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Mohammad Omar Alfadil
Abstract

Groundcoupled ventilation (GCV) is a system that exchanges heat wisoth&ecause ground
tempeatures are relatively higher during the cold season and lower during the hot season, the
system takes advantage of this natural phenomenon. This research focused on designing a
groundcoupled ventilation system evaluation tool of many factors that affgstera
performance. The tool predicts the performance of GCV system design based on the GCV
system design parametargluding the location of the system, pipe length, pipe depth, pipe
diameter, soil type, number of pipes, volume flow raed bypass syste The tool uses
regression equations created from many GCV system design simulation data using Autodesk
Computational Fluid Dynamscsoftware. As a result, this tool helps users choose the most
suitable GCV system desi gn b gesign erfprmandeandy mul t

allows them to saveme, money, and effort.
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General Audience Abstract
Groundcoupled ventilation (GCV) is a system that exchanges heat wigoth8ecase ground
temperatures are relatively higher during the cold season and lower during the hot season, the
system takes advantage of this natural phenomenon. This research focused on designing a
groundcoupled ventilation system evaluation tool of many fectahat affect system
performance. The tool predicts the performance of GCV system design based on the GCV
system design parametargluding the location of the system, pipe length, pipe depth, pipe
diameter, soil type, number of pipes, volume flow rated bypass system. The tool uses
equations created from many GCV system desigr
As a result, this tool helps users choose the most suitable GCV system design by comparing

mul tiple GCV syst eandalewvs thegicsave fime,rmorey, amd efforte
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Chapter 1: Introduction

1.1 Background

Energy isa basicrequirement for life. At present, the growth of energy use in the world
continues toaffect the supply ofenergy resourcesglobal warming and climate change.
According to the International Energy Agen@015) annual primary energy consumptibas
increasd 20% and atmospheric carbon dioxide (E@velshaveincreasd 1.8% over the past
two decadesUsing renewable energy sources and technologieschieveincreased energy
efficiency has the potential to reduce this annelaérgy consumptigrparticularly for buildings
(PérezLombard, Ortiz, & Pout, 2008)

In developed countriesnergy consumptioaf buildingscomprises 20 to 40% of total
energy use. HVAC systems alone accounnfarlyhalf of the energ consumption in these
buildingsandrepresent between 10 and 20% of total energy consumption in developed countries.
One possible solution to this increased demand on energy resources is the integration of a
systems approach that relies on such Jgigargy efficiency systems as growedupled
ventilation (GCV) to reducenergyconsumption for heating and coolibgildings(Pérez

Lombard et al., 2008)



1.2 GCV SystemOverview

Thinking thoroughly about our habitat stimulates cregtivilany innovative ideas stem
from our need to live in changing habitaasdthe natural world providefustrations ofcreative
solutions that can i mprove our | ives. For exa
design strategto ensureheir colonie®survival in whichthey build tunnels in their mounds
control the air temperature before the air arrives at the tama( A The Ani mal House
Incredible Termite Mound | Nature | PBS, 2 OFiglirg 1-1 depicts a termite moundifter
World War Il, scientistsioticed that the air released from the ventilation tunnels of underground

shelters vas at a different temperature thahne

outside air. Since then, researchers have develop
system to helpcool and heat a building using th
ground. Groundgoupled ventilation (GCV) is &
system that exchanges heat with the soil by forc?
air throughburied pipes in the earthAs the ground ;
temperature is more stable thdoe airtemperaturg
the ground tempenate changes more slowlyguch  ;
that it is higher during the cold season and lo
during the hot seasofigure 1-2 shows a schematic ~

GVC system in the cold seas¢@hlghamdi, 2008)

s T T = T M

Figurel-l: A Ter mite AW
(photographbyi The Ani mal
I ncredible Termite
2011modified by author



Outlet air Inlet air

Figurel-2: Schematidmage ofa GCV System(Alghamdi, 2008)

1.2.1 GCV SystemTypes

There are two types of gromndupled ventilation systesptheopenloop system
(Figurel-3) and heclosel loop system(Figure1-4). The open loop system forces the outdoor

air through the grounthto the indoo environmentin contrast, e closd loop system circulates

indoorair thraugh the groun@nd doesot rely onfresh air(Taylor, 2008)

j

}* \ Or temperature ‘
82°F

Summer 4

Ground 50°F Ground 50°F

Figurel-3: An OpenLoop System
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Figurel-4: A Closal Loop System

1.2.2 Factors Affecting the GCV System

Therearemany fatorsthatinfluencethe performancef aGCV systemincludingsite,

designair residencéime, heatingand cooling loadsand locatbn (Figure1-5).

A Building ype

A Building sze

A Working imes @
A Air residencein pipe

Heating
and
cooling
loads

A Annud temperature change
A Daily temperature change
A Semi-daily temperature change

A Soil (ground emperature average)
A wind

A Altitude

A Latitude

A Hydrology

System type
Soil conditions
Backfill material
Backfill thickness
Air flow rate
Pipe shape
Pipelength
Pipe materia
Pipe diameter
Pipedepth
Pipethickness

To To Do Do Do Do Do Do Do To Do

Area Orientation
Solar exposure
Climate condition

Location

Figure1-5: FactorsinfluencingGroundCoupledVentilationSystens



1.2.3 GCV SystemDesign

GCV system design diffefrom place to place and climatie climate. Many factors
affectt he sy st e moBgurpledreprosentizeseG@V.system design factors.

Designing a GCV system for high performanceathercomplicatecbecause all factorseed to

be canpatible.

Research Variables:

p—

Airflow rate

Air Temperature
Pipe Length

Pipe Depth

Pipe Diameter
Pipe Thickness
Pipe Material
Backfill Thickness
Backfill Material
10. Soil Type

O W N e uos

11. Ground Temperature

12. Ground Shading

Figurel-6: DesignVariables ina GCV System(Alghamdi, 2008)



1.2.4 Opportunity to ReduceCooling andHeating

GCV systems rely on heat trangece Ground andiatemperaturgare the fundamental
factors that affect heat transfepe inthesesystemssecond tahe overallsystem designThe
ability to reduce ooling and heatingariesfrom place tglace For examplethe GCV system at
the SolarConcrete Masonr{CM) Houseat Virginia Tech i84.4feet long 7.5 inclesin
diameter, 4 to 9.8 feet dp andhas avoluméric air flow of 118 ff/min (velocity 100 feet/min)
Thesystem cooletheair temperaturen averagéy betweer20°F to 25°F on July 24", 2017as
Figurel1-7 shows.If we look ata hot regionsuch afRiyadh, Saudi Arabighe highesair
temperature is 125, butthegroundtemperaturat 19.5 feetdeepis 75°F (Figure1-8). If we use
GCV systemsin Riyadh whatarethe potentialreductiors of air temperatureéMoreover,what is
theappropriateaGCV system design for Riyadh, Saudi Arabldf?s researclpursuedheanswes

to these questions.
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1.2.5 Heat Transfer

Heat transfer is a natural phenomemdrere heats exchangd between two objects.
Heat can bé&ransferedn threefundamental waysconduction, convectigrand radiationin an
openloop GCV system, the outdoor air enterpipethatis buriedin theground.Typically, the
temperature of the outdoor air and the Hmlt surroundthe pipediffer. Becausef this
temperature difference betwettre pipe surface andirflow, heat is exchanged at the interior
surfaceof the tubeby convectionTherate of heat flow changalong the lengtiof the tubenot
only because¢he temperaturezariesfrom tube inlet to tube outlebut also becaugbe
temperatur®f the soil surrounding the tulvaries Three other factoralsocontribueto the
complexity of the systeniirst, the groundtemperaturezariesdepending omthe depttbelow the
surface(Figure 1-9). Second, he heat exchangeatebetween the air, the tube surfaaed the

soil change along thHength of the tubeThird, the thermal response tinoé theground

temperatureelative to the air varies wittiepth(Reysa2 005; Tr zNski. & Zawada,
Month
ool FMAMUJJASOND
Ground Surface 2% 2
L g2} X=2f1t < | B 8
| X =51t 8
% 72| X =12t
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e \
T 52f J
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Figure 1-9: Soil Temperature Distribution by Depth in Virginidadysa, 200b



1.3 Problem Statement

Qil is amainsource of energiyn the Middle Eastandparticularlyin Saudi Arabia. The
Saudi government has invested heavily in redueimgrgyconsumption because there is a
limited supply of oil Therefore, renewable energgypromotedas an alternativeHVAC systems
areusually the highest energy consumers in buildihg$he hot seasoppwerconsumption
rises as air conditioning use increaddss raiseghe question ofiowto achievenechanzal
cooling or heating in our buildings without highergy consumption. GCV systems are one of
many options that have the potential to reduce energy consuntptaever, nost buildings in
Saudi Arabia do not use thsgstem The adoption of GCV systems $audi Arabianay

contribute significantly to energy conservation if the syspenformswell.

Unfortunately athough GCV systems can be applied in different places in the world,
there is nestandard design fahe systenbecause many variables afféw performancef the
system GCV system design also varies from place to place anddesdamnperforms differently.
Theprincipalvariablesn the system are ground and air temperat@eover, designing a
GCV system that considers pipe length, deptitemal, and ai#low ratearemediating factos
for heat exchange between the ground andraereforethere is nestandard design for the
system at this time. Another problem is that, at present, predicting the GCV system design
performancen temperatire changeequirescomplexsimulation. Thus, ithere arenany
different GCV system designis will be time consumingo predictthe performancef all of
them. The goal of this researatias to findsolutions to these two problerng developng a new

desgn assistancéool.



1.4 Research Questions

The performancef theGCV systendepend on locationclimate,and several system

variables BecausdRiyadh, Saudi Arabia does not use this systamently, theresearchaught

to answer théollowing questions:

1 Doesthe GCV systensignificantlyreduce air temperature in Riyadh, Saudi

Arabiafor a case study

1 What is the relation between GCV system variables?

1.5 ResearchGoal and Objectives

Research Goal

The goal of this researatasto develop a desigassistancéoadl that predictghe

performancef the GCV systenby determining the relations between each variakiies

research sought to achietrese following goals

f

Create a GCV system evaluation tool that predicts air temperature change under a
typicalrange of ariables that affed6CV system performance
Apply the new tool for the design of a GCV systma nonrresidential case

studyin Riyadh Saudi Arabido present the recommended GCV system design

ResearchObjectives

Monitorthe GCV system at th&olar CMHousein-situ at Virginia Tech

Validate the Ground Air Heat Exchange software (GAEA) and computational
fluid dynamic (CFD) modeboutput by comparingheir outputto theGCV
systemat Solar CM House

Apply CFD simulatiorparametrically for multiple GC\8ystemvariablesto
determine air temperature chariggween the inlet and outlet.

Conduct aegression analysis for the CFD models designmedict temperater
change.

Collect air and ground temperature dataitu in Riyadh

1C



1.6 ResearchSignificanceand Contribution to Body of Knowledge

The outcomeof this research will be designassistancéool for GCV systers. This
research will add to thexistingbody of knowledgén two ways (sed-igure1-10). First, asthere
is no standard design for GCV systithis research wikkreate a new design assistance tool for
GCV systemsSecondin thecurrentsituation, predicting the GCV system design performance
using computer simulatiois time consumingUsing thenew tod will saveconsiderabléimein
predictng GCV system design performandéereforethis research is significant becatise
new toolwill savetime, money, anéffort (International Energy Agency, 2015; Pétemmbard

et al., 2008)

Research
contribution
to the body

of knowledge

GCV
system
Standard
design

Save time to
predict the
GCV design
performance

Figurel-10: ResearclContributionto the Bodyof Knowledge.

As mentionedgreviously, oil is gorimarysource of energy in the Middle Eaatd thus,
the Saudi government has invested heavily in redusieggyconsumption becae theoil
supply is limited. Based on crown prineenceMohammad birS a | ma08®vssion to adopt
alternative energgource, the outcomes of thisesearctwill beusel in Saudi Arabia to achieve
part of his visiorby reducing energy consumption by ngigeeexchange energy in the

buildings(Al-Saud, 2016)
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1.7 ResearchMethods

Achieving the research objectives ateterminingthe possiblethermal performancef
GCV systemsrequired several steps. These include computational fluid dynamic (CFD)
modeling, dat&ollection,and analysisasshown inFigure1-11. Additional detds regarding

variables and methodsediscussedn Chapter three.

GCV Parametric

=

Monitoring |:> CFD and GAEA |:>
Mocel and Modeling
Validation =
: o N , ) 5
* In-situ monitoring of the +Using Autodesk CFD + Several GCV models
GCV system at the simulation and GAEA simulated under variety
Solar CM House software to predict GCV of variables.
system at Solar CM House
«Validate CFD and GAEA
results with the GCV
system at Solar CM House
\ A4 . B/ . J
Riyadh GCV <::| Tool <:’ Simulation Data
system Development and Regression
Analysis
) R\

 Riyadh data collection.

* Develop a tool to find

. g/

. B/

* Variables relation

* Apply the new tool for the recommended GCV + Multiple regression for
the design of a GCV design based on the user GCV models
system for a case study limitation « Validate regression
in Riyadh, Saudi Arabia. * Tool validation models
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1.8 ResearchContribution

The goal of this researatasto developatool that predicts the performesmof a GCV
system.The tool works by inputting the system varialhledudingair and soil temperatures, soill
type, volume airflow, pipe lengtipipe depth, angipediameter into the tool. The tool then
allowsthe designeto choose by comparing differe@CV systendesignsFigurel-12 shows
the interfaceof the tool For now, thigool is a standalone tool, but in the future, it could be

integrated ito energy software to calculate the GCV system cost.
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Figurel-12. GCV Tool Inteface
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Chapter 2: Literature Review

This chapter examines the scholarstopcerningenergy use in buildings, past studies of
GCV systemsground air heat exchange (GAEA) softwae&;V systenfundamental heat

transfer factors, and informati@m computational fluiddynamics (CFD) and fluid mechanics.
2.1 Energy Use inBuildings

Buildings canbe dividedinto externaljnternal and ventilatiorload dominate with
respect tenergy consumptiorkigure2-1 shows the breakdown of buildingscordingto
energyconsumption. Residentiahergyconsumption igreaterthan that of commercial
buildings becausthere are many more residential buildings in teofmsconomic growth, the
building sectod expansbdn, and the spread of building servigaestticulaty heating, ventilation,
and air conditioning (HVAC) systemAs Tablel illustrates HVAC systems are the largest
energyconsuming systema both residential andommercial buildingsasmaintaining indoor
conditions within the thermal comfort zone is thainconcern in design and constructioi
most buildinggPérezLombard et al., 2008)

Tablel: Breakdown of Bergy Consumption by Building Type
(PérezLombard et al., 2008, p. 296)

Final energy consumption (%) Commercial Residential Total
USA 18 22 40
UK 11 28 39
EU 11 26 37
Spain 8 15 23
World 7 16 24
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Figure2-1: Consumption byenergyUsefor Different Building Typesin the USA
(PérezLombard et al., 2008, p. 397)

HVAC systems account farearlyhalf of energy consumptiom buildings One solution
to this problem could be antegrated systesapproach that relies on higrefficiency (such as

GCV) systems tachievethermal comfor(PérezLombard et al., 2008)
2.2 Vertical and Horizontal GCV systens

A GCV system caibe designeavith eithera vertical or horizontal layoutable2 shows
a comparison between four parameterthe twodesigns: construction, cost, size, and
performanceefficiency. Theprincipaldifferences areconstructiorand land cost For example, a
tower with a large plot of land has two options. Fidsig to the large ventilation requirement
horizontaldesignwill require most of the lando be usedor the systemthereforethesite needs
to bedesigredto includethe systenwhile consideringsuchsurrounding elementsbuildings
and landscayge particulaty if the land is expensive. Secondthaugh averticaldesignwould
use less area on the sitiege construction coss higher.Based on these consideratipiss
possible tachoosehe mostappropriate design forgivenbuilding. As the outcome of this

research, the tool addresfiorizontal systems performance based on the tool inputs.
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Table2: Vertical and Horizontal GCV System Comjsan

Parameter Vertical GCV system Horizontal GCV system

Construction Digging process needs special Digging process can be done using
equipment taeachthe desired depth conventionalligging machines.
particularlyif the pipe diameter is
large.

Cost Construction costwill be higher tha Construction costwill be cheaper thar
for the horizontablesign but it is for the vertical system, but it will
good for a small plot of land. occupy a large land space if the syst

is large

Size Requires a large vertical area of lar Requires a large horizontal area of la
if the systemis large if the system idarge

Performance The system3performance will be the same if they reach a constant level o

efficiency ground temperature, whichgseaterthan 26 feet
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2.3 Solar Concrete MasonryHouse

The SolarConcreteMasonry(CM) Housewas builtat Virginia Tech in the 1980s amsl
locatedin the Environmental System Laboratory facility. Hatar CMconsists of two units
connected by a hallway. The fitsit measurge16 ft. x 16 ft. andthe secod unitmeasure46 ft.

X 24 ft., witha 10 ft. cdling height.Each unit has a solaeating system and GC¥s seen in
Figure2-2 to Figure2-7. This building isuniquebecause it hamantegratedair-to-air heat
exchanger tower, multifunction solar wall, and GCV system. The multifunction solar wall is
locatedto the south. In the cold seasdine wallworks as passive solar heating to heat
throughouthe building, asshown inFigure2-7. In the hot season, the GCV system cools the
building and helpsemove heat from the south wadks illustrated ifrigure2-8 (Riley &
Schubert, 1985)

The airto-air heat exchange toweseen inFigure2-9, provides the fresh air and removes
poll utants and moisture without addithelheatexcess
exchangersthe exhaust air is used to precondition the fresh intake air. The intake and exhaust air
pass each othép exchange heat along opposite sides of a thin metal membrane. In the warm
season, the cool exhaust air precools the warm intake air, while in the cold season, the warm

exhaust air preheats the cold intake air.
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Figure2-3: Solar CM Houséorth Elevation(Riley & Schubert, 1985)

Figure2-4: Solar CM Hous&outh ElevatiorfRiley & Schubert, 1985)
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Figure2-5: Solar CM Houséast ElevatiorfRiley & Schubert, 1985)
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Figure2-6: Solar CM Housé&Vest Elevatior(Riley & Schubert, 1985)

20



South Wall

| : i |
Y ]

i T K O R —

; (52 | ! ||

i 9 R L

E o @R T L
S R R L i 1) .=
A |

4 e T. et
SRRERITEERTREETR ~
| TS 4 lL
e tadod Loty e i ‘ e i
s

Figure2-7: Solar CM Housd?assive Solar Heating Mo@Riley & Schubert, 1985)

21



IS

\

)
.

South Wall

e e e T

Figure2-8: Solar CM Housd?assive Cooling Modiley & Schubert, 1985)

22



]
lllllII"IIII“IIMIlllllllll“llIIIIIIIllllllllllllllllIllllllllmlllmmmllﬂIIII“IIII"IIIIIIIIII“I
T X =

| > : T ITNN g TI
iy, TR '&/ it o &?]J‘(;‘v({/,'g[,’/‘{ W,‘! iy A

Z-/ﬁxhaust air ducted from ceiling A
outlets ¥

ﬂﬂmLﬂlﬂll [T WFWIWIW“HMMLHNJMMUM[M Il ﬂﬂl

fresh air ducted to floor level
wall inlets '

Figure2-9: Solar CM Hous@\ir to Air Heat Exchanger TowdRiley & Schubert, 1985)

23



2.3.1 GCV System

Since the 1980s, there has been considerable investment in the study of GCV systems and
their potential to reduce energy consumptiobuildings Fore x amp | e, @008 ha mdi 6 s
researchusedcomputational fluid dynamid® simulae aGCV systemHis goal was to
determine the accuracy afternativeCFD modeling techniques by comparing gimulated
results with data measured from arbadlt system. Alghamd@dis pr oc e s sntowhees di vi d ¢
stages: experimental, CFD simulation, aadia analysis. For the first, the experimental, he
monitored the GCV system at the Salavl House which has four pipesachwith different air
flow rates Figure2-10). The experimental methadcluded not onlysoil sample analysigut
alsothe recording of thermocouple senslocated in the pipes aride ground Secondly, he
used CFD simulatioto modelthe system performancEinally, Alghamdi compared the
experimentatatawith the CFD simulatiomesultsusn g mul t i pl e means compar

LSD methods).

Figure2-10. GCV Sy FoueRipssiwitiDifferent Air Flow
(Alghamdi 2008
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Figure2-11: Solar CM House in 200({photoby Robert Schubeért

Figure2-12: Vitrified Clay Pipes Used in the Sol&M House GCV $stem anc
the Gravel Backfill (photdy Robert Schubert
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Al g hamdi wesespeofistaithe tvagiables at #tsite. In the analysi2008) both
experimental monitoring and the CFD results confirmed a negative retegioveen heat transfer
and air velocity (i.e., the highéneair velocity, the lesgheair temperaturelifference between
the inlet and outl@t Further, the research demonstrateat CFD simulatiorresults were

consistent with the dsuilt data
2.4 GCV System Design

T r z NrsdRawada(2011)used simulation tenodify a GCV system in a singl&amily
home inPoland.The systentonsistedf two 25m parallel PVC pimavith a 160mm diameter
and 3.6mm thicknegbatwereburiedto a depthncreasng from 1.1matthe nlet to 1.6matthe
outlet. The inlet airs drawnthrough a single pipendthen,the air is split into two parallel
pipes.There is a collectoat the end of th@ipesthat couples both outdoor air flows and the
GCV system outlet to the building ventitan system. Inleandoutlet air temperature, air flow,
solar radiation, and ground temperatweremeasured to verify thaccuracy of thaimulation

model, whichis shownin Figure2-13.
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Figure2-13: Plan View ofGCV System Site MeasuremerftsTr z Ns ki & Zawa

T oM location of the ground temperature measurement

T o location of the outdoor air temperature measurement

T N location of solar radiation intensity measurement

T O location of theheat exchanger outlet temperature measurement
Ty location of the pressure difference measurement

After verifying the reliability of thesimulation model, the authors als#nesimulaton to
vary severasystem parametergigure2-14). Their comparativeesuls between the base and
the modified modalwere shown athe percentage differenaetheheating and cooling
consumptions athe systenparameters chaegd, asnoted inTable3. The heat exchange
efficiency vared widely depending othe system desigms shownthechanges to thbypass
pipe length, depth,ral numberof pipesincreasd the systerd beating and coolingonsumption
Converselytheshagck factor increases the cooling efficiency. By using automatibygiassthe
GCV systenis moreefficientbecause iallowsthe ventilation system to intake outside air

directly thus bypassintpe GG/ system The benefits of thdypass systermreshown in

Figure2-15.
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* Pipe depth

* Pipe length

* Number of pipes

* Pipe distance between each
other

/Pipe

parameters

* Vegetation maintenance
GCV SyStem Cploim * Ground area shading
Simulation ~|  parameters | ° Heatexchanger thermal
capacity suppression during
Parameters unrequited periods

» Thermal properties of soil
* Physical properties of soil

Environment
parameters

Figure2-14: Simulation Parametetdsedto Modify an ActualGCV System

Table: Mo d i f i Pessibldeffaccoon Heat Exchanger &Pstentitle ¢
(TrzNski & Zawada, 2011, p.

No. Parameter Base case Modification Heating Cooling

1 Bypass No Automatic +19.1%  +136.5%
2 Soil type Sandy clay  Sand +5.0% —29.9%

loam
3 Ground cover type  Grass lawn  Bare ground +0.4% —58.4%
4 Shading factor 0% 100% —44% +181.1%
5 Length 35m 45 m +18.1% +19.5%
6 Depth 1.75m 225 m +8.0% +93.2%
7 Diameter 200 mm 280 mm —1.6% —4.6%
8 Number of pipes 1 2 +22.6% +26.0%
9 Distance between 1m 1.5m +3.3% +3.9%
pipes
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Figure2-15: Air Bypass in the GCV System
2.5 GCV System Efficiency

Theefficiency of theGCV system can be determined base@mwergy consumption
temperature reductigoand cost. For examplEjgure2-16 shows a comparison between two
high schools in York County, Virginj@mne with a traditional HVAC system and the other with a
GCV systemThe countyfoundthat the utility cost$or the GCV system were approximately
$60,000 less per year than the traditional heating and cooling system in these(séhobls r k

County School DivisionGr een YCSD Geot her m&a0l16)Heat i ng & Coo

$190,000 £
$160,000 1
$130,000 +
$100,000 -
$70,000
$40,000
$10,000 -

EBHS
ETHS

FY04 FY06 FYO08 FY10

Bruton High School - (152,656 sq ft) total yearly cost includes electricity and propane gas
Tabb High School - (157,307 sq ft) total yearly cost includes electricity and natural gas

Figure2-16. Enagy Consumption for GCV SystensvHVAC System
(AYork County-Grceheoro |l Y @I v i Ge cotnh er ma | He

29



2.6 Fungus and Bacteria in the GCV System

Air quality is an importanaspectto considewhen usinga GCV system. Relative
humidity andchanges irair temperaturarefactors that can have adverse effects on the health of
thebuildingds occupantsasburied air tubes can befavorableenvironment for some forms of
microbial coxtamination(Ager & Tickner, 1983). Fluckiger, Monhthy, and Wanner
conduct edédtodeteamine ifinjicrofial growth does occur in existing grecadpled air
systems of different ages addsign and if the supply air might thus become contaminuaiital
a concomitantriskfa h e al t (1998 ppz18iM IB)OThey examined three differeGtvVC
systems in Switzerlanidr one yeayrthe systems ramglin age froml to 13 yearsld. Datawere
collectedquarterlyto monitor seasonal differences, and air samples were taken from several
locations in the outdoor air near the inlet, before the filter units close to the outlet, and in the
outlet neathesupply air. Thair temperature and relative humidvtsere recorded from the

samples
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In generalthe researchefsund that the concentration of bacteria and fungi in the air in
the underground pipes was lower tlaatin the outdoor airtHowever,they cautioned thahis
resultcamotbe appliedo buildings of vastly different size$he authors found that tlgeeaer
thevolume of air in the pipes, the more microorganisvesepresent in the air tube. This study
foundno differences in microbe concentratiogtweerplastic,concrete pipesand the agef the

system(Flickiger et al., 1998)
2.7 Ground Air H eat Exchange 8ftware (GAEA)

In Europe, residential buildinggcasionalljhave GCVsystemsandGAEA software
can beusedto estimate change air temperatureBenkert, Heidt, and Schol€t997)createdhe
GAEA software which uses equations to calculate smidair temperature and the heat
exchange betwegheair and ground

Thesoftwareusesseveral steps to determiasysten® performanceFigure2-17 shows
thesestepsfrom inputting pipe parameters determining thesystemperformance. Té@software
accommodatea range of system pipe parameters, incluténgth, depth, diameter, numbur
pipes, thalistancebetween th@ipeand the buildingand the locationf the fan As a second
step, the soil typenaybe specifiedising soil propertiesf density, thermatonductivity,and
heat capacityBecausehe softwarewas developed iGermaly, climate data foEuropeare
supportedor the user caanter climate data manually by using the max, min,ragah
temperatureto draw the temperaturairveover the year as a third step. Tbarth stepentails
inputtingthe HVAC system parameteimscludingbuilding volume, air changeate,and
ventilation fow to determinehe required ventilatiorate Furtherthefiaut omat can by pass
be controlledby usingatemperature range ¢or certain days of operatiomhenthe outside air

temperature is more beneficial than the GCV system air. The fifth steptj; whichthe
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softwarecalculateghetotal cost and energy use with and without the system. Finally, the

systend performance can be displayedymaror daywith reference tall of the previous

systeminputs.Moreover it includes aroption to showarecommendedsystem given by the pipe

parameters and tisystemcost Figure2-17 to Figure2-26 show the GAEA softwarsteps and

interface(Benkert et al., 1997)

Pipes Parameters |::>

Soil Parameters

» Number of pipes ( 1-10 pipes)

* Length of pipes ( 1-200 m)

* Pipe diameter ( 20-2000 mm)

* Distance between pipes (0.5-10 m)
* Depth of pipes (0.5-10 m)

» Distance from building (0.1- 100 m)
« Fan ( in the inlet or outlet)

* Type of soil
* Density ( kg/m3)

* Heat capacity (kJ/(kg K))

* Thermal conductivity (W/(mK))
« Ground water level (0.1-100 m)

Results

« system performance by year
« System performance by day
* Optimum system

« Cost for pipes (€/m)

* Cost for groundwork (€/m3)
« Fixed Investments (€)

« Cost for maintenance (€/a)

* Cost for heating (¢/kWh)

» Cost for cooling (¢/kWh)

« Cost for electricity (¢/kWh)

- =1

« Climatic region (in Germany)
» Weather station ( in Europe)
* Manually

<: HVAC parameters <:J/

* Building
« Building volume (m3)
« Air change rate (1/h)
« Ventilation flow (m3/h)
« Earth Heat exchange control
» Temperature range
« Period of time ( by days)

Figure2-17. GAEA Software Steps
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Figure2-18: Pipe Parameters
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Figure2-19: Soil Parameters
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Figure2-20: Climate Parameters
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Figure2-21: HVAC Parameters
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Figure2-23. Annual System Performance
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Figure2-24: Daily System Performance
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Figure2-26. OptimumDesign (Best Energy Value)
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The GAEA software uses)@quationderived from physicto calculate the heat
exchange between the air and safterthe user inpita set of parameters used to calculedat
transfer.Table4 shows theGAEA software egationusedto predict theGCV system
performanceAt the time of this writingthe GAEA program is still ifits first stage of
developmentAlbers, 1991)The GAEA software was used in this research by coimgan
actual GCV system with predicted GCV systerto improve theaccuracy prediction aci GCV

systemperformance. More information can be found in Chapter five.
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2.8 Fundamental Heat Transfer

Heat carbe exchangetetween two objectda conduction, convection, and radiation
Corduction is energy transfer fromore energetic particles asubstanc¢o adjacent, less
energetic ones as a resultpafrticleinteraction. Convection is energy transfer between a solid
surface andhearbyliquid or gasn motion, and involves the combined effects of conduction and
fluid motion.Both conduction and convectiaecurin the GCVsystemas shown in
Figure2-27. When the air enters the GCV systpipe, it exchangeseat with the pip@ surface
by convection. Then, the haatiransferredfrom theinternal to externadurfaceof the pipe and
finally to the surrounding soil by conduction. Hea¢xchangedrom the air to theipe andsoil,
andthe conversgdepending upn which is hotter at the time. Becawssd generallyhas low
thermal conductivity (compared to metal) dngh heat capacity, the air wilend tonot
overcharge the soil with too much heat over tififés suggests thahe GCV systencancool or
heat the airFigure2-28 showsthe heat transfevariablesn the GCV systemThese variables
can be classifiedsexogenous variables (external to the system) and endogenous variables

(internal to the system), which are listed-igure2-29 (Cengel, 2012)

40



Conduction
between soil and pipe

erIHHIHII‘

AR 1

AT

[ 1
| |

1]'['1[[’]]1’!1"‘

Convection
between air and pipe

Figure2-27: Conduction and Convection in the GCV system
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Figure2-28: Heat TransfeWariablesin the GCV System
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) g) enous \'\, * Air Surface Temperature
Vi g bl J + Soil Temperature
ariables * Soil Type

{
| Heat Transfer ]
Variables

* Surface Cover
— * Airflow Rate
* Pipe Length
* Pipe Depth
\ * Pipe Diameter

Endogenous | « Pipe Material

Variables | ‘s Pipe Shape
* Pipe Thickness
 Backfill Material
» Backfill Size
* Backfill Thickness

Figure2-29: GCV System Heat Transfer Variables

2.8.1 ExogenousVariables

The GCV system exchanges heat betwbemir, pipe and groundThe exchange of heat
from the air in theipeand the surrounding soil is first from convection along the interior
surface of th@ipeand then by conduction through thgeto thesoil. The GCV system
performance relies on three main exogena@rsables foheat exchange: soil type, soil

temperature, and air temperature.

Air Temperature

Air temperature is the firstariablethataffectsthe GCV systenperformance and heat
exchang with thepipe Geographical location and sitenditionsare theprincipalfactorsthat
affectair temperature. Daily, monthly, amtinualair temperaturgvary based on the
geographical locatigrwhich canbe approximatedy usinglongitude and latitudeoordinates
Further at the site, the surroundicbaracteristicin the regio® such as mountains, creeks, and

lakes affectchangesn air temperature
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Soil Temperature

Soil temperature changasonthly or dailyas a function of incideat solar radiation,
rainfall, seasonalariationsin overlying air temperature, shgdregetation cover, soil type, and
depth.Soil temperaturedeep in the ground areore stablendlag significantly behind seasonal
changes itheoverlying air temperature because the soil has a highecégatitythan the air
The range of seasonal changethe groundemperature depends on the soil type and depth
below thegroundsurface. In Virginia, the amplitude of soil temperature atsiwface varies
between 2@5°F, depending on thiype of vegetation coverRigure2-30), andsoil temperature
becomes more stabétincreasd depth.The soil temperature remains constant year round at
depths geater thambout26 feet below the surface, which correspoaplsroximatelyto the
water temperature in ground wells that are 30 to 50 feet(tRsza, 2005)

Temperature in °F
-20 -10 Tm +10 +20

'S

Wet Soil 8
12
Average Soil
Light Dry Soil

1]
=

no
B

|||||||||||||||||||||||III|II|
>
Depth in Feet

N
[+=]

Figure2-30: Seasonal Soil Temperature Chasm Virginia (Reysa, 2005)
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When a GCV system is installgtlis important tcknow theexpected seasonal chasge
for the soil temperaturdhe gain in thermal performance maytweighthecost of installing a

GCV system in deeper trouglas deepesoil has lower temperature and is more stabl

(Figure2-31).

Month
92 J FMAMUJIJ AS OND
| Ground Surface = ]
L goft X=21t b g ]
| X=51t
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: / NS
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£ 62 N
8 \
T 52| J
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32 T W [ TR [ S I—— | | P 1
0 40 80 120 160 200 240 280 320 360

Day of the Year

Figure2-31: Soil Temperature Distribution by Depth in Virgini@eysa, 2005)

Soil Thermal Properties

The thermal propertiesf the soilinfluencethe heat exchange efficiendy heat capacity
and thermal conductivity. Heat capacity indicates asallility to store heat energy. In general,
thegreaterthe heat capaity, the more heat cdre collectedTo allow analysis of a wide range of
soil types Equationl adopts a soil textural classificatipnoposed byhe Polish Society of Soil
Sciencefigure2-32) . The Atextureo of a particand ar soi
clay particles. Theeparticledimensions are [2000 mm, 50 mm], [50 mm, 2 mm] and [2 mm,
and so on]respectively. This classification system assigns each soil to ongesrsclasses
( TrzNski & .Zhewsidedraspilyp2dadsamed properties goeesentedn Tables.

Soil parameters vary evenore becausef moisture content. It is relatively easy to determine
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soil thermal capacity and density based on dry soil and water pes{dt De Paepe &

Janssens, 2003; Michel De Paepe, 2002)

Equationl: Heatcapacity(M De Paepe & Janssens, 2003; Michel De Paepe, 2002)

. P &€ 8rpp 080 0 O 8
W

" "Aoyu B

Where:

7 @ Heat capacity

T @ou Dry soil heat capacity, J/(kg K)

7 @ Water heat capacity, J/(kg K)

7 @ Ice heat capacity, J/(kg K)

7 o Total water volume fraction, #m®

T Unfrozen water volume fraction, ¥m®

T "aou Dry soil density, kg/m

T Water density, kg/th
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100,

70

sand (2,0-0,05 mm)

Figure2-32: Soil ClassificatiorTexturalTriangle( T r z NZawada, 2011, p. 1438)

Table5: Assumed Parameters for Soil Textural Clagsdsr z N's k i

& Zawad

No. Soil type Symbol Sand Silt Clay Quartz content Porosity
(%) (%) &) (*) (%)
1 Detached ds 95 3 2 85 35.7
sand
2 Sand ] 90 5 5 81 36.5
3 Loamysand s 80 15 5 77 375
4 Sandy loam sl 65 30 5 69 39.0
5 Light loam 1l 58 27 15 63 40.7
6 Loam 1 42 40 18 54 42.6
7 Sandy clay scl 60 27 13 64 40.3
loam
8 C(lay loam cl 33 35 32 45 44.9
9 Silty clay loam sicl 10 55 35 33 47.5
10 Sandy silt ssi 29 65 6 52 42.7
11 Silt si 10 85 5 43 44.5
12 Silt loam sil 19 60 21 42 45.2
13 Sandy clay sC 55 5 40 52 435
14 Silty clay sic 10 45 45 29 48.5
15 Clay C 23 27 50 34 47.7
16 Heavy clay hc 20 10 70 25 50.0
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Thermal conductivity is an important soil property that must be kriovdesign a GCV
system andindicates the ratat whichheat willbe transferrethetween the ground pipe and the
surrounding soilThe thermal conductivity propéesfor thesoil and rockaresignificantvalues
that determine the length of the system pipe for heat exchange, which in turn affects the
installation cost awell as system performancEhere are everal methodt estimate soil
thermal conductivity. According to Johang@981) the most aagrate method to calculate soil
thermal conductivity between saturated and dry sdtljgation2. Dry themal conductivity for
naturalsoil can be determindshsedon Equation3 (Gauthier, Lacroix, & Bernier, 1997)

PetersLidard et al.(1998)and Farouk{1981)concurred that the most@aaate method
over the full range of saturation is that proposgdohanserAccording to their research,
deviationsin saturation over 0.2 are within the 35% rangei] @for saturations under 0.2, the
method underestimates thermal conductivity by betvéeand 15%.

Equation2: Soil thermal conductivityFarouki, 1981)

v s at=dry =dry

Where:

1 _oao Saturated thermal conductivity, W/m K
1 _iouy Drythermal conductivity, W/m K
7T v Kersten number

Equation3: Dry thermal conductivity for natural sdiGauthier et al., 1997)

T 0"y, y @K
=Y x sty

Where:

T "aou Drydensity, kg/m
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In cases where therare nomeasurement datdry soildensity can bealculatedrom the

porosityn, asuming the sameal weight(Equationd) (Hollmuller & Lachal, 2001)

Equation4: Soil density(Hollmuller & Lachal 2001)
"A6U P ECQXTT
Where:
T n Soil porosity, f¥m®

Porosity, quartz content, artde unfrozen water fractioaffectsaturated thermal

conductivityin natural soil{Equation5) (Kumar, Ramesh, & Kaushik, 2003)
Equation5: Saturated thermal conductivifilumar et al., 2003)
=0A0 = = = =

Where:
Thermal conductivity of ice, W/m K
Thermal conductivity of water, W/m K
Unfrozen water volume fraction,¥m?
Quartz thermal conductivity, W/m K

Other mineraléthermal conductivity, W/m K
Volumetric quartz content, #m?*

=L & Ll

=A =4 =4 -4 -4 -4

The Kersten number is a function only of the degree of satur&i@mnd phase oiater:
for fine unfrozersoils (over 5% of fraction up to‘d ) (Mihalakakou, Santamouris, Lewis, &

Asimakopoulos, 1997)
Equation6: Kersten numbefMihalakakou et al., 1997)

T Al AY 1@
I IYC p AT AY 1
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Equation7: Kersten number for unfrozen coarse soils (up to 5% of fraction upito 2
(Mihalakakou, Santamouris, & Asimakopoulos, 1994)

0 moALAY mu
n8XYI@L Al AY mdiu
For frozen soils:
V] Y
Where:
7 7Y Degree of saturation

At this time, heat transfer can be calculated uswofgvare For example CFDincludes
all of theheattransfer equationand isused to calculate heatihsfer for each mesh cell based on
the soil propertiesThe most accurate heat transfer restdinbe determind if themeshis

sufficiently fine,as the CFDcalculate heat transfer for many cells.
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2.8.2 EndogenousVariables

GCV systems depengrimarily onthree endogenous variables: air to gibheat
exchangesystemdesign and materials. All of these variablglsouldbe compatible to address

the GCV system designpotentialfor exchangindeat.

Air to Ground Tube Heat Exchange

Air in the pipe exchangeheatwith the surrounding surfaces by convectiandthe pipe
andthesoil affect heat transfer bgonduction Figure2-33 showsthe airflow temperature effect
on the pipe surface. Air close to the pipe surfadwnges temperatutiee most and alsovaries
with the air velocity; the pipe Ba higher velocity in the center addcreasegradually toward
the pipe surface. This determinatigrbasedn Alghamddé €008)comparison bGCV systems
with variousair flows, in whichhe comparedir flows of 50fpm, 100fpm, 150fpm, and 270h.

As a resultat lower flow ratestheair resides in the pipelonger leadingo more heat exchange
with the pipe surface (seleigure2-34). Pipe diameter also is another factor that determines the
heat exchange efficienc@ntheone handif the pipe diameter decressheat transfer between
the air volume and the surrounding soil will increase. On the other hand, incribesiirg

volume flow in the pipe will decrease the heat transfer between the air and pipe Suri&ce.
suggests that the best way to increhsdneat transfer efficiency between the air and the soil is
to have a set of parallel pipas opposed to only onas sbwn inFigure2-35. That leads to

more heat exchange between the air and the surrounding solil if the total air volume passed

throudh multiple pipes instead of one pipeCe ng e | 2012;: Tr.zNski & Zaw
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Pipe with 18 inch diameter Pipes with 6 inch diameter

Figure2-35: IncreasingHeat Exchange Surface Between Airflow and the Surrounding Sc

Convectiveheat transfer shoulde calculatedor each section of the pipe based upon the
enthalpy of the air entering and the-giound enegy transfer balance, whigh calculatedrom
the surrounding propertied the soil the convective heat transfer coefficient, and thedpipe
thermal resistance. The convective heat transfer coefficient is calcatatexling tahe airflow
type €.g.,laminar, transitioning, or turbulenttquation8) (Bojic, Trifunovic, Papadakis, &

Kyritsis, 1997)

Equation8: Re y n o | d s(Bojimetiam L99T)

™ Re® &Bred®Pr® for Re<2400
00 K& foR24000Re 010000
TBTCR)GE;aDrS for Re>10000
Where:

1 Re Reynol dsd number
1 Pr Prandtl 6s number
1 Gr Gr a s hnorfiberd s
T + Coefficient dependent on the Reyndidsmber
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SystemDesignand Materials Heat Exchange

The GCV system design apgpe materials arémportant factorgor heat transfer
because thegongitute the heat flow pathetween the soil and airflow. Each material has
thermal properties through which h&all flow. The more conductivéhe material the faster
heat will flow through it. In GCV systemdue to thermal conductivitghe material typ is
importantfor the system tperform well(Table 6) Pipes and tygeofbackfill material in GCV
systems should behoserappropriatelyto servetheir function and work together fatl modes

of thermal heat transfer.

Table6: Materials Thermal Conductivity

Thermal conductivity W/(m K)

M aterial/Substance Temperature - 25C
Conaete, dense 1.0-1.8
Conaete, lightweight 0.1-0.3
Conaete, medium 0.4-0.7
Conaete, gone 1.7
Gravel 0.7
Ground or ®il, dry aea 0.5
Ground or 8il, moist area 1
Ground or sil, very dry aea 0.33
Ground or ®il, very moist area 1.4
Limestone 1.26-1.33
Sandgone 1.7
Soil, day 1.1
Soil, saturated 0.6-4
Soil, with omganic matter 0.15-2
Water 0.58

Pipe depth, length, wall thkness, and backfill thickness affect GCV system
performancePipe and backfilthickness, as well as material typéfect heat transfer
conductivity between soil and airflow. Pipe dephelated tsoil temperaturéVhenthe pipeis
burieddeeper, theal temperature will be more constaRipe lengthalso is related tbeat
exchange with the airflow. THenger theair residesin the pipe, thgreaterthe heat exchange
and change in air temperature. All design factoustbe compatiblén the GCV sysemto

achieve itdest performance
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Mathematical Formula

To modelthe heat transfer between airflow and surrounding soil, the grealuinecan
bedividedinto separate crossectionsAssuming three axes (X, Y, Ayigure2-36 shows that
where X is the horizontal axis normal to the heat exchanger axis, Y is the vertical axis, and Z is
the horizontal axis paltal to the heat exchanger axighe heat transfer equation based
enthalpy for each section (twtbmengonal model) is as followgEquation9) (Ahmed, Miller, &

Gidado, 2009)

Equation9: Heat transfer for each sectighhmedet al., 2009)

T - Ty oy
. ’8’Y E . . . .
Tt _To Tw
Where:

7 @ Soil heat capacity, J/(kg K)

T Soil density, kg/m

T _ Soil thermal conductivity, W/mK

17 7Y Temperature, €

f oo Coordinates, m

Y
4. /Z
| g
|
|
X - -T— A R
s |
Z Iy
Y

Figure2-36: GroundHeat Transfer CrosSections
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To determine soil temperatui@finite element method issedfor each crossection.
The model usea differentrectangular gridn whicha stepped curve approximatae round
shape oh pipe crossection Figure2-37). To increaséhe computing speedoth the size of the
elements and the time stapesetto achieve the desired accuratry CFD, this crossection grid

is the mestksize cell thats usedto determine soil temperature.

Figure2-37: SampleSteppedCurve Approximation of &ipe CrossSection (200 mm
Diameter) withElementSize of (a) 10énm, (b) 25mm, (c) 10mm, (d) 5mm

Heat transfer calculatiein GCV systems is complicated becausany factors aéfctthe
processFurther probability errorcalculation is possible because heat transfealculatedn a
multi-sectionof the GCV system. Now, with tr@omputersoftwareavailable all of the heat
transfer calculations can Iperformedusing the CFD mrgram whichis faster more accurate,

and produces fewer errors.
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2.9 Computational Fluid Dynamics (CFD)

CFDis the art of presenting a set of algebraic equations thdtecaalvedising
computers. Among other uses, CFD helps architects design comfortdldafariving
environments, improve vehicle desigaind predict fluid flowsSuch nathematical modslas
those withpartial differential equations, numerical methodisliscretization and solution
techniques, and other software tools arerdiical compaents of these prprocessing and post
processing utilities.

CFD provides an understanding of the difficulty and expense involved in studying flow
patterns through experimental techniques. CFD cannot replace direct measurements completely,
but it can and des reduce the amount of experimentation needed and theveosl. Table7

compares experiments and CFD simulatigfiszmin, 2014)

Table7: Experiments 8. CFD Simulations

Experiments Simulations
Quantitative description of flow phenomena using measurements: Quantitative prediction of flow phenomena using CFD software:
e For one quantity at a time e For all desired quantities
e At a limited number of points and time instants e With high resolution in space and time
e For a laboratory-scale model e For the actual flows domain
e For a limited range of problems and operation conditions e For virtual problem and realistic operating conditions
Error sources: measurement errors, flow disturbances by the probes Error sources: modeling, discretization, iteration, and implementation
Expensive Cheaper
Slow Faster
Sequential Parallel
Single-purpose Multiple-purpose
Equipment and personnel are difficult to transport. CFD software is portable and easy to both use and modify
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2.9.1 Fluid Flows

Partial differential equations that represent conservatios fleammassmomentumand
energycontrolboth gas and liquid flowsFluid flows are a fundamentalemenif rain, wind,
hurricanes, floods, and fireBurther theyinfluenceair pollution, contaminant transport, heat
transfer, ventilation, and air conditioniimgbuildings, cars, and more propws systems or
objects that interact with the surrounding air or water. These complex flowscalson
furnaces and heat exchangéislids have manpropertieghatare outlinedn Table8 (Kuzmin,

2014)

Table8: Fluid Properties

Macroscopic properties Classification of fluid flows
2 Dendty Viscous Inviscid

i Viscodty Conmpressible  Incompressible
P Pressure Steady Ungteady

1" Temperature Laminar Turbulent

¥ Velodty Single-phase Multiphase

2.9.2 CFD Predictions

CFD uses a computer to solve mathematical eguséindmake predictionsisinga

process that entaifsur steps

1. The human being (analyst) states the problem to be solved.

2. Scientific knowledge (models, methodspexpressednathematically.
The computer code (softwartatembodies this knowledge prides detailed instructions (algorithms) foe
computer hardwarevhichthenperforms the actual calculatians

4. The analysinspects and interprets the simulaiosesuls.
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CFD simulation results are not 100% reliable. The input may have involved gukssw
inaccuracyFurther the computing power availabdédways limis theresult®accuracyKuzmin,

2014)

2.9.3 CFD AnalysisProcess
CFD analysisnvolveseight steps:

Problem statement
Mathematical model
Discretization process:
0 Mesh generation
0 Space discretization
o Time discretization
Multi-solution
CFD software
Simulation run

Postprocessing

=A =4 =4 4 =4

Verification
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Problem Statement

Several questiosican help a researchielentify a problem statemenih CFD analysis

(Kuzmin, 2014) For example

Whatis knownabout the flow probleralready?

What physical phenomemaustbe taken into account?

What is the geometry of the domain and operating conditions?
Are there any internal obstac)déee surfacesor interfaces?

Is the flowlaminaror turbulen®

=A =4 =4 -4 -4 -4

What is the CFD? analysis6é objective
o Computation of integral quantities (lift, drag, yield)
0 Snapshot of field datr velocitiesandconcentrations
0 Shape optimization designed to improve performance

1 Whatis the easiest, least expensive, fastest way to achieve the goal?

Mathematical Model

Thefollowing steps shoulthe consideredvhen developing enathematical model

Choose a suitable flow modahdreference frame.
Identify the forcethatcauses andinfluencesthe fluidd motion.
Define the computational domato solve the problem.

Expressconservation laws for the mass, momentum, and energy.

a M 0w b

Simplify the governing equations to redummmputationatime:
a. Usecurrent flow information
b. Checkflow directions and symmetries.
c. Disregardthosetermsthat do notffectthe results
d. Modeltheeffect ofsmallscale fluctuations thatannot be captured.
e. Integrateknowledgeof measurement daendCFD results

6. Add constitutive relations and specdyiginal materials andboundary conditions.
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Discretization Process

The partial differential equations (PDE) systeam betransformednto a set of algebraic

eqguations:

1. Mesh generation (decomposition into cells or elements):

a. Structured or unstructured, triangular or quadrilateral?

b. CAD tools+ grid generats (Delaunay or advancing fréit

c. Mesh sizeandadaptive refinement in interesting flow regions
2. Space discretizatiompproximatiorof spatial derivatives):

a. Finite differences, volumeandelements

b. High vs. low order approximations
3. Time discretization (ggroximations of temporal derivatives):

a. Explicit vs. implicit schemes, stability constraints.

b. Localsteppingime andcontrol steps time

Multi -Solution

Algebraic equationfor the simulatiormust be solved iteratively:

For outer iterations, the solutionluas from the previous iteration are used to update the discrete
probl embs coefficients. This ellkenmmthodandalewst he
governing equations to be solved in a segregated fashion

For inner iterations, the resultimgquence of linear subproblems is solved typically by an iterative
method (conjugate gradients, multigrain), because direct solvers are prohibitively expensive

It is necessary to check the residual, relative solution changes andmiliergence criteria

indicators toensurethat the iterations converge.
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CFD Software

At present CFD software canndite usedlindly without a basic understanding of the
underlying numeris Many CFD softwaregrograms are availabt the markét ANSYS CFX,
Fluent, StatCCM++, Autodesk CFDand FEMLAB. Each has its functisand properties that
will be comparedn Chapterfive to determinghe CFD program most appropriate foeth

research.

CFD Simulation

The computing times for a flow simulation dependtomfollowing(Kuzmin, 2014)

Thenumerical algorithms and data structures

Linear algebra tools, stopping criteria for iterativéseos
Discretzation parameters (mesh quality asizk, time step
Time st perstep and convergence rates for outer iterations

Programming language (most CFD codes are written in Fortran)

=A =4 =4 4 -4 =

Many otherelementghardwareyictimization, parallelization etc)

Thequality of the simulation resultdepends on

1 The mathematical model and underlying assumptions
1 Approximation typethe stability of the numerical scheme

1 Mesh, time step, error indicators, stopping critegia,
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PostProcessingand Analysis

The smulation resultsare pstprocessdto extract the information desirdbm the

computed flow field:

Calculation of quantitiederived(stream functionyorticity)

Calculation of integral parameters (lift, drag, total mass)

Visualization (representatiorf aumbers as imaggs

(o]

(0]

(0]

(0]

1D data: function vales connected by straight lines
2D data: streamlinespntour levels, color diagrams
3D data:cutling cutplane isosurfacessovolumes

Arrow plots, particle tracing, animations

1 Systematic data analysisingstaistical tools

1 Debugging, verification, and validation of the CFD model

Verification of CFD Codes

Verification requires lookindor errors inthe modeléimplementation

1 Examine the computer programming by checking the source code visually, documeatidg it,

testing the underlying subprograms individually

1 Examine iterative convergence by monitoring the residuals, relative changes in integral quantities,

and checking whether the tolerance prescribed is achieved

Examine consistency (check whether relevamservation principles are satisfied)
Examine grid convergence: As the mesh and/or the time step are refined, the spatial and temporal
discretization errors, respectively, should approach zero asymptatically

1 Compare the computational results with atieaif and numerical solutions for standard

benchmark configurations
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Validationentailscheckng the adequacyf the modefor practical purposes. As
(Kuzmin, 2014 x p | a Tha godl of veiification and validation is to ensure that the CFD
code produces reasonable results for a certain range of flow prablémesefore validation
wasusel to ersurethe right equationavere solved

Verify the code to ensuthat the numerical solutions are correct.
Compare results with experimental data available (check for measurement errors) to check
whether the reality is represented sufficiently accurately

1 Perform a sesitivity analysis and parametric study to assess the inherent uncertainty attributable
to an insufficient understanding of physical processes
Try using different models, geometry, and initial or boundary conditions.

Report the findings and document moliglitations and parameter settings.

2.10 Autodesk CFD Validation

Autodesk CFDneeddgo be and has beewalidated in many cases a toolto predict
fluid flow and heatransfer These cases compared Autodesk CFD with experimental and

numerical calculation emplessuchas thefollowing:

2.10.1 Turbulent pipe flow

In this example, a 2D circular pipeas analyzed to verifthe ability ofAutodesk CFCXo
modelfluid flow andturbulence wittthenumerical calculationshownin Figure2-38. The
results of Autodesk CFD and Whites1994)numerical calculations cdre compareth a

pressurarop,asshown inTable9 (Autodesk, 2015c)
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100.0 m

Q= 4700 s L0m gesog

Figure2-38: Geometryand Boundary ConditionN&utodesk, 2015c)

Table9: TurbulentPipe Flow ResultAutodesk, 2015c)

Benchmark @ 2013: Build % 2014: Build %
20120131 Error 20130102 Error
AP  4.0e5Pa 397495.70 Pa 0.550 397744.82 Pa 0.488

450000

400000 -
350000 -+

300000 -
® Benchmark

® 2013:20120131
m 2014:20130102

250000 -~

200000 -~

150000 -+

100000 -

50000

.
2.10.2 Flow around a cylinder array

A cylinder arrap geometry is a channel withrectangular crossectionandseven
cylinders.The wo types of fluidtestedncluded a Newtonian and neNewtonian fluid. The
nontNewtonian fluid isonet hat does n o tlawbfeiscbsiywhelgressureadro@ s
across the channtat AutodeskCFD calculatedvascomparedo themeasured data ihable10

(Autodesk, 2015b; Georgiou, Momani, Crogh& Walters, 1991, pp. 23260).
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)

WhereA=23cm,B=125cm,C=3375cm.,,D=035cm., L=326cm., W=25cm.

Figure2-39: CylinderArray GeometryAutodesk, 2015b)
Table10: Flow Around a Cylinder ArrayrResults(Autodesk, 2015b)

Benchmark A2  2013: Build % 2014: Build %
(Pa) 20120131 Error = 20130102 Error
Newtonian
Q =30cc/s 4200 4325.57 2.98 4329.32 3.07
Non-
Newtonian
Q' =30cc/s 3400 3578.62 5.25 3599.45 5.87
5000 - -
Newtonian Non-Newtonian
4500
4000 -
3500 -
3000 - ® Benchmark
2500 + m 2013:20120131
2000 ¥ 2014:20130102
1500 -
1000 -
500 -
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2.10.3 Flow through an overheatedcylinder

A model was created to determine tlmnfthrough aroverheatedircular cylinder with
an infinitely long axis Figure2-40) immersedn a laminar flow withaR e y n anuintber 6f 50
(based on theylinde® diameter). The cylinddrada fixed temperature 16Q higher tharthat
of the fluid. This modelas analyzed to verifAutodesk CFfluid flow and heat transfer
modelng capabilitiedy compaing two expressionsf theNusselthumber, which ishe heat
transfer ratio from convection to conduction acrossittrenalboundary. One waan
experimentatorrelation from Holmainf1981) while the other was an analytical derivation.

Tablel11 showstheresultscomparisor(Autodesk, 2015a)

l 1000 cm I 3000 cm I
! I
| |
u =005 cm/s |
v,= 0.0 cm/s T... = 350 K 1000 cm P=00
T = 250 K eyl = SOV A
| ’ I
I RN t |
¥ 4 |

Inlet R=50cm Outlet

Symmetry Plane

Figure2-40: Flow Through arOverheatedCylinder GeometryAutodesk, 2015a)
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Tablel1ll: Flow Through arOverheatedCylinder ResultgAutodesk, 2015a)

Benchmark 2013: Build 20120131 % Error  2014: Build 20130102 % Error

Nue = 8.29 Nua = 8.268 0.257 Nua = 8.229 0.735

= Benchmark
® 2013:20120131
¥ 2014:20130102

Based on the three examples abdke Autodesk CFD rests werevalidatedwith
experimental casemd numerical calculatiodccordingly, Autodesk CFDwas usea@s a

simulation tool in this research.
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2.11 Conclusion

This research contributes to the body of knowledge in four points. Firstteeld® AC
system islte highest energy consumptimnmostbuildings, by using the GCV system, energy
consumption may reduce. Second, because the GCV system design variesdeoto place,
there is no standaksign for GCV systesn The outcome of this research is a GCsteyn tool
that predicts the performanceaGCV systemandhelps todetermingherecommende&CV
system desigfor a givenbuilding. Third,the GCVevaluationtool helps the degner to save
time predicting the performance of the GCV systEourth, the GCV system evaluation tool is
more accurate than the GAEA tool because it relies on regression egtlaiovere derived

from parametric GCV modeling from CFD.
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Chapter 3: ResearchDesign

3.1 Overview

Energy consumption is both an economic and environmessia A GCV system
depends on geothermal energy to maintain a comfortable ambient temperature, and thus, can
drastically reduce demands on such-nemewable energy sources a®gilarticularlyin Saudi
Arabia.Theprimarygoal of this researclas tocreate d@odl to evaluae GCV systendesigns
In order toachievethis goal,in-situ GCV system monitoring and CFD as a simulation weyk
used While many factors affedtCV system performance,iststudy focusd primarily on
design and examaad pipe parameters (pe length, depth, and diameter), solil type, ainiow
velocity of the GCV systemThese factors will be discussed later in more d@tag#rnational

Energy Agency, 2015)

3.1.1 Methods

The study usd quantitative methods to achietreeresearch goals. There are three ways
to collect data frona GCV system First, one can monit@xisting GCV systemin-situ using
instrumentdocatedwithin the system. Second, one can experimertiuyling different GCV
systemawith a range ofariables. Third, one can predict GCV system performance gstiy
computer softwarasCFD or GAEA. Table12 showsthe adwantages and disadvantageslbf
three options. After comparing thesethodscomputer prediction software was selected as the
mostappropriate option because it has unlimited design conditions, low cost, requires less effort,

andobtainsresultsin ashatertime compared to thether methods
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Table12: Advantages and Disadvantages of Data Collection Options

Method Advantages Disadvantages
In-situ monitoring Actual results Expensive equipment cost

Not enough GCV system examples
Experimental Actual results Long time

Much effort

High cost

Limited conditions

Computer prediction Short time Predicted results
Less effort Should validate results
Low cost

Unlimited design conditions

3.1.2 Computer Prediction Software

Computer software can predict GCV system performance, whitbavetime, cost, and
effort when compared tthe other methods of collecting da#es previouslymentioned, two
types of software calpe used to predict GCV system performance, CFD and GAEA. CFD
software depends on simulated fluid flow and heat exchangedictGCV system
performance while GAEA usedess rigorougquationdo calculate heat exchange in GCV
systems. Both CFD and GAEA mus validatedvith an asbuilt GCV system taeterminehe

accuracy ofhe results froneach software.

7C



3.1.3 ResearchDesignStrategy

As stated, bcause the results of the CFD and GAEA are predictions, the results must be

validatedwith an actual GCV systerthe research design was divided into six phdgss:;

monitor the GCV system in the Solar CM Housssiiii; second, simulate a CFD model and

GAEA model of the GCV system at Solar CM Hoaselcompare the predictions with the in

situ datathird, design severaifferent GCV systems using Autodesk CFurth,use the

results from the simulations for the different CFD models to perform assegreanalysis that

predicts the temperature differences between inlet and anti¢hen validate theegression

model fifth, develop aGCV system evaluatiotool to predect the GCV system f@mance

using the regression modgand sixthapply the tol to the design of a GCV system Riyadh,

Saudi ArabiaAll of these steps will beummarized in this chapter.

-

Monitoring :>
N

In-situ monitoring of the
GCYV system at the
Solar CM House

Riyadh GCV

system

Riyadh data collection.
Apply the new tool for
the design of a GCV
system for a case study
in Riyadh, Saudi Arabia.

J

CFD and GAEA
Model and
Validation

*Using Autodesk CFD
simulation and GAEA
software to predict GCV
system at Solar CM House

+Validate CFD and GAEA
results with the GCV
system at Solar CM House

Development

* Develop a tool to find
the recommended GCV
design based on the user
limitation

* Tool validation

GCV Parametric

-

Modeling

-

» Several GCV models
simulated under variety
of variables

4

g/ A
<:| Simulation Data
and Regression
\

\ J

Analysis

« Variables relation

* Multiple regression for
GCV models

* Validate regression
models

\ B/

Figure3-1: Summary of Research Design Phases
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3.2 Monitoring the GCV System atthe Solar CM House

The first phase of the research wasnonitorthe GCV system ahe Solar CM House.
The GV system is an open loop system consisting of clay pipe, gravel backfill, esitk @oil.
Several variables weraonitoredincludingair flow velocity, air temperatures, and ground
temperatureasFigure3-2 shows The GCV system was miared for eight month<hapter

four presents in greateletailsthe monitoringof the GCV system d@he Solar CM House.

qpInlet

® Air velocity transducer @ Soil temp, thermal couple @ Air temp, thermal couple

Figure3-2: Instrument Locations at Solar CNbuse

3.3 CFD and GAEA Model for the Solar CM House

The secongbhase of the researerasto determine theauracy of the CFD and GAEA
as predictivaools. Both CFD and GAEAnodek were developed fdhe design and properties
of the GCV system dhe Solar CM Hase. In the endhe CFD and GAEA modeVere
validated by comparing the outlet temperasidoe threeselectedlays.Chapter five discussélse

CFD and GAEA model andalidation
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3.4  GCV Parameter Modeling

Thethird phase of teresearcltonsistedf parametitally evaluatinghe GCV system
performancdor bothexogenous and endogenaasiables Exogenous variablescludeair
temperaturegroundtemperatureand soil type. Endogenous variabiesludeair velocity, pipe
length, depth, thickness, and diaméteachof which has boundary levels that limdthe
research. Other variables were considered ftkethgthe simulatiors. Table13 shows a
summary of the GCV system variables and limitatitatwereincluded inthis research. More

details about the variables caa foundin Chaptersix.
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3.4.1 Modeling

The GCV system was modeled using the Autodesk CFD simulation program based on the
s y s t endogesmousariables some ofwhich affea the GCV system performance redhan
others.Furthemoreg a set of 75 modelsasdesigned based on these variables, wbattained
threelevels ofsoil typeandfive levelsof eachpipe diameter and lengthsTable14 shows To
sawetime, airflow velocity variances wersimulatedn one model, although thdistance
between pipewasconsidereds 40 feeso thatthe pipes did not affect each other. Each model
was simulated 84 timeather thar20times because airflowelocity wasmergedinto one
design

Moreover the total number of simulatiomsn for the GCV system models was 6,300
rather thar81,500simulationsto predict temperature reductiancording tachangesn air and
ground temperature (air temperatur@°F and ground temperatiB595°F, respectively.
Figure3-3s hows t he GCV mod el thebesedrchsvariabled The iesults ofb a s e d
all simulatiors are givenn Chaptersix.

Table14: Models of Boundar Condition Variables

Variable Min value Max value Unit
Air flow 50 150 250 350 450 fpm
Pipe length 50 150 250 350 450 feet
Pipe diameter 6 12 24 36 48 inch
Soil type Clay Sand Limestone
Air temperature 5 15 25 35 45 S5 65 75 85 95 105 115 Fahrenheit
Ground Temperature 35 45 55 65 75 85 95 Fahrenheit
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Figure3-3: GCV Design DistributiorBased Researchaviables
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