determine the presence of condensation sngpéhsurface
temperatures are on the EAHXtlets, buttiis the besthe current experimentaktup
can offer.

The soiltemperatures for UNExp 1 andJY-Exp 2 (Figurel45andFigure146)
are not available, and instead the owtietemperature is comparedttee dew point
UY-Exp 2in Figure146is the onlyexperiment whereondensation occurred as icated
by a lower outlet than dew point temperature. This happens five times the&ing
expeiment for short periodsasily less than half a day total. In conclusiatent heat
transfer fromcondensation was not a major factor during the eight experiments. It only

occurred during one experimeantd for a short period of time. Itas important
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consideration for the design of EAHXs in more humid areas, but not for the atmosphe

conditions in Bozeman, Montana.

Soil Temperatures

Soil temperature changes around the UY EAHX reveal several important
observations. The first is thah EAHX undergoes transient conduction. This is obvious
from UY-Exp 3 inFigure20 where the alongside pipe temperature sensor experiences a
15°F temperature differea over the test period (segurell andFigurel2for
description of sensor locations). The soil surrounding the pipe also loses heat quickly.
The alongside pipe temperature drops around 5°F in the first day due to the cooler inlet
temperatures. There is also a temperature lag between the pipe andatengside
pipe sensor ifrigure20. Several times the pipe surface temperature increases or
decrease, and there is a small time delay before the alongsidegaperi trends in the
same direction.

Figure21, which includes inlet temperatures, gives a better picture of temperature
lag. For example, on Decembel™8e inkt air drops quickly to around 25°F. The pipe
surface and alongside pipe sensors start at the same temperature and decrease together.
On December 29 the temperature rapidly increases. The pipe surface temperature
immediately responds to this increaskhe alongside pipe sensor has a small temperature
lag and begins increasing less than half a day laterEkf¥4 inFigure151andFigure
152 exhibit the same trends. The soil temperaturésgare20 andFigure151both

gradually decrease with time as well creating an overall decrease in performance during
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extended exposure to lower temperatures. It is assumed higher temperatures will have
the sameféect, although no data for higher temperatures is available.

The final observation from the UY soil temperatureBigure20 andFigure151
is the thermal short circuiting between the inlet and outlet pipes. The between pipes
temperature sensor is at the midpoint of the inlet and outlet of the UY EAHXi(pee
11). At this location, cool air from the inlet is passing next to warmed air that has already
traveled the length of the EAHX. The warm outlet air is adding heat the soil while the
cool inletair is removing it. This creates the thermal short circuit and is why the between
pipe sensor in both figures is sensing a much warmer temperature. Placing the inlet and
outlet together like this is a design flaw in the UY EAHX, but luckily it only hagpe
over a small distance. This does not happen in the US EAHX since the inlet and outlet
are spread apart.

——Inlet
------- Pipe Surface

Dew Point

Temperature (°F)

Figurel8: Under yardnlet dry bulb air temperatures, pipe surface temperature, and
outdoor dew point foY-Exp 3
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Figure21l: Under yardnlet dry bulb air temperature compared to changes in soill
temperatures fddY-Exp 3

Soil temperatures in the US location behquge differently than the UY The
radiant slabs were actively heating and coolingRMEH during almost althe
experiments This is evident ifrigure22 where the three soil temperatures vary
erratically, but always in the same direction. The irregelaaperature is from drift in
the radiant slabs. The radiant slabs arekapt at a constant temperatairgd vary with
room requirements. TH&S soil dependence on slab temperature is further evident in
Figure23 andFigure24. The last five days of UExp 3 show decrease in inlet air
temperatureRigure23) while the pipe surface and alongside pipe temperatures slightly
increase. The reason for the slight increase is showigume24 where the mechanical
room slab temperatuedso slightly increasedrigure153throughFigurel61display he

same soil temperature behavior the othethree expgments. One featurd-igure22
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lacks isa significant decrease in soil temperature due to cooler inJetugin as those
observed irFigure20. These variationgrobably occur at the inlet of the US EAHX, but
recall the temperature sensors for each syarentocatedt the outletsThe UY inlet
and outlet are also right nextéach other.

US-Exp 4 encounters an usual spike in soil temperatureFigure157 with a
simultaneous decrease in rec room slab temperatuFeégure161 This is counter
intuitive and was first attributed to sensor malfunction. The actual cause was an open
outsidedoorin the rec room that was niebticed for around a week. It was unusyall
cold during this time in March as wedind the rec room staying around 40°F. The
radiant floor was constantly on as higgit could go during this time, but could nateet
room requirementsThe slab sensors, located near the slab surlem@dedcooler
temperatures due to the low ambient in the roéthe same time, the soil saw a drastic

increase in temperature from the radiant slabs running constantly on high
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Figure24: Basement radiant slab temperaturesJ8fExp 3, thesefour sensors cover
majority of US EAHX

Consequences of Soil Temperature Probe Locatidhs.placement of the soil

temperature probes on the EAHX occurred very early on in the construction of the
RMEH. Only a few Montana State University undergraduate students weteddvo

with the project at this time, not including the author. It is fortunatedh&actorson-

site at the time had the foresight to include soil temperature probes, but they should not
have been located at the EAHX outlets. A well desiga8HX is nealy 100% effective

and will cause the inlet air temperature to reach equilibrium with the surrounding soil by
the outlet. Air temperature equilibrium though means no potential to drive the
conductive heat transfer in the soil. This is whylW&esoil temperatures irFigure22

never change with the inlet air temperature. The air passing through the EAHX has

already reached equilibrium with the soil by the outlete dther US experiments in
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Figure153throughFigure161exhibit the same. The UY system displays some soil heat
transfer inFigure20 andFigure151for UY-Exp 4due to the close proximity of the inlet
and outlet pipes.

Thesensor @cement does not bode well for The USsoil temperature data is
completely useless for validation purposes since it lacks any soil conduction from the
EAHX. There is some hope for therUocation since the between pipgsnsor is next to
the inlet. Tk problem here is the influence of the outlet air cremtsmplex heat
transfer situatiothat is difficult to predict.One hope was to recreate tE&p 3 and UY
Exp 4 in the ANSYS finite element software. Then this ANSYS model could validate
other UY smulations. Unfortunatelyall attempts were unsuccessfilhis is primarily
due to the UY sensorods cl ose [riguoek)i The t y t
foundation adds unknown heat transfer mechanisms that were not possible to account for
the in finite element modeNalidation in later chapters will insteadly on general finite

element and computational fluid dynamic simulations.

Annual Under YarcandUnderSlabSoil TemperaturesTemperature probes at

the surface, 2ft, 4ft, and 6ft depths recordeilltemperatures away from the EAHXs and
housefrom June 2013 to April 2014The soil temperatures, displayed-igure25,

follow the typical sinusoidal temperature lgh depth observed imostlocationsfree

of structures The purpose of this figuiie to urderstand how the soil behavas
undisturbed conditionsThis information is useful for predicting general EAHX

performance at different depthad validates later soil temperature simulations.

o
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Figure25: Soil temperatures rasurecaway from the EAHXs anBMEH foundation
from June, 2013 to April, 2014

AverageDataComparison

Experimental results covered thias represent raw datd&Raw data isuseful but
notwhensimply trying to determine what outleir temperature¢o expect from a given
inlet temperature Averaging common data based on inlet temperature better visualizes
this information The result i®ne averaged outlet temperature per inlet temperature.
computer program completed thetlet air temperatur@ndsoil temperatureaveraging
(when availablepased on inlet temperatuffer all eightexperiments The four
experiments for each system were also averaged togetb@n overall dataomparison
Before evaluating the averaged data, it is first necgs$saeview the computer program

used to produce the results.
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Thefollowing figures average thalet and outlet temperaturdsut the outlet
temperatures are essentially the dependent varidble computer program starts by
scanning the inlet temperaés over a desired time period/hen the inlet temperature
falls inside a specified window around a whole numibeecordsthe inlet and outlet
temperatures The program averages the outlet and iaftr the scan is complete. The
temperature windovor this studywasplus/minus0.25°F. The following example better
describestte averagingnethod If the current whole number inlet temperature is 20°F,
the program recordsny inlet temperature from 19.75°F to 20.25°F along with its
corresponding outtdemperaturén two arrays The program then averages the arrays
when the san is complete This is done for each whole number for which the data
extends.The program also calculatether values includingverage relative humidity,
averagesoil tempeature, average velocitgtandard deviationgtc Table30through
Table37 at the end oAPPENDIX A displays theaveraged data results for all eight
experiments

Figure26 andFigure27 displaythe averaged data results wikie averagedoill
temperatures for UNExp 3 and USExp 3 respectivelyFigure162through Figure167
are similar figures for the other six experimeritkte that in these figures the inlet
temperature isnthe xaxis,and the corresponding outlet temperature is on {ves;
The UY soil temperatures irigure26 andFigure 164 both increase with increasing
outlet temperatureThe US soil temperatures figure27 andFigure165throughFigure

167remainrelatively constant for each inlet valdae to sensor placement at the outlet
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Standard deviatiomcreases for theid-range data pointss expectedince these values
average a large numberdadta points as seen in the tableABPENDIX A.

Figure28includes averaged data for each individual experiment for the UY
location. Itis clear that each experiment yielded slightly different results over the same
inlet temperatures. This is exqied at the temperature extremes as it was already
observed the soil temperature around the UY EAHX pipe is dependent on inlet air
temperatures. Inlet air between 40°F and 60 °F is closer to the ambient soil temperature,
but there is still outlet air tenepature difference between experiments. This is attributed
to two variables. The first is that UY soil temperatures vary throughout the year, and
some tests are more than six months apart. The second reason is heat depletion of the
soil. UY-Exp 3 and Y-Exp 4 took place around a month apart. FFigure28, UY-
Exp 3 produced consistently higher outlet temperatures thaBxpy4d. UY-Exp 3 had
already depleted theeat from the surround soil prior to LUEkp 4. The month between
the two experiments was not enough for this soil to regain the lost heat and resulted in
lower outlet temperatures. This is another example of the transient nature of EAHXs.

The averagedata for the US experiments lie relatively close together as shown in
Figure29. The experiments that were six months apart yield close to the same outlet
temperatves. More importantly is similarity between the-B%p 3 and USExp 4. The
cooler inlet temperatures during this testing period did not significantly drop the soil
temperatures as in the UY experiments. This suggests the slab was losing a significant

amount of heat to the soil since heat was replenished in the short time between the two
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experiments. This raises the possibility that an US EAHX can draw significant amounts
of heat from the foundation slab.

Figure30 andFigure31 averages together all the experimental data for each
system. The standard deviation for each oteletperature is much higher in the UY
location than the US as expectdeigure32 displays a side by side comparison of the
averaged results for both systems, and ithe best example of how the heat transfer
differs in the UY and US installations. The US EAHX clearly produces higher outlet
temperatures than the Udr inlet temperatures below 60°F. Above 60°F, results are
inconclusive due to a lack of data. WeatineBozeman, Montana is relatively mild, but
can reach over 100°F. The US experiments were not operation during any high

temperatures unfortunately.
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surface temperaturésr UY-Exp 3,error bars represent standard deviation of averaged
outlet temperature
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Coefficient of Performance

The coefficient of performance (COP) is a useful method of measuring the energy
efficiency or effectiveness of the EAlX The COHSs simply the energy extraction or
rejection from the EAHX dividd by the energy input as shown in Equatit®).

Basically, thigs the ratio of energy extraction or rejectedhe energy inputThe

positive COP values dicate the EAHX is in heating mode, and the negativetiieat
EAHX is cooling the airstream. The data for the imndghperaturgoutlet temperature,

and air velocity come from the averaged data comparisons in the pregaiims Mass
flow rate requireshe air density which is found with the average temperature between
the inlet and outlet.

This section highlights the results for tE&p 3 and USExp 3 inFigure33 and
Figure34respectively. Coefficient of performance results for the other six experiments
are inFigure168throughFigure173of APPENDIX A. UY-Exp 3 and USExp 3 took
place between January and February so the EAHXs are mainly in heating mode. The
COP values give no indication of leveling off in both figures and reach values as high as
25 to 30. This indicates extremely good performance in heatotpduring the coldest
parts of the year. That performance drops considerably though for the shoulder seasons
when then air temperatures are between 40°F and 60°F. In cooling mode, the highest
COP value recorded was approximately 17 inERp 2 inFigurel69at an inlet air
temperature of 80°F.

Figure35displays the COP values for the averaged inlet atldtdemperatures

over all the testing periods. This is the same data that is displaegune32. This
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provides a clear picture of which EAHX performs bettertifigr Bozeman, Montana
location. In heating mode, the US EAHX clearly outperforms the UY at all temperatures
up45°F. An interesting observation from this figure is thatUY EAHX switches into
cooling modeat 45°F. The US EAHX does not switch overlus®°F. This implies that
the UY EAHX is not providing any heating benefit for temperatures between 45°F and
55°F. In fact, it is actually working against the mechanical systems and further cooling
the air. This information is hard to noticeRigure32 for just the generadir
temperatures. This highlights the importance of considering control strategies for
EAHXs. Itis not always beneficial to operate an EAthXoughout the year. There are

some air and soil temperatures that widirk againsthe other mechanical systems.
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Experimental Errorand Recommendations

Themaincauses of experimental errastheRMEH arepoorplacement of soll
temperature sensors and control system complicatidnmsevious section in th chapter
already discusses the poor placement of the soil temperature séeffsaintrol system
caused problems during the experiments by executing seemingly random control
algorithms. This occurred several times even after manually overridingritrelso The
RMEH controls have always beerbkack boxfor the research team, and attempting to
decipheror change theontrolalgorithmswas not an optiodo to time constraintsA
good example of the control system influencing an experiment is4BXgS inFigure
137. On multiple occasions the control system closed dampers to the US EAHX cutting
off air flow. Other examples include changing radiant slab tempesaturing
experiments or activating the heat recovery ventilator. The EAHX experiments were
fortunate to capturand account for therrors caused by the control systesth other
data acquisition sensors

The experimental errors discussed above afertunate, but they are useful
lessons for design of future experimengsfuture EAHX should be approximately 300
350 feet in length of six or eight inch pipe. It should &laee optional single or multiple
leg operation. Multiple leg operation is commonly seen in the field, but it is difficult to
model since air flow through each leg can vary. Leg isolation would allow for
experiments for modeling and actual operation. tN#e soil surrounding the EAHX
requires many more sensors place verticatigl horizontallyalong the entire length.

This will allow for a better representation of soil temperatures for modeling. Spacing of
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such sensors should be betweerb@5eet. Ar temperature and humidity monitoring
along the length at the same locations as the soil sensors would also be beneficial.
Finally, connecting the EAHX to some kind of psychrometric chamber would allow for
the simulation of air conditions for locationsaound the world. This would be

especially useful for modeling latent heat transfer.

Location Data for Simulation Models

An EAHX comprehensive study requires operational analysis in all types of
climatic conditions. It is not feasible to condpbtysical experiments like those at the
REHAH® Montana Ecosmart House Project in multiple locatidnstead, this research
conducts simulations in locations all around the United States based on available soil and
air temperature data. Soil and air tergiure data is available online from several
sources and takes the place of physical experimé&ifteen locationsincluding
Bozeman, Montanayere selected based on the availability of wea#nd soil data. An
effort was also made to diversify cliteazones Soil data close to major cities or airports
was the determining factor on location choidée locations are pictures belowFigure
36 courtesy of Goo@® Earth Table8 also liststhe locationsvith corresponding
heating and cooling degree day datde study is limited to the United Stathseto

difficulty in locating soiltemperaturelata for other parts of the world
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and air temperature data

Table8: Fifteenlocations chosen for EAHX simulations with basérobeating degree
day (HDD) and cooling degree day (CDD) val(&3]

Location HDD CDD
Albuquerque, New Mexico 4069 1348
Amarillo, Texas 4198 1369
Athens, Georgia 2762 1789
Bozeman, Montana 8372 212
Columbus, Ohio 5322 971
Houston, Texas 1414 3001
Kansas City, Missouri 5104 1356
Las Vegas, Nevada 2105 3348
Moses Lake, Washington

Pine Bluff, Arkansas 2655 2236
Saint Cloud, Minnesota 8520 473
Salt Lake City, Utah 5521 1193
Sioux Falls, South Dakota 7524 753

State College, Pennsylvania
Tallahassee, Florida 1534 2563
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Typical Meteorological Year

Simulation of EAHXsrequires yearlatmospheric air dataAtmosphericdata is
available from the National Oceanic and Atmospheric Administration (NOAA) for
hundreds of locations around twerld. Averaging several years afmospheric data
from NOAA is acceptable, butkes time to compile. A faster and more accurate snean
is to use the Typical Meteorological Year (TMY) compil®dthe National Renewable
Energy Laboatory (NREL) NREL derives the TMY file$rom the 19611990 and
19912005 National Solar Radiatidbatabaserchives. The data sets incluatgurly
atmospheric andolarradiationvalues. They are specifically meant for use in computer
simulation programs and do not represent extreme conditions (not mean fecagarst
scenarios)70]. This research uselse TMY3 data filedor atmospheric conditions

The primary value of interest for the EAHX simulationslig bulb temperature,
since it can calculate soil temperatures and convective heat transfer through the EAHX
Dry bulbair temperatures frorthe TMY files for all 15 locations listed iffable8 are
found inAPPENDIX B. Inputting the raw hourly values from the TMY data files is
acceptable for a simulation program, blgo includesirastic shifs in temperaturever
short times Fitting a function to the TMY data with a leagjuares regression (LSR)a
better approachA Fourier series is an appropriate function for the fit since yearly
temperatures vary sinusoidallAPPENDIX Balso includes graphical repesentation of

the Fourier LSR fits anthe corresponding feequations.
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Soil Temperature and MoistuBata

Soil temperature and moisture data is available for a limited number of locations
around the United Sates from the National Resource Conservation Service (NRCS),
which is part of the U.S. Department of Agricult{iré]. Yearly data is available
daily or hourly intervals. There are no faeeraged data files aswith the TMY data
sets, so data for the last five years wasraged. fie monitoring sites artgpically
located on farms outsidaajor cities. The fifteen locations Trable8 had a TMY data
file and a NRCS soil monitoring station in close proximigrgure174thoughFigure
188in APPENDIX Aincludes observesoil temperaturest20and 40 inches. Forty
inches was the maximum sensor depth on all monitoring stationssoilfseirface
temperatures are fit with tleame Fourier LSRs the TMY files. Thewre also

displayed graphically inPPENDIX B.
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EARTH-AIR HEAT EXCHANGER

SIMULATIONUSINGGREENGS FUNCTI ONS

TransientConductionSolution Method

Experimental data from the REHAU® Montana Ecosmart House Project clearly
indicaies transient sodonductionduring under yard (UY) and under slab (US) operation
The best example I3Y-Exp 3 in Figure20 where soil temperatures drop morertli#PF
during the first 72 hoursf the experiment. Soil temperatwerrounding thearthair
heat exchangdEAHX) pipe directly effects the performance, ahi ialso challenging
to calculate and forecasihe simplest simulation approaciiculates thsoil
temperature once and assumes it always remains con$tastis a common practice in
several simulation models from literatubaitis inaccuratesince the soil really requires a
transient conductioapproach Usingpackagedinite element analysid&-EA) software is
one option, but isomputationally intensive faxtendedime EAHX solutions. This
leaves aalyticalmethodswhichyield much faster results.

Equation(40)i s t he general form of Fourierads
heat conduction. The first step to solve this equation is the application of boundary and
initial conditions (BC and ICs)Boundary conditions for EAHX#clude one omore of
the following: soil surface, slab surfaday, field soil temperaturesonvection and
symmetryplanes These boundarieare commonly noinomogeneougot equal to
zero), and vary arbitrarily with space and/or time. An example of dnaprogerous

space/time boundary conditiontiee edge of a basement slab next tosthiesurface as
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pictured inFigure37. The slab is a constant temperature while the soil surface
temperature varies with the time of year. Fpace dependency is from haviag
different temperature values on the same boundBng. space dependency takes this
problem from 1D to 2-D which adds additional complexityinitial conditions are also

commonlynon-homogeneous and vary with soil depth.

Congtant Slab Temperature Tya Periodic Surface Temperature Tgface(t)

Basement Slab Soil Surface

Figure37. Example of space and time Rbamogeneous boundary condition common in
US EAHX simulation

TY P Ty
TP % ero |B To (40)
It is extremely difficult to solve Equatiad0) with non-homogeneouydime/space

dependent boundagnd initialconditionsusingcommon heat conduction methods such
as separation of variables or Laplace transforimstead, this reseeh uses gowerful
techniquan heat conductioknown aghe Green's Function (GRethod. Green's
Functions handle time/space variable BCs, generation terms, and space variable ICs with
ease. Expressions for temperature distributions around the EAHX pigeeatty
written into integral form.The only drawback is fewf these integrals reda to explicit
expressions, but atian be solved withumeric integration.The purpose of the following

chapter is to describe the GF method and how it applies to EAHXs
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TheGr eenbs MEtodct i on

Introductiont o Gr eends Functions

A simpledescription of &5Fis that it isthe most basic solution to a differential
eqguation witthomogeneous boundary conditidBCs). The same GF for a given
geometry and set of homogene®£3sis a building block for the temperature
distribution resulting fron time/space variable boundary conditions, space variable initial
conditions, and time/space variable energy generft@jnDifferent homogeneous
boundary conditiomand geometry combinatiomssult in different GF formsMany
geometry and boundary condition combinations are already solvedlaridted
Derivinga GFis unnecessg, and in many problems the solutionimtegral formis
written directlyfrom the tables.The integral form is either solvexkplicitly or with
numerical integrationTwo or threedimensional solutions are also possible by
multiplication of onedimensonal building blocks. Any combination of the ene
dimensional building blocks is possiblelasg asthe problem is linear, the body is
homogeneous, and the geometry is orthogonal (orthogonal ithétadundary is located
where only one coordinate is constdiig].

English matlematician George Green (17#1841) first developed Green's
Functions. They are included in many classical and modern heat conduction texts.
Several texts rigorously cover the mathematical basis used to develop the GF method
which is beyond the scope ¢fi$ work. Please see Carslaw and JeHghdr Beck[72],
and Butkovskii 73] for mathematicabasis and detailsThe texts also coveredvation

of individual GFshased omgeometryandboundary typesindividual GFsresemble heat
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conduction solutions from other methods since many engetl using separation of
variables and Laplace transforniBhese texts also include many tabulated Green's
Functions for Cartesian, cylindrical, and spherical coordiretesy with useful integrals
This research uselse tables provided by Beelt al[72].

Numbering System for
Boundaryand Initial Conditions

A standardizeshumbering system for GFs is useful in two ways. First, it
organizes GF tables in a logiemfly. The second is it classifies problem types and
indicatesthe appropriate G- The numbering system devised by Bethl.[72]
includesnotation for boundartypes BCs, andICs. The four primary types of
boundaries are iable9. Gr een6s Ffiimboundames existiutare not h i n
listed The different function types for the time and sp@Csare listed inrable10.

The homogeneous boundary is represented by BO, or the function dhétequas

zero. The different types of space varidleare shown imable1ll. A GF exists for

all basic geometry (senmfinite medium, plategylinder,etc.) and boundary
combinations listed ifable9 where applicable The boundary and initial conditions act
as multipliers on the GF building bloekThe elementary functions listedTable10
result in integrals with explicit formulas.

A two-dimensional example iRigure38 best illustrates the numbering system
The first vertical boundary is a constant temperature, and the second is a heat flux that
changes exponentially with time. The top horizontal boundasmyhomogeneous

temperature, and the bottdmundaryis convective with a constant fluid temperature



The IC is a linear function with respect to theoordinate.The correct numbering
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designation is X12B14Y31B10TZl'he X12 indicates the first boungan the x

direction is of type 1, a temperature, and the second boundary is type 2, or a heat flux.
The following B14 specifies the first temperature boundary as a constant with time while
the second boundary is an exponential function with {seeTable10). The same
procedure repeats in thedyrection. The final T2 indicates th€ from Table11. The

boundary and initial conditionotation is not only a convenient way to classifyijpeans,

it also specifies to usBx1, andGys; GFs.

Table9:

Tablel10:

Boundary notation

Notation Boundary

0 No Physical Boundary igfinite)
1 Temperature

2 Heat Flux

3 Convection

Ti me and space

numbering systerfv2]

variabl e boundary

form[@ eends

Notation Time Variable

Notation Space Variable

B-
BO
Bl
B2

B3
B4
BS
B6

Arbitrary f(t)
ft)=0
ft)=C

f(t) = Ct

f(t) = Ct”

f(t) = exptat)
Step changes in f(t)
sin(¥yt + E)

Bx-

Bx2

Bx3
Bx4
Bx5
Bx6

Arbitrary f(x)
f(x) = Cx
f(x) = CxX°

f(x) = expfax)
Step changes in f(x)
sin(¥yx +

E) .

c

Functi

on
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Tablell: Space variable initial condition not
system[72]
Notation Space variable initial condition
T- Arbitrary F(r)
TO F(r)=0
T1 F(n=C
T2 F(r)=Cr
T3 F(r)=CF
T4 F(r) = expfar)
T5 Step changes in F(r)
T6 sin(¥yr + E), ¢
T7 Dirac delta function
y
A
T=0
T=C F(x) = Cx Or/&x = exp(-at)
-k@Q/& =h(C - Tp)
> X
Figure38: Greends Funct i o,X12B14YB02B10T2 groblen tgpen e x a m|

Green'sfsunctionSolutionEquation

A geometry and set of BCs are directly written intoitiiegral formtemperature

distribution by following a systematprocedure This procedurstarts with thegeneral

from of theGr e e nnétisn SBlution Equation (GFSE) Equation(41). Thespace and

time temperature distributiofY 6D

, in Equation(41)is a combination athree separate

temperature distribution terms resulting from the initial conditioiernalgeneration



96
andtheboundary conditiom These individual distributions sum tiee combined
temperature distribution. The summations in Equatddnaccount for differenBCsin
each space dimension. Ti@ege it represents th€ r e e nnétisnfoFthat specific
geometry and boundary combinatioRor examplethe GF fora semufinite solid
(geometry)with constant surfaceemperature islightly different tharthe GF for asemt
infinite solid with a constargurface heat fluxNote the sparation of T kind BCs from
the other kinds. @mperature (1kind) BCs require a GF derivative, whiake also listed

in the GF tables.

~

YEb Y BD Y ®D Y BD

Y e "Ofgp T 20 Q)
YD '—Qomnsa ht 2 Qi QUQ T
boundary conditions of thé'25" kinds (41)
§ Qb ht L
Y BD | %) Ovop ht A4 QF

boundary conditions of thé'kind only

oy v o~z QO
Y B | QthTE A Qf

b b

Application of the GFSE isasilydemonstrated by considering an infinite, one
dimensional bodynitially at temperature F(x) and internal generation g(xttis is an
X00T2Gtx- problem type.Equation(42) describeshetime dependertemperature

distribution for this problem, which includes a generation and initial condition term
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Equation(43)is the GRor an infinite solidfound usinghe GF tables. This is the
simplest form of a mlgocdiedehe fanilanerfaliheat comdaction a n d
solution. The fundamental solution also has an explicit integral involving error functions
when integrating with respect to tim@therGF formswill often closely resemble the

fundamental solution; especially for semiinite solids.

" ) vy )

T—‘ g"de P H o Hb “Yofm "Om (42)

T Q | 1

"0 cofogoht P AQJB& O T n (43)
™10 T 7 T o %

The solution tdhe problendefinitionin Equation (42) is written directly into
integral form using the GFSE. Equati@l)is first simplified by recognizing the
problem isonedimensiol. The temperature contribution frotd B is set to zero
since there areo boundaries or BCsThe simplifications result in Equati¢ga4) where
"0 ahgoht is the fundamental GF solution Eyuation(43). This is the exact
solution in integral formor also known as the integral form temperature distribution
Equation(44) simplifiesto Equation(45) whenthe initial condition is seb a constant
temperature, 1 the generation terms set equal to zero, ariejuation(43) is substituted
in for the GE This is now an X00T1 probiletype. Integral tables, symbolic math
software, omumeric integratiorcan all solve this integralAn important aspect to notice
when inserting Equatio@3) into the IC contributioris ta u efualjzerq which
considerablysimplifies the equationThis example is fairly simple, but illustrates the

ease of writing a heat conduction prhbldirectly into integral form.
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Y ofd O oot 0w o
| (44)
T—Q"o ofoett "QEft Qa0 t
. 0 ®
Yoo Y . P —AoB — (45)
™ I O

Numeric Integration and@ime
Variable Boundary Conditions

TheBCsfor EAHX simulatiors are commonly functions of timeThesoil
surface temperature, convection in the EAHX pipe, and slab temperature or heat flux al
represent boundaries that chamgth climatic conditions. A time variable non
homogeneous B3 relatively straightforward to include in the GES&S an example,
consider the annual soil surface temperature boundary is represented by the four term
Fourier seriesn Equation(46). Later chaptershowthis equation fits well to annual soil
and air temperatures using a least squares regression analysis. This temperature BC
inserts intathe GFSE by simply replacing th@ bht in Equation(41) with Equation
(46)for BCs of the firstkindt i me v ar i abmmgtinfevab a b b)eThé & o d
difficulty of a time variable BC€omes when attempting tteterminean explicit
expression for the integralhich is a produadf a Fourier series and GF derivata®
shown in Equatiod7). The integral in Equatiof7), or close variations tib,
commonly form in EAHX simulations. The equation has no obvious explicit integral of

elementary function and solving requires numeric integration.

MO O OAT O OOEdT OAT @1 @OEJoT (46)
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"Y oo (47)

There arenanynumeric integration schemes, but théendedrapezoid rulas
sufficient forintegrals encountered in EAHXamulations Equation(48) and Equation
(49) represent the trapezoid ruddnerefiNo is the number oihtervalpoints,fifyois the
function value at each poir@gndfiOois the error ternfi74]. The extendedapezoid rule
offersotheradvantagebesides simplicity Thenumber ofintegrationintervalscan be
doubled while using the ressilffrom previous calculationsThis is a powerful property
when coupled with an algorithm to determine when the maximwinedeaccuracy is

reached14, 72]

N v P z . P. . W 0 Q

Q (49)

Space Variable Boundary Conditions

A space variable BC occurs in situations llkkgure37 wherethe basement slab
and soil surfacareon the same orthogonal boundafihe type of space varying
function along the boundary dictates how the integration proc@¢usboundaries for
EAHXs change in a stewise manner betweetwo or moretime dependent functions. In

other words, the soil surface boundaryigure37 has its own temperatufenction,
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Tsurfacdt), Which is the same over the whole soil surfades soil temperaturegfiacdt)
stops at the slab edge, andtepwise change occuts the constant slab temperature
Tsap The stepwise changén this examplesplits theBC temperatureontribution
"Y B, from Equation(41)into twointegrals. Three time dependent stefise
functions would split into three integrals. Integration over a bayynadutomatically
requires a twalimensional domain and a tvadmensional GF. The procedure is better
illustrated bythe followingexample.

The twodimensional slab ifrigure39is insulated on all boundaries expect for a
space variable boundary along the top. This is awie boundary between two
temperature conditions simulatirgconcrete slab and the outsglaface soil
temperatures. Thgeometry, BC, and I@umbering identification is
X22B00Y12Bx51TO. The identification is lonigut signifies the use of a two
dimensionalGxz2v21 GF. A Gxo2v21 GFis the product othe tabulated &, and G2;

Gr e e n 0 ens. Fhe IGESE iin Equatio1) reducego Equation(50) since the initial

condition andall the boundaries are homogeneous exceptthindl top boundary

Equation(51) results from Equatio(b0) after nserting the GFs, temperature functions,

and limits of integrationNotice the space integration limits. Contributions from each

BC arelimited over the space they occupy. This does not mean temperatures from the

slab will not contribute paséngthitf b 0 and vice versa for the s
contributions are only much smaller due to the space integrakiom partial derivatives

with respect to th&y,; Gr e e Rurdctsononly since it is a function of the dumnuee

variable. The same is true for the space integration with respect to the diewvamiable
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only involving the Go, Gr e e n 6 s  Fe pantial dervative could be raved

outside the space integsdbr further simplification.

Concrete Slab Soil Surface
I —»
N / X

Constant Slab Temperature Tga, Periodic Surface Temperature Tgsace(t)

Initial Temperature=0

Th e e e, e, R e TR,

e e e e

I R A R R R R
i Insulated Boundaries
y

Figure39: Space variale boundary conditions examé22B00Y12Bx51TOtype)

L n .. .. Q0
4 AO Y oo "Q‘Dhrg a Qt (50)
b b
‘0 chogoht L
4 H O | Y T T(’(j;m) O ahogoht Qoo
s (51)
O whogoht L
Y TT T O alooht Qw QF
ExampleGr eendés Function Application

The following example demonstrates the GF solution process start to finish.
Consider the semnfinite solid with constant surface temperature and homogeneous
initial condition (initially at zero temperature) kigure40. A common method for
solving this problem is similarity variable and results in the explicit temperature

distribution expression shown in Equati®@2) [10]. The integral temperature
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distribution developed from the GF method yields the same resultshexegh the

derivationmethods are completely different

Constant Surface Temperature T .
soil surface

1-D Semi-Infinite Solid

Initial Condition T(y,0) =0

Figure4O: Ex amp | ectioB mehedseétsp sdmunfinite solid with constant
surfacetemperature Jandhomogenousnitial condition

Yoo Y Y Y NI Qe—, (52)

The GF method always starts with giifying the GFSE in Equatio®1). The
first simplification comes from recognizing the problem is-dimaensional. The
summati ons drop out and tNee, theipithcorditionar i abl e
"Op , is homogeneougequal to zerpand there is no heat generatiofhis causethe
"Y ® and’Y B to drop out. Tha&C is of thefirst kind (specified temperatuyeso
only theseconderm of’Y B is not equal to zeroThis eliminatesll the terms of the
GFSE excepbne. Equation(53) below is theresulting simplified GFSEThe next step
is to find t hderivaBwele ®daxt IF wfara semimfmite solid

with aconstanttemperature bouradyin a published tableThe numbering system
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designationfor this problem is Y0 which implies 40 ®fogp it GF. The table

published byBecket al.[72] has this GF in the forraf Equation(54).

QO i ht

Yo Qt TR Q1 (53)
10 cfooht U O ®
T N &9

Equation(54) furthersimplifiesby noticing theBC is located at ¥ 0. This
causes the dumnspacevariablecueeio equal zero The only integratioteft in Equation
(53)is with respect to the dummy time variabl®. The fU jn Equation(53)is the BC
whi ch equals the congtanfThsusfiatacktempeapaeat
outside the integral since it is a constant. It would remain inside the integnabg a
function of time. Equation(55)is thefinal equation aftesimplificationsand
substitutions The remaining terms insideghntegralaresimilar to the fundamental
Gr eeno6s Fun dheiintegral in Bguatid(bb)bas an explicit formuléound n
integrationtablesand yields Equatio(b6). This equation is the same as the exact

solution found using a similarity variable in Equat(®2) after some rarrangement.

Yoo Y _AGD——— Q 55
| ™ o f ] Z 1 o0 ¢ T (55)
Yab  YQI Qeo—— (56)
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Characteristics of Greends Funct
Specific to EartbAir Heat Exchangers

ConvectiveGr eenbés Functions

TheGr eends FunctiselfactivdfadGEEAHX smeulatiors, dut it
cannot accourfor all design variablgor heat transfer mechanismkKnowing its
limitationswill save timeand increase accuracy during simulation developmé&he
first significant drawbacks theinability to simultaneouly solvethe soil heat conduction
andinternalconvectiveflow inside the EAHX pipe This is a problem for any analytical
heat transfer simulatiomsing more than ongeat transfemode A technique to get
around the limitation istesp-wise ®lving each hearansfer mode over short periods
short time temperature result from one mode is an input into the BC for the other mode.
The procedure ipseudenumeri@l using analytical equations. This research later
utilizes a similar process.

ConvectiveBCsmimic the heat transfer from the gassing through the EAHX
pipeto thesoil. Equation(57)is the general form of @onvective BCalso known as a
Robinor¥kindBC,where fAko is the sagodidthemiher mal con
t emper at u rtkeconectice hdatiransfer soefficiedtr temperature
variations due to climatic conditions credte time dependendy EAHX convective
BCs. The air c¢onv e candawreloatyaedisb dependem on i h 0
temperature. This implies the convective coefficient should also vary with timiéjut
not allowed in the GF formulatiomA convective coefficient islbbwed to vary with

position, but must remain constant in tifii@].
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- Q®w JYaltd Qw JY oo (57)

T w

Orthogonal Boundary Conditions

The primary advantage of the GF method is its ability to handle space/time
variable boundary conditiongAn importantnotethough is values may change with
space antime along an orthogonal boundabyut the boundary type must remain the
same. For example, representing the concrete skilgume37 with a heat flux boundary
is more appropriate than a temperature bounthaaynonradiant slab This is not
possible though if the soil surface boundary remains a specified tempetatotker
words, al*and 29kind BC cannot be on the samethogonal boundary using the
standad GF method. A specialized technique called the Galdksed Integral Method
may be used in the case of rarthogonal bodies, but is not investigated in this research

[72].

Longand Shotff i me Gr eenéd6és Functions

Laplace transforms and separation of variableshet®vo common methods of
deriving GFs.The same GF for a geometry and boundary type combination is often
derivedwith both methods. This leads to two, sometimes more, forms of the same GF.
This applies to all geometries except infinite and sefitiite mediums with T and 2°
kind BCs. Which form of the GF to usgepends on diffusivity, domain length, and time
of interestfor the simulation in questionTime of interest is the primary factor, and the

forms are often called long and shtinie GFs. Dimensionless Equatidi®8) determines
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thethreshold between long and short time GFalmost allcasesT he FfAval ueo
changes betwed@Fs but typically ranges from 0.1 to @.0 Large values of Equation

(58) required the largéime GFs and vice verdar the shortime GFs

LWwaoQ (58)

Separatia of variables yieldsongtime GFswhich contain infinite trgonometric
series Longtime GFs are easier to manipulate and integrate tharsti@rttime
counter parts derived using Laplace transfoff2. Boundary conditions of thé'and
2" kinds typically only have two or three GF forms for all geometr@snvective BCs,
or BCsof the 3 kind, have multiple forms Appropriately selecting a®kind BC
greatly increases accuracy, but is difficult for EAHX simulations. Equ@bi®)yis often
close to thehresholddue to low soil diffusivities and lorgme values The result is
neither the long or shetime solutions provide satisfactory results. Numeric integration
is advantageous in this situation becauseGFR form can change partway through the
calculations. The EAHX simulation programsalculate Equatiof68) for each stejand
automatically swich between GF formsThis practice takes advantage of both long and

shorttime GFs to increase solution accuracy.

NeglectingPipeWall ThermalResistance

Neglectingthe pipe wall thermal resistance is a common assumiptierature
fort he E AHXDO s flow, butfeveto noistudees report its validityhe

assumption indicatabe pipe wall is thin, andonvective heat transfer occurs directly

var
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between the soil and air passing through the. pip@ther words, e soil temperature at
theouterpipe wall isthe surface temperaturetime convective @at transfer boundary
condition. One way to evaluate potential errors with this assumption is to find the pipe
wall 6s contribution to the overall ther mal

Figure4lis a 1D thermal circuit representimgsistancéetween the soil surface
andtheinsideof the EAHX pipe. The thermal circuit assumes a known soil surface
temperature angnoresatmospheric convection. Tlenvective heat transfer
coefficientinside the EAHX pipés a constanB.0 Btu/hr-ft-°F, which is typical for
EAHX air temperatures and velocitiegariables inFigure41 includesoil lengthfiL <0,
pipe wall thicknes$L jpc0, soil thermal conductivityiksio, and pipe thermal
conductivityfikpiped. Common soilthermal conductivitieare listed inTablel andTable
2, and range from 0.08 to 1.25 Btu/hf-#. Calculations use the full range to account
for all soil types PVC, HDPE, and steel acemmon EAHXpipe materials andTable

12 displays their respective thermal conductivities.

Soll Pipe Wall Air Convection
Ts L soi Tp'o LEiEe Tp,i 1 Tair
ksoil kpipe 38%-ft2-°F

Figure41l: Thermal circuit for onglimensional hearansfer betweesoil surface
temperature and air convection inside the EAHX pipe

Table1l2 Conductivity valuesf three common EAHXnaterials(Btu/hr-ft-°F) [75-77]

PVC 0.1083
HDPE 0.2708
Steel 25.4
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Overall thermal resistance basedFigure41was calculated for each material
type, threevall thicknessesand at the extrers@®f soil conductivityfor depths of one to
eight feet Table13throughTable16 summarizeshe percentage the pipe wall
contributes to the overall resistance in each instaRd&C has the lowest thermal
conductivity which generates high pipe wall contributions. Thedomductivity soil in
Table13keeps the contribution below three percent. Higher conductivity sbdbte
14 pusheste contribution above 25%r shallow depthsUnder slab installation depths
of three feet are possible, but depths greater than fouareeecommendedhere
contributionsare below ten percent. HDPE pigeses similar behavior ifiable15 and
Table16, but its maximum contributiois 12% due to its lower conductivity valu&he
12% occurs at a 1ft depth where installation is not recommended. More realistic
installation depths have a percent contribution below four percent. The steel pipe results
are not included because theitues were all practically zero due to its high

conductivity.

Tablel13: Pipe wall thermal resistance percentage for PVCkafnd= 0.08Btu/hr-ft-°F
Wall Thickness (in)

Soil Depth (ft)

0.25 0.375 0.5
1 1.5% 2.2% 2.9%
2 0.8% 1.1% 1.5%
3 0.5% 0.8% 1.0%
4 0.4% 0.6% 0.8%
5 0.3% 0.5% 0.6%
6 0.3% 0.4% 0.5%
7 0.2% 0.3% 0.4%
8 0.2% 0.3% 0.4%
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Table14: Pipe wall thermal resistance percentage for PVCkand 1.25Btu/hr-ft-°F
Wall Thickness (in)

Soil Depth (ft)

0.25 0.375 0.5
1 14.5% 20.3% 25.3%
2 9.0% 13.0% 16.6%
3 6.6% 9.5% 12.3%
4 5.2% 7.5% 9.8%
5 4.3% 6.2% 8.2%
6 3.6% 5.3% 7.0%
7 3.1% 4.6% 6.1%
8 2.8% 4.1% 5.4%

Tablel5: Pipe wall thermal resistance percentage for HDPEkasa 0.08Btu/hr-ft-°F

Soil Depth (ft) Wall Thickness (in)

0.25 0.375 0.5
1 0.6% 0.9% 1.2%
2 0.3% 0.5% 0.6%
3 0.2% 0.3% 0.4%
4 0.2% 0.2% 0.3%
5 0.1% 0.2% 0.2%
6 0.1% 0.2% 0.2%
7 0.1% 0.1% 0.2%
8 0.1% 0.1% 0.2%

Tablel6: Pipe wall thermal resistance percentage for HDPEkage& 1.25Btu/hr-ft-°F

Soil Depth (ft) Wall Thickness (in)

0.25 0.375 0.5
1 6.4% 9.2% 12.0%
2 3.8% 5.6% 7.4%
3 2.7% 4.1% 5.3%
4 2.1% 3.2% 4.2%
5 1.7% 2.6% 3.4%
6 1.5% 2.2% 2.9%
7 1.3% 1.9% 2.5%
8 1.1% 1.7% 2.2%




110

Low percentages indicatesanallchange in temperature through the pipe wall,
but the magnitude is dependenttba heat transfer rate through the thermal circlite
percentage results are misleadimghis way The important informatiors the pipe wall
is under 10% of the total thermal resistance in the worst case scenario for under yard
installation depths. Ten percent is pushing the acceptable engineerinh@rsamdy,
high moisture content sdikseii = 0.08Btu/hr-ft-°F) with thick walled pipe is not
commonly encounteredlhe thirwall assumptionn US installations though is pushing
the limits of engineering error since these can be at depths of three feet or less. The
assumption is still valid for US EAHXs, but it is important to remember the thin wall
assumption is present when analyzing result

Temperature Effects dhe
ConvectiveHeat Transfer Coefficient

The convective heat transfer coefficient (CHTC) is shaetdieen theoll
conduction and air convection equations. An accurate CHTC is crucial for EAHX
simulations since slightchange directly affects the heat transfer rate between the air and
soil. Unfortunately, CHT€depend orair temperature and velocity. Velocities are
typically constant in EAHXSs, but air temperatures change with outdoor conditions. The
GF methodrequiresa constant CHTC for the entire simulation singgainot contain
change with time (only with spaceonstant properties and an averaGetirC are also
common assumptions in internal convective heat transfer. Without this assumption, the
mathematical dficulty in the convective momentum and energy equations significantly

increases and only specialized cases have solutions. Successful EAHX simulations
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require understanding how the CHTC changes with air temperanare, sacongant
value generatesccetable simulation results

Potential anges of CHTCs were calculated using the DiBoslter and
GnielinskiNusselt numbecorrelationsdased on typical EAHX design and operation.
SeeEquation(17) and Equatior{18) respectivelyfor the DittusBoelter and Gnielinksi
equations respectivelyLiterature contends that bogfeld satisfactory results, but the
Gnielinskicorrelation is generally consideréhemore accuratevith observed errors
around ten perceit0]. The Gnielinskicorrelationis a function of friction factothough,
whichrequires aMoody diagranwhile the DittusBoelter is strictly a calculationThis
section compares the two correlations sitheeDittusBoelteris easier to calculateThe
correlations calculate tregrf | owd s N u svehieh ig afunctiomds eradlt and
Reynolds numbers. Prandlt and Reynolds numdnergunctions of air temperature, pipe
diameter, and air velocityFigure42 throughFigure45 investigatehow the expected
rangeof these three variableffect theresultingCHTC.

Figure42is the CHTC for temperatures from 0°F to 100°F in an eight inch pipe
for air velocities of 600 FPM and 1200 FPMigure43is similar, buttompare$ and 12
inch pipe diameterat 1000 FPM. The air velocity rangeRigure42 showsa significant
change in CHTC for both correlations. The reduction in CHTC with increasing air
temperature is less noticeable, but still creates a 0.25 to 0.5 BfufRrethange. Pipe
diameter inFigure43 has a much smaller effect. Moving from a 6 to 12 inch pipe
decrease the CHTC by around 0.5 Btu/Af. A surprising result is the discrepancy

between correlations. There is a 235 Btu/hr-ft*-°F differercein both figures The
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Gnielinskicorrelationalsoconsistently estimates a lower valuEhe two correlations
were expected to be closer togethegreknowing theGnielinskiis generally considered
more accurateThe DittusBoelter correlation is not as accuratdiest hoped, and the
clear choice for EAHX simulations is tié@&nielinskicorrelation.

The Gnielinski correlation may be the preferred method for Nusselt number
calculations, but it is still a functioof Darcy fiction factor. It is not feasible to read
friction factors off the Moody diagram Figure3 for each simulation. A curve fit to the
smooth pipe line of #1Moody diagram does exist in the form of Equat@ythough.
Earthair heat exchangers constructed from PVC, HDPE, or steel meet the smooth pipe
requirement for Reynolds numbers below.1The Gnielinski correlation is now a
feasible option since most EAHXs meet the Reynolds nutimbé. Figure44and
Figure45 present a more idepth investigation of 8nGnielinski correlation. The
significant effect of air velocity is again demonstrate&figure44 by an approximate 1.6
Btu/hr-f®.°F change in CHTC between 600a200 FPM. Pipe diameter is less
influential with a 0.8Btu/hr-f2-°F change in CHTC from 6 to 12 inchesFiigure45,

Air velocity and diameter obviously contribute to CHTCFigure44 andFigure
45, but these variables remain constant during simulations. Air temperature is the
troublesome variableTable17 gives some insight by listing the difference betw
CHTCs at 0°F and 100°F for all feasible situations. High velocities and smaller diameters
have differences ranging from 0.6 to 0.88 Btu/fi?R. The lower extreme for large
diameter pipes and slower flow have 0.32 to 0.4 Btuftftritfor a 100°Femperature

difference. The average of all CHTC differences in the table is 0.59 Bttffi-fTable
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17implies a large change in CHTC with temperature, butimhgortant to remember this
is for a 100°F temperature change. A temperature swing this large is unrealistic for
EAHXs. Swings in the experimental data are below 30 °F. The change in CHTC lowers
to an average 0.21 Btu/h?-RF for all situations using 30°F temperature difference
(60°F and 30°F data used for this average). This is a more realistic value for the change
in a CHTC during EAHX operation. This change in CHTC is large enough that it cannot
be neglected, but not large enough to drastichlange heat transfer results. A constant

value for the EAHX simulations is acceptable.
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Figure42. Heat transfer coefficient vs. dry bulb temperature for internal turbilbent
in an eight inch pipe faGnielinski and DittusBoeltercorrelations



114

L5 15
~©-6.0 Inch Diamter - Gnielinski
—0—12.0 Inch Diameter - Gnielinski
~#-12.0 Inch Diameter - DittusBoelter
1.0 = 5 4.0
[ -8 6.0 Inch Diamter - DittusBoelter
—a_
e e
& [ =N
= — B
B b e B
€ A T a8—8 @
2 A —o_
= A TO—
a] S B A _;3:::
5 30+ 0 O A R L30
z g —B—R—=
& —
=] -Q_iﬁ
25 + T ©as
2.0 t t f t f t 2.0
0 10 20 30 40 50 60 70 80 90 100

Dry Bulb Temperature (°F)

Figure43. Heat transfer coefficient vs. dry bulb temperature for internal turbulent flow
at 1000 FPM air velocity foGnielinski and DittusBoeltercorrelations
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Tablel7: Difference between theB and 100F convective heat transfer coefficients
using the Gnielinsktorrelation

Air Velocity Pipe Diameter (inches)
(FPM) 6 8 10 12
500 0.37 0.34 0.33 0.32
600 0.42 0.40 0.38 0.37
700 0.48 0.45 0.43 0.42
800 0.53 0.50 0.48 0.46
900 0.58 0.55 0.53 0.51
1000 0.63 0.60 0.58 0.56
1100 0.68 0.65 0.62 0.60
1200 0.73 0.70 0.67 0.65
1300 0.78 0.74 0.72 0.69
1400 0.83 0.79 0.76 0.74

1500 0.88 0.84 0.81 0.78
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Computer Simulatiomsingthe
Base Solution Generatidrechnique

Greem 6 s F untegralsiinoEAHX simulationsequire numeric integratiosis
previously discussedThe product of time dependent BC and @Enerally hasio
explicit formula ofelementary functios Numeric integration by the extended trapezoid
ruleis an accurate substitute to exact symbolic integratMumerical integration
calculates each temperatg@intin the domain individually for each time spiged.
This is a problem though when lotighe EAHX simulations requirbundredsof
temperature pointsverlargedomairs for visualizing soil temperaturdistributions This
processs computationally expensive for yearlong simulations using smallititeeals
(2 minute to 5 minute)The motivation for using the GF method is the efficient analysis
of EAHXs in multiple climatic conditions. The computational time required for numeric
integrationin large domains and timés not efficient, andequires a new methad

This section presentstachnique to bypass tieindredsf individual numeric
integrationscalled Base Solution Generation (BS€ghnique The BSGtechnique takes
advantage of the systematic way the GFhoétassembles integral solut& and the
separation of BCs from the GFEquation(59) representshie generalizedemperature
distribution from a nofhomogeneous B@here theime dependent BC is multiplied by
thetime dependent GF inside the integr8lymbolic integration with respect to dummy
time is not possible for this multiplication as already mentioned possible though to
pre-calculate GFs based on time and spadees. GFs over large space domains are

then multiplied bynonthomogeneouBCs corresponding to the samh@mmytime. One
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BC valueis the same for alGF domain points. In this way, numeric integration occurs
for all domain points simultaneously, anyides an easy means to incorporate the-time

dependent BC.

"Ygg B 6 6Qt z 'O BQ00 ¢ HOME ¢ (59)

A simple example better illustrates the BSG methodolddye light dotted line
in Figure46is the BC and Glproductin Equation(59) plottedwith respect to timeThe
tempergure distribution at time 5 is thetal area undethis curve. The trapezoid rule is
the process of splitting the area under the curve into multiple trapeddidssolid line
in Figure46 form the numeric integratiotrapezoids Points § through § are values of
Equation(59) that form the trapezoid edgeshe first step in calculating the area of each
trapezoid is to calculathe sixedgp oi nt s . These ar e tthee s ame
general form of the extended trapezoid rul&gquation(48). Equation(48) distributes
thecommonvariables to all tragzoids like the width of each intervabut of the
equation Theresuling integration process is ttemmatiooofe ach edge poi nt
values). TheBSGtechnique follows this sameqredure of summing edge values
exceptthis is donesimultaneouslyor all domainpoints The first precalculated GFs are
mul tiplied by a single BC value (cosrrespon
The process repeats for the next-paéculated GFs to find,fandf, is added tds. The
process repeats for@atrapezoid edge point. This completes the summation in Equation
(48). The nf dhervnaultipliesl bythaicommiors variables yield the fnal

temperature distribution.
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Figure46: Simplified trapezoidal rule integration example where the light dotted line is
the product of the BC and GF&égraphed with
The BSGtechniques orgaized into theTime Refinement, Base Solution
Generation (BSG), and Numeriatégrationprograms. The BS@rogramformsa pre-
calculated GFlatabasevhich the Numeric IntegratioprogramaccessesFigure47is a
generalflow diagramillustrating program operationThe three primary progranase
square boxesandcircles are outputs/inputsnitial inputs for asimulation are the domain
size, he maximum simulation time, time integration interval, material properties, and
convective coefficients if applicabl&he BSG progransalculateshe precalculated GF
databasérom this information. Time Refinement ia aptional program designed to
reduce computatiomorkload It determines refined solution timbased on domain
inputs. Theefinedsolution time isan input for theBSGand Numeric IntegrationThe

Numericlntegration runs last. Thaputsareclimatic conditions, end simulation tan
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and integration interval. The climatic conditicare transformed into time dependent BC
functions. The BSG program is the operational key, and the technique assumes its name.
Following is a description of each program and how the three work togegféiciently
produce an@curate temperature distributiohe example GF application started earlier
in Figure40 continueghrough this discussion to help explain the operation of each

program.
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Figure47. Generalizedliagram ofprograms and inputs in the Base Solution &ation
technique
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Time Refinement

Theonly optional program is thEime Refinement It reduce computation time
in the other two prograntsy only generating and integratiisglutions @er a relevant
time period. Eartair heat exchangeimulationsextend over large periods of time
(sever al year s) . Gr ebeundary tydeand geometoyn v al ues
combinationsarevery small at large times. This is espally true forconvective BCs.
Physicallythis is intuitive Recent boundary tempeuag¢s will inherently have a greater
influence on the end temperature distribution than boundary temperatures from several
days ago. Another way to think of ittlse numeric integratiotrapezoids are much
larger for recent times (a few days) than for times several days or years in the past.
Equation(59) expresses the reduction ingeeoid size by sigficantly reducing the GF
value inside the integrairee theBC is mathematically independent

An example is a better representation of diminisi@fgvalue over large times.
Considerthe semtinfinite solid with constant temperatupeundary condition ifrigure
40. Equation(55)is theintegral form temperature distribution to the problem setup in
Figure40 where the constant temperature B@igside the integralNumeric integration
of Equation(55) yields the temperature distributiomn other words, the temperature
distribution is the area under the curve proetl bythe Gy GF in Equation(54)
multipiedby t he constant &.ur f Ritipbtingteplevefm ur e AT
Equation(54) will indicatewhich dummy time values contribute to the numeric

integration, and which go to zero.
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Figure48is aplot of Equation(55) with respect t@lummy timefi U0 from zer o
the time of interest Thettime ohinterestésvive yea(s825d i f f e r
days)andthes oi | 6 s di f ¥daysTivme d/fi fi &sp D, amdlidegtt from U o
the surface of interest fyd5s5aTheonlyvamable onst a
leftin Equation(55)i s t he dummy t i me f Uootoheitimerof i s i nt
inter e s t Figtiré48 clearly shows the GF values going to practically zero for values of
i Uo thare880sdays for all depthFhe 12ft depth has the highest GFues, but they
are less 10 1/ft* for day 300 and less, and less thait 16t> until day 1500 out of 1825.
These observations suggest an 1825 day simulation only needs 325 days of numeric
integration. The last 325 days are the only tithesintegratio contributes a meaningful
valueto the temperature distributio.here are five timefewercalculationswith the

Time Refinementprogramthan without.

00184 GF

0.016 -

0.014

0.012-

us (1/1)

0.01—

GF Vall

0008 -

0.006

0.004 -

0002

Jod
&
A4
o
T {
e

: : ‘ - L L . /
0 200 400 600 800 1000 1200 1400 1600 1800
Dummy Time "tau” (days)

0

Figure48: Values at different deps for the derivative of anyg GF, Equatior(55),
with respect to tW®e dummy time variabl e i
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A closer examination of Equatigg5)wh en dummy ti me @AUO0 appr
of interest Ato demonstrat elBgusd®igasmaller i nt er
time window of the same plot ifigure48. The first interesting observation is all GF
values go to ifinity at dummy time equal to the specified time. A closer look at
Equation(55)revealsa@) mul ti plier in the GFs denomin
approaches zero as the dummy time fAUO0 reac
extremely small denominator causes the GF to go to infinity. This is the reason GFs do
not behavevell mathematically near the upper integration lgnit

The second observation is GF values increase with depth except for the 12ft
depth. The 12ft depth reaches a maximum value around 1775 days. The GF then
decreases in value between 1775 and 1825 days. This is an example of the heat wave
analogy. The suate temperature induces a heat wave to flow downward from the
surface. The 12ft depth plot suggests the heat wave has not reached this depth yet for all
times after approximately 1775 days. The BC temperature has little to no effect at this
depth when te dummy time approaches the actual time limit. The 0.1ft depth plot on the
other hand contributes to the temperature distribution only for dummy times near the
limit of integration. This signifies that BC values for the last 25 to 30 days deteitmine
final soil temperatuseat a 0.1ft depthThis is intuitive since the soil temperature near

the surface should be equal to the recent surface temperature.
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Figure49: Closer view of th&y;19 GF derivative in Equatio(b4), with respect to the

dummy timdb variabl e 0

The Time Refinement pgsam does this same analysa&sed on the domain size, time

range, material properties, and convecheat transfer coefficient if applicabl@he

belowpseudo codeutlines the program operatioithe whileloop calculates the GF

value based on the current dummy time. The maximum GF in the domain is compared to

the minimum specified value. If the mendm GF is below the minimum specified

value,thewhild oop repeats and increases AUO0 by or
point in the domain is above the minimum value. When this occurs, the program outputs

the currentdummy time asther e f i nedr t almk 6 . ARefined ti me
into the next two programs as showrFigure47. Example code of the above program

is availablan APPENDIX G
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SET desire minim um GF value

SET dummy time to zero

WHI L E calculated GF value O desired mi
calculate GF values for all domain coordinates

find the m aximum calculated GF in the domain,
this is the new calculated GF value

add one day to the dummy time used in the GF
calculation

REPEAT
END WHILE

OUTPUT refined time that desired minimum GF value
occurs

BaseSolution Generation

Base Solution Generation (BSG) is the naxtgram inFigure47. The BSG
program builds aatabasef pre-calculatedGFs based oft-U time valuesand spatial
coordinatesThe material properties and convective coeffits remain constant for each
databasset. Thegrogramtakes advantage of numeric integratay occurringin the
time domainfor EAHX GFintegrals Again, considerEquation(59). The product of a
time dependent BC and GF is inside the time integfale BC function changes with
climatic conditions, convective heat transfer coefficient, slab heat loss, auarber of
design variables. The one constant is the GF. The GF is dependgumetry and
boundary typesnly. A 1-D soil temperature simulation in Bozeman, Montané

Houston, Texas udbe same Go GF. This suggests @atabasef precalculatedGFs
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covess hundredsf simulations The common GF shared between simulations is the basis
of the BSG technique.

Greends Funct i byiCb g hewherethmadisoup to threed
dimensional EAHX simulations are onerdwo-dimensional.The integral in Equation
(59)isthenat most a function of six variables including the dummy variablé®two
dummy space variald@areequal to zer@r a constant This | eaves the re
dummy timefi Uand real space varialslé &a n d . Thgsgfour variables determine
the base solutionsThe time numeric integration does not afféx teal space varialsle
The input domai specifies thgrid sizeand spacing. The grid represents the temperature
distribution, and each gird pointascalculated temperaturd he space variables remain
constant at each grid point during the base solution generation. In terms of programing,
the grid is a 2D array representing afial coordinates. The-B array becom&a vector
for 1-D simulations.

The above information is applied to the continued example fadD &dmtiinfinite
solid with constant surface tempera&uFigure50is the same problem setag this
earlier examplebuta grid represents temperature points of interésie grid physically
represents the calculated temperature T(ygpxadifferent depths ranging from the
surface to 120 inches. The gigbutsinto the computer simulation as a 6 x 1 array.

Other variables save tipiysical spacing between grid points and total deptie BSG
program calculates th®F inside the intgral of Equation(59) for each grid point in

Figure50. Equation(55)is the GF integral for this particular probleamdthed e pt h fAy 0
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is theonly variable that changé&®tween grid points. Theal time andlummy time

remainconstant until the following step.

Constant Surface Temperature Ts
_ o soil surface

1-D semi-infinite solid
IZO in
ICT(y,00=0

6 x1 array (vector)

Figure50: 1-D semtinfinite solid with constant surface temperature, temperature
distribution represented by 6 x 1 grid for computer simulation

The space grid established in the previous step acts as a temperature location
placeholder. The BSG program calculates the GF at each grid point for the same time
value. Changing the time is the next step which creates the next grid of values. Itis
eas er from this point on to think of the tw
t0) . For-Upxampegual(ttoiseQuaays oi 190eadyasf
equal to 50 days. The following Numeric Integration program also tieats/o times as
a single variable. The purpose of treating the two times as one varidhtabisse
versatility. Thedatabasenust cover all possible numeric integration times. The
Numeric Integration program takes data for a 50 day and 100 day simulation from the
samedatabase The 100 day simulation uses the same GF values as the 50 day
simulationdepending on the-#l )  es &He anly difference between the simulations is

the BC multiplier. The 100 day simulation does not use the same first 50 days of BC
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values. The Numeric Integration program must match the correct GF array with its BC
multiplier based on the dummy tim&he easiest way to ensure thappenss a (tU )
organizeddatabase

A third dimensioraccounts for @) ) v a theupeegiouslyrestablished2
space array. The result is @3data blockcontainingGF values at each space coordinate
and ((U) .tFigmeblis a graphical example of this data block organization. The first
two dimensions define space coordinates that are representative of physical lacations
the domain. The third dimension is time values at each space coordinate. The time
values start at time At)Y Fhe@atablocksa®dhe and
only output from the Base Solution Generation prograhich save to theatdase
Data blocks are split into intervals to decrease file slzeeycan be any size, but small
enough for a computer simulation to quickly open and close. The size is also dependent
on the numeric integration intervahs an example, the BSG programeates a five day
databasevith a 10 minute time interval and one day data blocks for the gRayure50.
Thedatabasevill have 5 data blocks, and each datackls a 6 x 1 x 144 array. The

third array dimension is forthet) t i me s .
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Figure51. Example of threglimensional data block used for calculating GF values

Thebelowpseudecodesummarizes the BSG progranihe mairfor-loop
progresses through &tt0 ) t Theeéusmy time increases by the numeric integration
time interval in each feloop iteration. The third program input is the maximum time for
any simulation. This variable limits tliatabassize. A maximuntime of five years

extendsthefy) time to five years for exampl e.
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simulation for a time of less than or equal to five years withdiabase This is the
variable the Refined Time program resets. If the maximnoma tequested is greater than
the fArefined timeodo output, the BSG program
generating useless data blocks. The refined time resets the maximum time so it generates
only meaningful data blocks.

The first i-else statemersaves full data blocks in tlatabasethen re-initializes
a new data blockThe program only saves full data blockehesecondf-else statement
determines if @) is equal to zersincea separate GF calculation executes with a close to
zero (tU yalue All GFs are undefined &éitme equal zeroGr eendés Functi on ¢
primarily occurunder the else of this-#lse statement. This step inserts calculated GF
values into the data blocks. Taed result is databasef GF values for all pois in the
space domain at ahetime intervals specified. Thoatabasés now ready to pass
information into the Nmeirc Integration programExample code of this program is

available inAPPENDIX G

SET material and convection values

SET limits on space domain

SET maximum time for any simulation or refined time
input

INIT 3- d data block to store GF values

FOR values of U startingnaxamumzero to
specified time

IF the data block is full of GF values

SAVE data block with time limits in
filename
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INIT new blank data block for GFs

ELSE
nothing
END IF
IF U is equal to the maxi mum
calculate the zero time GF for all
points in the space domain
SAVE zero time GF array
ELSE
calculate GF values for all points in the
space domain
insert values of GF into 3 "4 dimension of
data block array corresponding to current
(t -U) value
ENDIF

i ncr e a sbydeSired interval amount

REPEAT
END FOR

Numeric Integration

TheNumeric htegrationprogram executes last to calculate the domain
temperature distributioninputsshown inFigure47 include the refined timajata block
arrays from thelatabaseclimate conditionsandthe numeric integratiotime interval
The output is the final temperature distributiorhe program mmerially integratedy
adding the trapezoid edge poiatsdescribed irFigure46. The edge points are the
product of the BC and GF inside the integral of Equaft®) A time dependent BC

function is generated from the cl i mat.

t

c

me

co
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Equation(48), calculatesimultaneouslyor all space domain points at each interval time.
This happendy extracting the appropriate GF array from dlagabas@nd multiplying
the array by the BC value at that tim&his is the product of an array and constarttis
calculates one edge point for ltationsin the spacelomain. The current results add to
the previous, and the process is repealdee outcomes the simultaneustrapezoidal
rule integrationfor all points in the domairwithout calculatingcomplex GF equations.

The pseuda@ode below demonstrates program executibime desired simulation
timeis the upper limit of integration in Equati¢s5). The refined timevariable changes
the upper integration limit if it is less than the input time. This limits the numeric
integration to GFs that contribute meaningful values. This step significantly reduces the
number of integrationsThe numeric integration timatervalspecifies the trapezoid
size. Smaller intervals increase a@my and computation timeAny time intenal is
possible as long as it is a multiple of tetabasénterval. For example, a minute
interval in thedatabasallowsthe numeric integratioto use a one, two, five, ten, or even
sixty minute interval for integrationThe flexibility supports dalance of accuracy and
computation speed.

Two for-loops working togetheprovidethis flexibility. The first loop loads a
data block from theélatabaseach time it iterates. Thene interval determines the
secondfol oo p 6 s s dxteapts tisappzopriate GH atray from the data blaokd
multiplies it with theBC. The multiplication result is added to the previous values and
sumsthe trapezoid edge point&inishing the main for loop does not finish the

integration. The zero time GF and BC arded to the summation outside tbep. The
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summation is themultiplied by the appropriate constants to yieldfthal temperature
distribution. Example code of this program is availablARPENDIX G
SET desired time for temperature distribution or
refined time input
SET numeric integration time interval
LOAD climate conditions for specified location

FOR values of (t -U0) starti thgdesir¢ d
temperature distribution time to zero time

LOAD data block specified by current (t -0)
value

FOR time at start of data block to time at
end of data block

extract2 -Darray from data block for
current U value

multiply extracted GF array values by BC
value at the same U time value

add multiplied values to previously
multiplied values (this is the addition
of trapezoids)

increase U by time interval
REPEAT
END FOR
decrease(t -U) by data block size so nex
load
REPEAT
END FOR

multiply zero time BC and zero time data block
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add to  previously multiplied values from for loop to
account for zero time GFs

multiply numeric integration result by integration
constants to yield temperature distribution

AccuracyVerification

This section verifies the accuracy and practicality ofBhee Solution Generation
(BSG)techniqueby continuing the example problem from earlier in the chapteyure
52 and Equatior{60) repeat theexample problem anithe GF integratespectivelyfor
convenience. The derivation of Equati@0)is discussed earlier in the chaptés a
reminder,Equation(60)is the exact sakion in integral form.Equation(52)is also an
exact solution to this problem setup that is derived in literatsireg a similarity variable.
A comparison of the similarity variable solution and numeric integration verifies the

accuracy of the BSG technique.

Constant Surface Temperature T soil surface

1-D Semi-Infinite Solid

Initial Condition T(y,0) =0

Figure52. Example problem for verification of Base Solution Generation Teakniq
semtinfinite solid withconstant surface temperaturelOB1TO problem type)

Yoo | Y U ADD U Qt (60)
| ™ o t j 11 o ¢
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The input domain for the accuracy verification is from the surface to a 144 inch
depth with two inch spacing. This establishes a grid of 73 points counting the surface.
The domain inputs into the Refined Time and BSG program as a 73 x 1 8oiay.
properties are a diffusivity of 0.60%day and conductivity of 0.75 Btutft-°F. The
surface is a constant temperature of 108f6 the domain is initially at zero temperature.
The time domain input into the Refined Time and BSG program is 1095 dagar&).y
Theintegration time step for thBSG programs one minute with one day data blocks.
These settings create data blocks that are 73 x 1 x 1440 in size. There are 1440 minutes
in one day.The threshold value in the Time Refinement program is25.00f€. Times
resulting in GF values less than the threshold are thrown out. Examinakiguc#49
led to this choiceThe exact solution from the similarityasable in Equatior(52) uses
the same material, domain, and time variables.

The Numeric Integration program calatéd the temperature distribution seen in

Figure53 at day 1095. The program usksa blocks generated by the BSG program,

and a five minute integration time stefpigure53di d not wuse the opt.i

input, and instead numerically integrated for all 1825 days. Note the BSG program
generated data blocks with a miadime step, but the Numeric Integration program can
use any time step that is a multiple of one minute. The exact solution from the similarity
variable is the solid black line Frigure53. It is evident the two solutions aegactlythe

same for all practical purpose. The maximum percent error between the two is 0.07%.
The negligible percent error provesmeric integration by thBSG technique is an

accurate haaconduction analysis method.
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Figure53. Temperature distribution after 1095 days (3 years) using BSG technique
compared the exact solutiéor Y10B1TO problem type

Thesi mul ati on above did not uskgureShe Ref i1
investigates accuracy reductions from limiting the numeric integration to GF values
above 60.0025 1/ff. The dotted time is the refined time simulation. The two numeric
integrations are similar for shallow depths, but diverge as depth insrelaseeasing
depths generate higher GF values for extended time GFs. The highalhué§ also sty
around the samvalue as time increases. The shallower are practicallyazérgh time
valueswhile these deeper GFs remain relatively constant. This is clearly seguiga
48. The Refined Time program throws out the higher values and more information is lost
than the shallower GFs. This is why the two lineBigure54 are diverging. The

computation time is cut in half thoudpy integrating over 906 days instead of 18Zhe
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Refined Time program balances computation time and accuracy depending on depth of

interest.

120

Base Solution Generation

-==-Refined Base Solution Generation

60 +

Temperature (°F)

40 +

20 +

Depth from Surface (inches)

Figure54: Three year (A95days) BSG solution using full simulation time and refined
simulation time for GFs above 21®* 1/ft> only or 906 days

Simulation Tines
and Integration Step Sizes

The computational the to complete the numeric integration changes with time
interval and data block size combinations. This section examines different combinations
to see how the computation times change in the BSG technldngeMatlal® 2012b
simulation environment perfored the calculations on a 64 bit Windows 7 desktop
computer with an Intel® Cof¥ i7-4770 @ 3.4 GHz processor and 16.0 GB of RAM
Tablel8is the time in seconds the above computer took to finish the same 1095 day

simulationin Figure52 using time intervals from 1 to 60 minute$he accuracy of each
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simulation was surprisinglthe samdor depths below six inchesThe accuracy of large
integration intervals in this simulation is due to the constant BC sialligs is a trait not
shared irtime-dependent BC simulationg-he one minuténtervalsimulation took the
longest at 18.1 seconds as expected. The simulation times decrease until the 10 minute
interval after which they relativity hold constarithis is counteintuitive considering
numeric integration by the trapezoidal rule. Doubling the time interval leads to half as
many calculations and presumably half the simulation time. This is not true with the
BSG technique due to the pralculateddata block structure.

The Numeric Intgration program must open and close data block arrays from the
BSGdatabase Accessing thelatabasés the simulation time limitation, not the
integration interval. The 60 minute time step is still theoretically the fastest, but the
computer spends theajority of its time manipulating the 1095 data blockéa t | ab 6 s E
built-in trapezoidal integration only takes 7.3 seconds to finish the same simulation with a
one minute interval by contrast. Thssmuch faster than the BSG technique fumther
reinforaes the high computational workload fatd block manipulation. It alsuggests
BSGsimulations timesauld be reduced by changidgta block size

Table18: Computation time requirefr example simulations based iotegration
intervalsize data blocks one day in length with aménute time interval

Integration Time Computational
Interval (min) Time (sec)
1 18.1
2 15.54
5 14.26
10 13.67
20 13.56

60 13.27
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A new simulation investigates the role data block size contributes to computation
time. The new simulation expands the previous example problem to two dimensions over
an annual basis. The annual basis investigates annual changes in soil temperatures by
executing 36 separate simulations from 370 to 730 days (10 day intefvag)way it is
possible to analyze temperature changes throughout tharyd# more representative
of an EAHX simulation The 2D domain is 24 feet wide by 12 fed#ep in 2 inch
increment and inputs into the computer as a 73 x 145 afitag simulation investigates
six integration intervaland data block size combinations. Taa blockinterval is
either one minute or five minutes, and the block sizes were one, five, atayteThe
Numeric Integration program used a 5 minute integration interval for all simulations.

Thecomputational times from the sannual simulatios in Table19reveal the
BSG techniqueds efficiency is stradhegly dep
five minute block is between 4.1 and 4.3 times faster than the one minute bRexeall,
all six simulations use a five minute integration interval in the Numeric Integration
program. The data block array size for each simulatidrabie20 obviously contibutes
to the time reduction, but is not the only factor. The five minute, five day block takes the
same amount of time as the five minute, ten day block even thoggiwite the size.
The five minute, ten dalglock opens 73 files while tHeze minute, five day block opens
146. This represents a balance point between opening a data block and manipulating it in
theNumeric Integration programThe five minute, ten day block takes longer to open,
but makes up that time during tivgegration. The one minute data blocks are simply too

large for the computer program to efficiently open and close.
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The Matlab® buikin trapezoidahlgorithmalsotakes much longer to finish the
above simulation &@0.1 minutes The Matlab® algorithm was mudhster than the BSG
technique for the previousD simulatian, but its simulation time stedglincreases with
domain size The builtin algorithms integrate one point at a time, amdulation time is
linearly relatedo the number of domain points. &IBSG technique on the other hand
relies on array multiplication, and experience smaller increases in simulation time with
domain size. The end result is the BSG technique is 3.3 times faster than built
algorithms for he simulation described aboveor@putationatimes are subject to the
type of simulation and computer hardware.

Table1l9: Simulation times in minutes for integration interval and data block size
combinations over a 370 to 730 day simulation, 10 day interval

DataBlock Data Block Size
Interval 1 Day 5 Day 10 Day
1 Minute 78.1 75.2 76.8
5 Minute 19.1 17.9 17.9

Table20: Arrays size for integration interval and data block size combinations over a
370 to 730 day simulation, 10 denerval

Data Block Data Block Size

Interval 1 Day 5 Day 10 Day

1 Minute 73x145x1440 73x145x7200 73x145x1440C
5 Minute 73x145x288 73x145x1440 73x145x2880
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SOIL TEMPERATURE SIMULATIONS

Earthair heat exchanger (EAHXimulations rely heavily on the soil surface
boundary conditiofBC). Its accurate representation is essential siniseai primary
factor for determining soil temperatures around the EAHX p&al surface
temperatures are the best option to reptabenboundary, but are not available in all
locations. Atmospheric air data is more common for lonatll around the world.
Fluid air temperature implies a convectB€. This is goroblemthough due tdnighly
variablewind speeds, and in tugonwective heat transfer coefficientA time-variable
or annually averaged coefficieisttoo unpredictable arlikely to generatesignificant
errors Treating theatmospheric aiasa constant temperatua¢ the surfacsignificantly
simplifies the simulabns but is not as precise as the actual swiface temperature

The purpose of this chapter is to determine if soil surface temperature and heat
flux boundary conditions will yield acceptable results in soil conduction simulations
before moving ont& AHX simulations. The chapter also investigates several other soil
simulation factors such as soil properties and integration technighesanalysis uses
15locationslisted inTable8 to evaluatesffectsof diverse climatic zonesAnnual soil
temperature data is available near all 15 locations fror#tienal Resource
Conservations ServiglRCS). The data includes theurface, 20, and 40 inch depths.
Typical Meteorological YearTMY ) data files including a historically averaged dry bulb
air temperature are also available at these locatibhe observed data for simulation
validation is he 20 and 40 incNRCSsoil temperatures Figurel74to Figure188of

APPENDIX A.
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UnderYardGr eend6s Function Formul ati on

The semiinfinite solid is a common means to model soil condudtiom a
surface boundaryFigure55 outlines theboundary value probleror this simulation
whichis an Y10B-T1 problem type This is similar to thexample in the previous
chapterexceptthe initial condition isnonthomogenous onst ant t@mper at ur
Simplification of the Greenbs Fu#lrldadson Sol
to Equation(61). The first term in Equatiof61)is the initial conditbn (IC) contribution.
Notice itcontainsa spacentegration from zero to infinity with respect to the dummy
space variable. The second term is the contribution from thediéépendent surface
temperaturd3 C . Not e t he s yr()aotuectionsef tiepdumnayttimer e, AT
variable. Equation(54)is the expressionfah e Gr een 6 s FErivatieinithen ( GF)
second term Equation(62) is theGy;0Gr e e n 6 s F ufar thelG spate ( GF)
integration. This space integration appears difficult, but tabwdatedexplicit
representationEquation(63)is the final form for the Baseofution Generation (BSG)
techniqueafter integration and inserting the GFEhe simulation stillacks an initial

condition value, material propertieand a surface temperature function.

Soil or Air Surface Temperature T(t) oil surface

1-D Semi-Infinite Solid

Initial Condition T(y,0) = Mean Annual Soil Surface or Air Temperature T,

Figure55. Soilconducti on probl em gnethod,YlOBTGr Gr eeno s
problem type
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The nonhomogeneoulC is meant as an approximate starting poirdgeed
convergenceo a realistic solution. Otherwisémay take several years of calculations
beforethe soildevelops a periodic temperature distributidime mean annual soll
surface or air temperature isogical choicef or  t0oh ev afil Tu e . Soil tempe
approximately fluctuate around the mean annual atmospheric temperature according to
pastliterature. Literature also recommendsigfusivity of 0.6 ff/daywhen soil type is
unknown An approximateliffusivity is the only optiorsince there is no location based
diffusivity dataavailable,and physical measuremastnot practica[7, 15].

A least squares regressiSR) fit with a Fourier series the form ofEquation
(46)describesthetimd e pendent g urXéauwier seBes fit 5 Appropriate
because theear surfacsoil and aitemperatureare sinusoidal by natureThis is shown
by the red dots ifrigure56 andFigure57. Figure56is thesoil surfacgemperaturérom
the NRCSTable Mountain site near Bozeman, MontaRgure57 is thedry bulb air
temperaturefom theBozeman TMY data file The Fourier series fits represented by the

black lines in the figures appear the same shape. The differencegdyaneticeable
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through the fitted |Iinedsoeduauirdémcedlsowmeta
temperature is 2°F warmer than the air (this is gheran) andhas higher temperaturas
the colerextremes.A previous studyn literature encountered a similaean
temperature difference and recommends a(2%>F)correction factor to air
temperaturegl5]. Thefollowing soil simulations test the correction factordmmparing
unaltered TMY air temperatures and TMY air temperatures increase&@%y The
increased t@peratures are known as the corrected TMY data filésathe data and fits

for all 15locationsin Table8 are inFigure189throughFigure218of APPENDIX B.

120 . .

+ Observed NRCS
m—— Fouier LSR Fit

100

Soil Surface Temperature (degF)

-20

Time - 365 Day Period
Soil Surface temp = 49.47 + -17 67*cos(time*w) + -12.37*sin(time*w) + -1.52*cos(2*time*w) + 2.10"sin(2*time"w)

Soil Surface Temperature (degF), Time (seconds), w = 2.126709e-07 1/sec

Figure56. Bozeman, MontariaLeastsquares curvét to observeaoil surface
temperatures using four term Fourier series
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DB Air Temperature (degF), Time (seconds), w = 2.063886e-07 1/sec

Figure57. Bozeman, Montania Leastsquares curvét to dry bulb air temperatures
from a typical meteorological year (TMYigsing four term Fourier series

Base Solution Generation
Optimizationof Under Yard Formulation

The purpose of this section is to perform an example optimization of the BSG
technique ging the UY soil temperature formulation. Base Solution Generation
optimizations occur in other parts of this research, but are not discussed in Tletail
space domaifor this example is-D andextends from the surface to eight feet in two
inch increnents. The initial time of interest is three years. The Time Refinement
program uses this information to determine possibtaputationateductionshy limiting
the time domain. The BSG progrdhen calculatea preliminarydatabaseising a one
minute ntegration interval and one day data blckwo analyses frorthis preliminary

databasevill optimize program execution. A numeric integration time interval analysis
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finds an appropriateme interval size for tis boundary value problem. The appropriate
time interval leads to data block sizelection Test simulations determinkd most
computationally efficient combinatioand the optimization is complet&he time
interval analysis compares three locatitmosn Table8 to ensure uniform behavior
between various climatic conditions. The locations are Bozeman, Montana, Houston,
Texas, and Columbus, Ohidhe time refinenent and data block optimization use only

Bozeman, Montana for its analyses since they are not dependent on BC values.

Refined Time Step

The only difference betwedtguation(63) and the exampl&F applicatiorfrom
the previoushapteiin Equation(55)is theaddition of an IC. The GF derivatives in the
time integrations are the same, which impkegure48 andFigure49 are valid
representations of the GF derivative over extended times. The figures help determine a
practical GF thresholdf 0.0015 1/ft for a 1-D domain extending to a depth of eight feet.
The Time Refinement progradetermines thishreshold is reached when(§t) equal s
days In other words, the only GF values that contribute to the final temperature
distribution (above the threshold), occur 268 days from the end simulationTimee.
next step is to verify the reduction in accuracy from this threshold value is within
acceptable limits.

A 730 day soil simulation for Bozeman, Montana accomplishes the accuracy
verification. The first simulation uses the fulBO days in the Numeriotegration
program with a oneninute integration intervalThe simulatiortakes 13.69 secondis

completeon the predescribed computerThe numerigntegrationusing the268 day

2 €
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input from the Time Refinement program takes 6.51 secoflds.simulationitme is
reduced by halivith small increases in computational errdiable21 summarizes the
difference in temperature between the-nefmned and refined time numelittegrations
The refinedtime values fordur and six feet are approximately 0.5°F lower than the non
refined integration. The maximum difference is 0.74°iglit feet. These are
acceptable eors for the domain of interest.

Table21l: Temperatureifferenceswith depthbetweera nonrefined and refined time
soil simulation (730 day simulation for Bozeman, MT with 0.0015 G/ threshold)

Temperature

Depth (ft) Differ(gnce (°F)
2.0 0.20
4.0 0.40
6.0 0.58
8.0 0.74

Numeric Integration Time Intervéinalysis

The time interval analysis ascertains the largest possible integration ithbetval
still retainsa high level of fidelity in the soil simulation. A larger time step significantly
reduces the number of calcationsand computational workloadlhe analysisovers
Bozeman, Montana, Houston, Texas, and Columbus, ©lubeck the effect of BC
values. The Numeric Integration program executes the soil temperature simulation using
integration intervals of 1, 5, 1@0, and 60 minutes. The simulation executes every 5
days from 365 to 730 days (74 separate calculations) to characterize the annual soil

temperatureand does not use the Time Refinement prograhe primary depth of
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interest is six feet, but the sinatilon calculateall depths to eight feet in omech
increments.

Figure58 andFigure59 evaluatethe surface accuracy for eacegration
interval Gr e en 0 s f Seminfinitecsalids ark wot mathematically well behaved
near thesurfaceboundaryandFigure58 shows thatapturing the temperature changes in
the soil surface requiresnaller integratiomtervals. Fortunately discrepancy between
interval sizesapidly decreases with depth as seeRigure59. Here thesoil
temperatures at fivimches generally converge to the same vakaept for the 60 minute
time step.Soil temperatures past five inchedléav the same trend arare relatively the
same. Domains of interest five inches or less will require a minute time step, but

generally EAHX installation is at depths of four feet and greater.
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Figure58. Soil temperatures fathe numerical integration time step comparison over one
year time perid in Bozeman, MT for a depth of omeh
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Figure59: Soil temperatures for the numerical integration time step comparison over one
year time periodn Bozeman, MT for a depth of fiveaches

The 72 inch soil temperaturés each of the three locatiomsFigure60 through
Figure62 arein good agreement. The only visildifference is in the 60 minute interval
The divergence between each time step is not clear until enlarging the fifigee63
is a zoomed in view dfigure60from day 200 to 300. This shows a clear separation
between ach time interval. Temperatures decrease with increasing time interval
indicating the larger time steps are not capturing as much information as the smaller. The
60 minuteintervalin Figure63is a full degree different from the others and not a suitable
choice. Thel, 5, and 10 minute intenssrepractically the same, and throughout the
year there is a less than 0.3°F difference between the 1 and 10 minutd.iffibey
optimal integration interval is 10 minutes since it retairsgh level of fidelity and

significantly reduces the number of calculations in the Numeric Integration program.
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Figure60: Soil temperatures for the numealdntegration time step comparison over one
year time period in Bozeman, MT for a depth of 72 inches
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Figure61l: Soil temperatures for the numerical integration time step comparison over one
year time period in Columbus, OH for a depth of 72 inches
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Figure62. Soil temperatures for the numerical integration time step comparison over one
yeartime period in Houston, TX for a depth of 72 inches
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Figure63. Closer inspection of numerical integration time step comparison from days
200 to 300 of a typical year for Bozeman, MT for a depth of 72 inches
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Data Block Size

The final step in the BSG optimization identifies a computationally efficient data
blocks size to pair with the ten minute integration interval. plosessises the same
730 day simulation for a-D domainextending to eight feetnd does not use time
refinement. The BSG program creatiesabasg for one, five, and ten day data blocks.
Data blocks greater than 10 days were not considered because simulation times are
limited to multiples of the data block siz&able22 summarizes the computation times
for each interval and data block pair. The one day data blocks took on average 5.72
seconds to finish the simulation while the five and ten took around 3.0 se&@ynds
contrast, the same simulation using one minute tnteevaland one day data blocks
takes 13.69 second# ten second reduction in simulation time may not seem like much,
butthe savings add wphen running severd&lundred simulationsSome accuracy is lost
by usingthe 10 minutenterval, ut the error is acceptable for soil temperaturEse
optimalcombination is the ten minuteterval andiive day data block. Little
computational time is saved by moving to a 10 day hlack a fve day block allows
greater simulation flexibility.

Table22. Computational times for a 730 day simulation using one, five, and ten day data
blocks and a 10 minute integration interval

Data Block Size Simulation Times (sec) Average (sec)
1 Day 5.75 5.68 5.73 5.72
5 Day 3.09 3.06 3.04 3.06
10 Day 2.92 2.92 2.91 2.92




152

Under YardSoil Temperature Simulations

Location Based Experimental Results

The followingsoil temperature simulatiors®lve the boundary value problem in
Figure55 using the optimized BSG techniqué&his chapter highlights the Bozeman,
Montana locationand APPENDIX Dincludesresults for all locations iffable8. Each
location simulates the sade boundry with the NRCS sodurface temperatusgthe
TMY dry bulb air temperatusg and a 2°C (3.6°F) corrected TMY temperatur€he soil
surface and air dry bulb data fits are listedPPENDIX B. The norhomogeneous IC
is equal to the mean soil or air temperature depending on BC type. All locations use a
0.6ft/day diffusivity as recommended by previous studies. Experimentaht2€sand
40 inch depthérom the NRCS sites validatethe soil simulations. Forty inches is as
deep as the monitoring sites extend. The same sites provide the soil surface temperature
BC.

Figure64 andFigure65 are the simulateds. observed sotemperatureat 20
and 40 inches respectivalging the NRCS B Bozeman, MontanaThe pedictions
very closely match the observed datehis is also ttue for the other 1¥bcations in
APPENDIX D. The soil surface immuch more accurate than the TMY air temperatures
even with the correction factoihe strong coriation is expected since the surface BC
and observed data come from the samoaitoring site The important observation from
these results is the validity of the diffusivity assumption. All locatlemse satisfactory
results froman assumed diffusivitgf 0.6ft?/day. Soil types are not the same in each

location, buthis value captures a majority of soil typdsis now not necessary to
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calculate or measure soil diffusivity at a planned EAHX site. An assuméd/fi is
close enough for design@simulation purposes.

The same simulations using the TMY and TMY corrected dry bulb air
temperature BCs do not match the observed data as clé3glye66 andFigure67 are
the Bozeman, Montana simulations at 20 and 40 inches respectively. Both figures follow
the sinusoidal soil temperature path and peak at the correct summer month temperatures.
The simuléion has some difficulty though during winter months with cooler air
temperatures. Other locationsTiable8 with heating degree days over 7000 like
Bozeman, Montam experience the same errors. For example, the predicted temperatures
for St. Cloud, Minnesota (HDD 8520) iigure290andFigure291, and Sioux Fall,
South Dakota (HDD 7524) iRigure302andFigure303also do not match the observed
data in the winter months. The NRCS soil surface BC on the other hand is still accurate
in these locations.

The winter deviations are due to effects outside of the GF bedtiction
formulation. This is proven by the high level of accuracy in locations with lower HHDs.
Take Houston, Texas (HDD 1414) for exampl&igure260andFigure261 The TMY
and corrected TMY BCs both closely match the observed data at 20 and 40 inches. The
same trend is true in other locations such as Athens, Georgia 2M6W) inFigure248
to Figure249and Pine Bluff, Arkansas (HHD 2655) ligure284to Figure285. The
TMY BCs are fairly accurate until air temperatures drop below 32°F. In Bozeman,
Montana for example, the soil surface temperatur&sguare56 never fall below 32°F;

even though the air temperatures are below freezing as seguir57. Literature
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identifiesseveraldct or s t hat contribute to the soi
the latent heat of moisture changing phases, and snow cover and/or vegetation acting as
an insulative barrier. The same studies present methods to compensate for these effects,
but are currently not necessary. The soil surface temperature BC already provides a high
fidelity model.

The only location where the TMY results were nowhere near the observed soil
data was Las Vegas, Nevaddigure272andFigure273 The cause in this instance
has to do with elevation differences between the NRCS and TMY neeasnt sites.
Recall the NRCS sites are typically outside of major cities. The NRCS Pine Nut soil
measurement site is located in the mountains outside of Las Vegas at an elevation of
6770 feet. The TMY atmospheric data comes from McCarran Internatiopalrfat an
elevation of 2181 feet. A 4589 foot elevation difference will significantly affect annual
climate conditions. Elevation differences are one drawback of using NRCS testing sites
outside of major metropolitan areas. The soil simulation use@MY BCs are most
likely correct for the Las Vegas elevation based on other sites with similar number of

cooling degreed days.

A
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NRCS and TMY
Boundary Condition Comparison

The NRCS soil surface BC is clearly the most accurate of the three for simulating
soil temperaturesVisually there is no clear advantage in most locations of correcting the
TMY BC by 2°C. A Residual Sum of Squares (RSS) analysis is a battexation d
which of the two BCs liesloser to thebserved valuesTable23lists the RSS results
for each BC at 20 and 40 inch deptlisgure68is a graphical representation of the RSS
at the 40 inch depth. The RSS for Las VegaEable23is over 20,000 °Fdue tothe
previously discussed elevation difference and was not includeidumne68. The NRCS
soil surface in blue has low RSS values for all locations except Salt Lake City, Utah. The
TMY RSSvalues are the most inaccuratga large margin, and tleerrected TMY BC
is aclear improvement in all locations except State College, Pennsyh\atzite
Co |l | @NYeBEsarestill fairly close with difference of only 154 4FThe TMY BC
with correctionfactoroffers a clear improvement to the soil simulations using

atmospheri@ir temperatureand is recommended when soil surface data isvailable
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Table23: Residual sum of squares analyis) between observed values and the NRCS
soil surface, TMY, and TMY corrected BCs

Location Sqil Sqil Air Air Air C_orr. Air Cprr.
20in 40in 20in 40in 20in 40in
Albuquerque, NM 294 121 2840 2746 630 571
Amarillo, TX 83 42 797 729 310 198
Athens, GA 155 189 928 840 312 236
Bozeman, MT 231 337 2365 2349 781 841
Columbus, OH 360 241 1438 1019 702 550
Houston, TX 69 64 238 182 537 524
Kansas City, MO 179 65 3293 2085 1236 535

Las Vegas, NV 726 524 12795 12838 20592 20689
Moses Lake, WA 314 567 675 854 829 567
Pine Bluff, AR 61 59 1446 875 564 268
Saint Cloud, MN 61 142 7145 5196 5126 2989
Salt Lake City, UT 1139 2047 1244 2518 687 1091
Sioux Falls, SD 74 103 3099 1798 2427 1702
State College, PA 1255 239 1681 386 308 540
Tallahassee, FL 93 60 608 387 204 256
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Figure68 Residual sum of squares res(®&) between observed values and the NRCS

soil surface, TMY, and TMY corrected BCs at 40 inch depth



159

Soil Simulation Application
to EarthAir Heat Exchangers

Experimental data is only available for a maximum depth afdi@es but EAHX
are typically installed four feet or more below graéegure69 andFigure70 are the
simulated eil temperature$or 2, 4, 6,8, and 10feetin Bozeman, Montanakigure69
uses the soil surface BC, aRjure70the TMY corrected BC. Similar figures for the
other 14 locations are found APPENDIX D. The two figures are similar in shape, and
the only difference is lower winter temperatures withthe TMY. BCh e fiheat waveo
traveling from the warm surface is clearly visible in the temperature lag between depths.
The 10 foot depth is the last to plaideom the warmer summer temperatures at day 275
(middle of October).The soil temperatures at all depths fluctuate around the same mean
temperaturavhich is surprisingly close to the mean atmospheric air temperdtusea
common belief that soil tenepatures remain constant after a certain deptie
fluctuation amplitudes decreasingvith depth but there is still a several degree
fluctuation at 10 feet.

An EAHX installedsix to eight feet below grade for Bozem&3712 HHD$
experience prolonged higher soil temperatuiieshe early winter monthdue to the
temperature lag through the soil. In other wotls,soil at aix to eight bot depthdoes
not start to cool from atmospheric conditions until approximately dayddQfe starbf
Novembeyfrom Figure69. Average air temperaturéthis time is already at 3B [13]
and significant energy extraction from the soil is possibléne temperature lag has a
negative effect at the end of winter though since it takes 60 to 90 days fwiltko

begin to warm againThe cooling months of June through August in Bozeman, days
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150-250, hawe soil temperatures around 50aRd would provide excellent cooling
during the day.

Bozeman, Montana is a heating dominated climate. An EAebéaves
differentlyin a cooling dominatclimate such as Athens, Geor(gd62 CDDs, 1789
HHDs). Figure250andFigure251are the soil temperatures for Athens. The two figures
showthe same temperature treras Bozeman, just with a higher yearly average surface
temperature anfuctuation amplitude Athensin July and August (days 1843) have
higher soil temperaturesamd 70 °F at eight feet, but this is still lower than the average
atmospheric teperature during this time of 88[13]. The short heating season in
Athenswould see considerable energy savings thaugte the soil has hardgpoled
In January at eight feet, the soil is still around 65 °F andvibeage design temperature

is 44°F [13].
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Figure69. Bozeman, Montanasimu | at ed Gr eenés Functi on
depth$ observed surface soil temperature boundary condition
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Figure70: Bozeman, Montanas i mul at ed Gr eends Function
depths’ corrected TMY surfee air temperature boundary condition

Soil Diffusivity Effects

All soil simulations to this point use an assumed diffusivity of G/6dy. Soils
are known to have a much larger range thougible1 andTable2 list soil properties
which rangefrom 0.26 to 1.5 fiday. The strong correlation betwethe NRCS observed
and simulated soil temperatures show higher diffusivities arasocaimmon near the
surface. The references for the abtaldesaremeant for \ertical geothermal ground
loopsand are not necessarily surface soil valuesblel is more representative of near
surface so#, and has a diffusivity range from about 0.30 and 0%#5aft. Figure 71
examines the effect these two diffusivity extremes have on the previous soil simulation
for Bozeman, Montana &ft (72 inch depth. Thefluctuation amplitude isower for the
smallerdiffusivity since it limits heatlbw through the soil.This also results in a higher

mean annual temperature. The temperature lag is also around 25 to 50 days more than

S

0



162
the higher diffusivity limit. This means it takes another 25 to 50 days for temperatures to
start increasing from th@armer surface, and the same time to start decreasing from
cooler surface temperatures. It is possible to calibrate soil models with this information if

the predicted values do not match the observed, but is not needed in previous simulations.

100 T

-©-Diffusivity 0.30

90 -5 Diffusivity 0.75

80 +

Temperature (°F)

Time (days)

Figure 71: Soil temperatures using diffusivity extremes for Bozeman at 6 feet (72 inches)

Soil Simulation at REHAU®
Montana Ecosmart Hou$troject

The experimental data from the REHAU® Montd&t@msmart House Project
includes soil temperature data from the surface to six feet in two foot increments. This
provides another means to verify the GF soil temperature simulation witeotkata.
Figure25in theEXPERIMENTAL DATA chapter displays the soil temperatures from

theRMEH. The surface temperature values in this figure are repeaféguire 72,
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Since data for half the year is missing, the NRCS soil surface temperatures from
Bozeman, Montana fill in the gap3his makes it possible to fit a Fourmegries to the
data for an annual soil temperature simulati®he result is a surfacernperature and

LSR fit shown inFigure73.

90.0

» Ecohouse Soil Surface

——NRCS Soil Surface at Table Mnt

Temperature (°F)

100 4

00 i L 1 t S S S T S S SR S ST + I L L L t L
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Figure72. REHAU® Montana Ecosmart Houg®ojectobserved surface soil
temperature, missing data made up with NRCS soil temperature data
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Figure73. Surface soil temperatures and lestpiiares regression fit with a Fourier series
atthe REHAU® Montana Ecosmart HouBeoject

The results from thRMEH soil temperature simulation Figure74 show the
simulation values are several degrees lowerotiserved values. This figure is at a four
foot depth. The other depths have similar results where the simulation is consistently
lower than the observed. One source for this error could be the soil diffusiigse
temperature sensors are locatedn irrigated area which could increase soil diffusivity
through the increased moisture contdrigure75 completes the same simulation with
four different diffusiities covering a range from 0.30 to 0.7%day. None of the new
simulations match both the summer and winter soil temperatures. This suggests the soil
diffusivity is not the problem. The lower soil temperatures at all sitiwnl depths
suggeststheRICS data that filled in the first hal

is too low in temperature. The actual surface temperature during this timeRAtEi¢




































































































































































































































































































































































































































































































































































































































































































































































































































