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Abstract

The focus of this thesis is to model a ground loopling system to substitute for typical cooling
systems of a thermal power plant. Steam power plgemerate heat from fuel (e.g., coal, natural
gas, and nuclear) which is used to convert watetdam and which, in turn, expands through
turbines to turn generators which produce eletyriéifter passing through the turbine, the mixture
of low pressure steam and water must be coole@dorhe all liquid water in order to be reused.
Cooling towers play a crucial role in the removialvaste heat for thermal power generation. This
waste heat is commonly rejected to lakes, riveraiomwith the help of cooling towers and
condensers. Although these methods are efficibay, &re no longer considered the best choices
due to consumption of large amounts water, watarcgy in certain geographical locations, and

environmental effects where power plants are needed

For the ground loop cooling technique, the warmliogowater coming out of the condenser is
sent into the earth through a number of closed tabps in vertical bore holes. The heat is then
transferred from the warm cooling water to the leaaind the cooling water’s exit temperature
[from the closed loop tubes] is reduced from tHahe inlet. This ‘cooled’ cooling water is then
used to condense the mixture of low pressure staiwater in the power plant’s condenser.
Therefore, in modeling a ground loop cooling systersubstitute for a wet or dry cooling system,
S0 as to maintain the cycle efficiency of the pléns necessary to determine the number of bore
holes required and the spacing that has to be geduetween the bore holes in order to reach the
needed bore hole exit water temperature.

To model the ground loop cooling system, ANSYS-CBXomputational fluid dynamics (CFD)
software tool, was used to evaluate different tesid.g., bore hole exit water temperature and
temperature distribution in the surrounding earflhjs software can simulate a wide range of fluid
flow problems with good accuracy and allows definan conjugate heat transfer problem with
different input parameters. The results are detezthifor different values of various input
parameters such as thermal conductivity of thehearater mass flow rate, and depth of the bore
holes, operational time, and inner diameter ofttthes in the bore holes.

All of the results, including the number of borddsrequired, spacing that has to be provided

between the bore holes, and the cost to instalbangl loop cooling system, are estimated for a



1000 MW thermal power plant operating at full loaih a cycle thermal efficiency of 40%. It
was determined that, in order to maintain the cylotgmal efficiency of the power plant for an
earth thermal conductivity of 5 W/m-K and bore hdépth of 150 m, 84230 bore holes would be
needed for a total installation cost of 5,206.24iom USD. In addition, it was determined that,
when reducing the depth of the bore holes from m5t 100 m (while keeping earth thermal
conductivity at 5 W/m-K), the installation costthie ground loop cooling systems decreased by
81.43 million USD. Comparable wet cooling towertaiiation costs are currently 39 million USD.

Considering these huge ground source cooling chatse studies must be done.

Since the total cost of the project is hugely delee on the number of bore holes required and
their diameter, future studies should be aimectatahsing the number and diameter of bore holes
required for the project. It costs less to dribae hole of smaller diameter. For instance, it<os
approximately 1/3 to drill a 0.16 m diameter boodehas compared to a 0.6 m diameter bore hole.
Therefore, the installation cost can be reducedhanging the inner diameter of the tubes and
decreasing the spacing between the U-tubes. Althaings would increase the number of bore
holes required, since the mass flow rate through béare hole decreases, the effect of decreasing
the bore hole diameter on the installation cost lmarexamined. Since the cost of the project
increases by 81.43 million USD when the depth eflibre hole is increased from 100 m to 150
m (at an earth thermal conductivity of 5 W/m-K)dies can also be done to determine the cost
sensitivity of the project to bore hole depth. Adbults of the study and future recommendations

are presented in an easy-to-use systematic fothmsestimates for individual cases may be made.
Acknowledgments

| would like to thank Dr. Ronald L. Dougherty, mghasor, for providing all the help and guidance
to overcome the difficulties in this project, arelry so patient and supportive.

| would like to thank Dr. Sara E. Wilson and Dr.idr A. Rock for their time and contributions

by being part of my committee.

| would also like to express my thanks to John RioBtark and Richard Heskett (Technical Sales
Manager, CETCO Drilling Products), for their invahle suggestions and assistance, especially
when the project got more complicated. Finally,duwd like to thank my wonderful family for

their support and patience.



TABLE OF CONTENTS
Y 0111 =T od RO PPPRUPPPRTRPR i
ACKNOWIBUGEIMENTS ...ttt e e ettt s ea e e e e e e e e e e e e e e eeeeeeenrnnnnns v
LI o (0] O] 1= £SO PPPPPPPPPPRPPPTP %
LISE OF FIQUIES ...ttt e e s s e e e e e e e e e e e e e e e e e aeeeeabna s IX
List Of APPENTICES FIQUIES ... ..ot e e e e ee e e e e e e e e s Xili
[ 0 N IF= 1 o] L= PP TP Xiv
List Of APPENAICES TADIES ..ottt ee e e e e e e e e e e e e e b s XVii
N\ g [] Tl = L | = PR Xviii
1. OVERVIEW OF THESIS.....oo oottt et 1
I [ Yo [ {1 T o TP PUTRPPUPTRTR 1
1.2 ODJECHIVES ..ottt eeeeee e e e e e e e e e et ettt ettt b bt s e e e e e e e e e e e eaeeeeeeeerennnanas 1
1.2.1 SPECITIC ODJECHIVES .....ceiiiieeeeeet e e e e e e e e e e e e e e e e e e ene e eeeeeaaan e eeeas 2
D22 Y/ =3 i ToTo (o] oo ) VNPT TUSRRRRPP 2
2. BACKGROUND INFORMATION ..ttt ettt a e et e st e e et e e eaasenannnsnneeennns 3
2.0 OVERIVIEBW ..ceiiiiii e emeees ettt ettt e e e e e et e e e e e e s e e e nneeee e e e e e e e e e eeeeeee e s e snsabbbbeeneees 3
2.2 MethOdS Of COOING ..vvuuiiiiiie ettt ee e s e e e e e e e e e e e e e eeeeesennennnnns 4
2.2.1 Once-Through CooliNg SYSIEMS ...t 4
2.2.2 Wet COOlING SYSTEIMS .....uuuuuuuune s s e e e s e e e e e e e aaaeeeeeeesassssssnnnnnasssnaaaaaaaaaaaaaees 6
2.2.3 Dry COOlING SYSEEMIS....cciiiiiiiiiiiitie e e e e e e et rb b e e e e e e e aaas 7
2.2.4 Hybrid CoO0lING SYSIEIMS .....uuuiiiiiiiieeee et e e e e e e e e e e e e e e e eeeeeeeen 8
2.2.5 Co0ling System COMPAIISON .......uiiieieeeeeeeiiiiiiiiiase e e e e e e e e eeeereeeaeeeseennn—errrn 8
2.3 Water Consumption in Thermal POWer PlamntS............covviiiiiiiiiiiiinieeeeeeieeeeee e 9

2.3.1 Statistics on Consumption of WateThermal Power Plants..................... e 10

2.4 Ground Loop Cooling MethOd............cceeeeeieieiiiiiiies e e 13
2.4.1 Ground Source Heat PUMP (GSHP).......oooiiiiiiii e 15
2.4.2 Thermal Properties of the Earth...........cooooiiiiiiiiiii e 15

Y I T 5 1 PSP 18

3.1 Temperature Distribution: One-Dimensionan@ient Model...............ccccooeiiiiiiiiiceeee. 19
3.1.1 CloSed FOImM SOIULION ......utieeeeemie it ee e e e e e e ee e 20
3.1.2 Finite Difference Method (EXCEL)........uvuuiiiiiiiiieieeeeeeeeceeeeee e 23

3.2 Two-Dimensional Temperature DisStribUtioNS ............uuveiiiiiinieeeeeeeeeeeees 24



Vi

3.2.1 SONAWOIKS ....ceiiieieiis e ettt ettt e e e e e e e e e e e e e e e e bbb bbb e eeee e 24
3.2.2. 0verview Of ANSYS-CRFX... .o 25
3.2.3 ANSYS-CFX WOIKFIOW .....uviiiieeemeeeieeiee ettt e e e e e 26
G720 T80 I 1= o 1Y o To 1= =T PSS 26
3.2.3.2 MESIING ..ttt a e e e e e eees 27
3.2.3.3 MeShING QUAIILY . e s e ettt e e e e e e e e e eeeeeeeeeennaaa 29
3.2.3.4 CFX-Pre (St UP) ceeeeceiiiiiie ettt et e e nnanaee e e e 30
3.2.3.5 Domains and Inlet Pa@8rs Set Up.........ceiiiiiiniiiiiiies e 31
3.2.3.6 Domains and Material B ............uuuuiiiiiiiiiieieeee e 31
G T A Y g - 1A LS 1Y o= 33
3.2.3.8 Boundary Conditions Bpt(Parameters Set Up) ........ceiiiiniieninienennnnn. 34
3.2.3.8.1 Inlet 8t (Water DOMAIN) .....cooeeeeieeeiiiieeieee e 34
3.2.3.8.2 Openirgg Bp (Water DOmain) ...........uuuveeeiesssmmmmm e eeevevveennnnnns 35
3.2.3.8.3 Symmedst Up (Water and Earth Domains) ............ccccceveeen. 36
3.2.3.9 DOMaIN INTEITACE.....cceiiiiiiiiiiiei et 36
3.2.3.10 Wall Temperature (BAPOMAIN) ..........cuvurrriiiiiieeeeeeeeeecrrreeee e eeeeeee 37
3.2.3.11 Solver Control SELUP......... i 37
3.2.3.12 OULPUL CONEION caeaaeiiiiiiiei e e e e e e e eaeeaannes 38
3.2.3.13 CFX-Post (Acquiringl@ions from CFX) ..........cuvuiiiiiiiiiieimmme e, 38
3.2.3.13.1 Stagtthe CFX-Solver Manager ..........ooooooiiiceeeiiviiinnn 38
3.2.3.13.2 DISPMONITOIS ...euniiiiieeeeeeei et eee e 39
3.2.3.13.3 SOIRRM TIMES ..eeeieiiiiiiiiiiie et mmmree e 39
I e S U | I I SRR 41
4.1 Results Obtained from the Closed FOrmi8miu..............uvuuiiiiiiii e 41
4.2 Results Using Finite Difference Method (F$Cel) ........oooovvviiiiiiiiiiiiiie e 44
4.3 Comparing Closed Form and Finite Diffe@BoIutionsS .............uvvviiiiiiniiieeei e 47
4.4 CFD ReSUltS from ANSYS-CRX .....uiuicn oottt e e e e eeeeeee e eeeeeseeennnne 49
4.4.1 INItIAl CONAITIONS ....utttitiiiiiiiee et et et e e e e e e e e e e e sesss e e e e eeaeeeaeeeas 50
4.4.2 BoOUNAry CONGITIONS ....uuueiiiiiiieee ettt e e e e e e e e e e e e eeeeeeeeeeeeennnnes 50
4.4.2.1 Inlet TemperatUfBMRLET .........cooooeiiiiiiiee e 50
4.4.2.2 Wall TEMPEIAULE ... ..ccc e e e e eeeeeeeeeeeieree s e e eere e e s s e e e e e e e e e e e e e eeeeeeaeennnne 50

4.4.2.3 Thermal CONAUCHIVIL.........ouuuuuiiiiiiae et 51



Vii

4.4.3 ANSYS-CFX Runs on 3.8Vedge With D= 0.2 M .......cceeeiiiiiiiiiieeeiiiiieeee s e 51

4.4.3.1 Run 1 with ¥ = 0.030510 m/s and t = 2592000 s

(B.8Wedge, = 0.1 M) i enmen e e e e e e e e 53
4.4.3.2 Run 2 with M = 0.01525 m/s and t = 2592000 s

(B.8Wedge, ir= 0.1 M) ..eeeiiiiiiiiieeeeeee e emenn e e e e e e e e e e e e 56
4.4.3.3 Run 3 with M = 0.00621 m/s and t = 2592000 s

(3.8Wedge, ir= 0.1 M) ..eeiiieeiiiiiiieee et emmmense e e e e e e e 59
4.4.3.4 Run 4 with ¥ = 0.00621 m/s and t = 2592000 s (Changing l)............62
4.4.3.5 Run 5 with ¥ = 0.00621 m/s and t = 2592000 s (Changigg T............ 63

4.4.3.6 Runs 6 and 7 within/= 0.00621 m/s and t = 2592000 s (Changing ep4...
4.4.3.7 Run 8 with ¥ = 0.00621 m/s and t = 10368000 s

(B.8Wedge, ir= 0.1 M) ..eeeiiiiiiieiieee e emmen e e e e e e e e e e 64
4.4.3.8 Exit Temperature Estimates for Differerétivelocities (D= 0.2 m).....67
4.4.4 ANSYS-CFX Runs on 3.8Vedge with D= 0.25 M......ccccccoiiiiiiiinieieies e 67
4.4.4.1 Run 2-1 with = 0.00621 m/s and t = 10368000 s {3Medge, ir=
(0815245 1 1 ) SRR 68
4.4.4.2 Exit Temperature of Water for DifferentdthWelocities at 10368000 s
(D= 0.25 M) ettt n et 71
4.4.5 ANSYS-CFX Runs on 3.8Vedge With D= 0.3 M......cccccceeiiiiiiiiiiieee e 72
4.4.5.1 Run 3-1 with = 0.0041933 m/s and t = 10368000 s {3\&dge, ir=
0.5 M) ettt ee ettt n ettt e et nen e e 73
4.4.5.2 Exit Temperature of Water for DifferentdhWVelocities at 10368000 s
(R < 111 1) SO PPROUPPPRROPS 75
4.4.6 Summary of All Results with the SM/edge.........cuvvviiiiiiiiiiierreee e, 76
4.4.7 ANSYS-CFX Runs of Cylindrical Model with U-ba When L = 150 m and; 2
022 o PO UPRPRRPPPRR 79
4.4.7.1 Run 4-1 with M = 0.00621 m/s, t = 10368000 s, L = 150 m, andok52
WWIM=K e et e et e e e e e ettt e e e e snnaee e e e e nnnneeeee s 81
4.4.7.2 Run 4-2 with M = 0.00621 m/s, t = 10368000 s, L = 150 m, and24=
WWIM-K e ettt e e e et e e et e e a 84



viii

4.4.7.4 Runs with k =5 W/m-K, t = 10368000 s, &l 150 m at Different Inlet

VEIOCITIES ...t e et e e e e e e e e e e e eeeeaeeeeee 90
4.4.7.5 Inlet Velocity of Water Required to Rea@b X at the Bore Hole Exit for
Different Thermal Conductivities of tRarth (U-tube, L = 150 m) ......... 91
4.4.8 ANSYS-CFX Runs of Cylindrical Model with Uda When L = 100 m andiB
0 72 o SRR 92
4.4.8.1 Results from Runs Conducted with k = 0.9 at Different Inlet
Velocities (U-tube, L =100 M) ..ccooeiiiiiiiiiiiiieiiiiiii e eeeeee 93
4.4.8.2 Results from Runs Conducted with k = 2.4n¥W at Different Inlet
Velocities (U-tube, L =100 M) ....cccoeeiiiiieieeeeeecceeee e eeeeees 93
4.4.8.3 Results from Runs Conducted with k = 4 VWrat Different Inlet
Velocities (U-tube, L = 100 M) ..cooeeiriiiiiiiiiiieeeiii e 94
4.4.8.4 Results from Runs Conducted with k = 5 Wt Different Inlet
Velocities (U-tube, L = 100 M) ..ccooeiiiiiiiiiiiieieiiii e eeeeee 95
4.4.8.5 Inlet Velocity of Water Required to Rea&@b X at the Bore Hole Exit for
Different Thermal Conductivities of tRarth (U-tube, L = 100 m) ......... 95
4.4.9 Cost to Install the Ground Loop Cooling SEBLE......cccoeeeeiiiiiiiiiiiiiiiiii e 96
4.4.10 Summary of All Results from the Cylindrid&bdel with U-tube........................... 97
4.4.11 Thermal Efficiency of the Power Plant .................iiiiiiiiiiie e, 101
4.4.12 Extracting Thermal Energy from the Earth.............cccccceiiiiiiieee, 101
5. CONCLUSIONS AND RECOMMENDATIONS.......oo et 102
5.1 CONCIUSIONS ..ottt e e e e e e e e e e e e 102
5.2 Recommendations for FUTUIe WOrK ... 103
e N [ TSRS 104
APPENDICES
Appendix A. Calculations faBm ValUES ..........uuuuiiiiiiiiieee e e 107
Appendix B. Calculations for One-Dimensional Tengpere Using Closed Form Solution.....113

Appendix C. Comparing Temperature Distributionsrfr@losed Form Solution foriB 0.1 m

=Yg o [0 T2 o o RSP 117
Appendix D. Comparing Temperature Distribution Resstrom Finite Difference Method and
AN SY S-C X ettt a e e as 121

Appendix E. Steps Performed in SolidWorks to Créla¢eThree-Dimensional Models of the



Earth and Water DOMAINS.cccae..viiiiiiiiiiiiiiiieeeee e 123
Appendix F. Comparing Temperature Distribution Rissiiom Finite Difference Method using
AT = 18000 S VEIrSUAST = 600 S...ciiiiiiiiieiieieiie e e e e e e e eenaans 129
Appendix G. Extracting Energy from the Earth Domain...........ccccceeeiviiiiieiiiicccceeieeeeee, 130
Appendix H. CFX Command LANGQUAGE ........uvueaaareeeeiiiriiiiiiaaaaaaeeeaeeeeaeeeeeesseneeneeeessnnnens 132

LIST OF FIGURES

Figure 1. Diagram showing a very generalized thépuower plant cycle (reproduced from Ref.

) ISP PRRRRPOOPPRR 3.
Figure 2. Diagram of typical thermal power planbwing different flow paths (reproduced

LLC0 L 0T U= T ) TSR 3
Figure 3. Schematic of a once-through cooling sygreproduced from Ref. 9).................... 5..
Figure 4. Schematic of a wet cooling evaporativ&eay (reproduced from Ref. 10).............6.....

Figure 5. Schematic of dry cooling system (reprediuitom Ref. 11) .....ccccceeeeeeereeeeeeeees . 7

Figure 6. Schematic of a hybrid cooling systemr@dpced from Ref. 11)..........ccoevviiiiiinnne. 8
Figure 7. Water use by fuel and cooling technol@gproduced from Ref. 7) ..............oeeee 9
Figure 8. 2005 thermoelectric power water withdrdawa U.S. (reproduced from Ref. 14) ....... 10
Figure 9. Thermoelectric water withdrawals and pafpon trends of the U.S., 1950-2005
(reproduced from REf. 14) ... 10
Figure 10. 2008 power plant water withdrawals layes{reproduced from Ref. 7) ................. 1.1
Figure 11. Water supply stress in the U.S. in 208Broduced from Ref. 7) ......ccccceeeieveennnn. 12
Figure 12. Temperature of the earth as a functiatepth (reproduced from Ref. 15)............ 3.1
Figure 13. Mean earth temperature,(9F), contours across the United States (reproduosd f
S ) IR ROTTRR 14
Figure 14. Ground temperature in the U.S. as atiiamof depth and time (reproduced from Ref.
L) PP 14
Figure 15. Minimum depth to bedrock at differentdtions across the U.S. (reproduced from
S <) IO 16
Figure 16. One-dimensional cylindrical model oftband bore hole ..................ovvviiiiiieeeee. 19

Figure 17. Cumulative temperature vs. ngafvalues atr =2 m for k = 4 W/m-K,iB 0.2 m,

aNd t = 10368000 S.......cummmmmeeeeiiinnnrnriiriirerrerrrrreeeeeeeeeaaaarrrrrrrrrrrreeaaaaaaaaaaeaaaaans 22
Figure 18. Earth temperature vs. radius at timd®368000 s for k = 4 W/m-K

=T T0 I I 0 T2 o IO 23



Figure 19.
Figure 20.
Figure 21.

ANSYS GUI ettt e e e e e e e e e e e bbb et e et it e e e e e e e e e e e e as 25
Importing the parasolid (-x_t) file ifbesign Modeler of ANSYS...........cceeviiieen 26
Model of the earth and water domainsvatng the edges and sides on which the

meshing was performed With ANSEBX...........uuuiiiiiiiiiiieeeeeececeeeeee 28
Figure 22. The mesh of the earth and water domains.............oouuveeiiiiiiiineeeeeeeee e 29
Figure 23. Default Set Up MOUUIE. .......... ettt 30
Figure 24. Details of the Water dOMAIN......cuuuue«eeeeerieeeeeeeeeeeee e eeeeeeeaees 31
Figure 25. Adding earth to the material Ibrary...........ccooooiiiiii e 32
Figure 26. Earth MOdel SEt UP ..o e e eeaneees 33
FIgure 27. ANAIYSIS tYPE SEL U ....uuuuue s s eeeeeeeeeeeteeeeeeasasansnssassssseeaaassaeaaaaaasesessesssssmnnnns 34
Figure 28. Inlet boundary CONAItION SET UP .o e e eeeieiiieiiiiiiiiiiiaas e e e e e e e e e ee e e eeeeeeeeeaeee 34
Figure 29. Outlet boundary CONAItION SEE U .eeeeeivirimiiiiiiiiieeee et 35
Figure 30. Interface boundary condition SEt UP..........cevvviviiiiiiiiiiiee e eeeee e eeeeeee e 36
Figure 31. Details of constant temperature boundanglition at ¢ (earth domain).................... 37
Figure 32. SOIVEr CONIOl SEL UP .....uuuuiiiemmmmme e eree e e e e e e e e e e e eeeeeeeneeees 37
Figure 33. Details of the OUtPUL CONLIOL....cceeeei oo 38
Figure 34. Display MONItOr FESUIES........iii e e e 39
Figure 35ATe vs. radius at different times for k = 0.5 W/m-Kdab = 0.2 m (closed form) .....42
Figure 36 ATe vs. radius at different times for k = 2 W/m-K and= 0.2 m (closed form) ........ 43
Figure 37 ATe vs. radius at different times for k = 4 W/m-K abd= 0.2 m (closed form)........ 44
Figure 38 AT vs. radius at different times for k = 0.5 W/m-Kdabi = 0.2 m
(Finite Difference Method) ........ccooii it e e 45
Figure 39 ATe vs. radius at different times for k = 2 W/m-K add= 0.2 m
(Finite Difference Method) .........oooo i 46
Figure 40ATe vs. radius at different times for k = 4 W/m-K a@dd= 0.2 m
(Finite Difference mMethod) ........ccooi i 47
Figure 41. Scale model of 3.&%edge of the water and earth domains used to obicke!
SIMUIALIONS ...oeiiiiiiii ettt e e e e e e e e e e e e e e e e s bbb bbaeeees 51
Figure 42. Water temperature vs. depth along the bole for t = 2592000 s andn¥ 0.030510
m/s (3%vedge, = 0.1 M, L =500 M) ...ccoiiiiiriiiiiiiiiiii e e e e e e e e e sinneeseeeeeees 53

Figure 43. Earth temperature vs. radius at diffedeqpths along the bore hole for t = 2592000 s
and = 0.030510 m/s (3%vedge, r= 0.1 m, L = 500 m)



Xi

Figure 44. Temperature contours in the uppermasioseof the vertical radially symmetric side
of the earth domain for t = 2592000 s amd\0.030510 m/s (3°vedge, r= 0.1 m,

I {0 [0 1 ) STV 55
Figure 45. Bore hole exit water temperature vsetfor Vin= 0.030510 m/s (3%wvedge,

F=0.1mM, L =500 M) ittt mmmmm et e e e e e a e e e e e e e e e e 55
Figure 46. Earth temperature vs. radius at diffedeqpths along the bore hole for t = 2592000 s

and Vh=0.01525 m/s (3%Bwedge, r=0.1m, L=500 M) .....ccccrrrrrreennirrrimmamnns 57

Figure 47. Temperature contours in the uppermasioseof the vertical radially symmetric side
of the earth domain foriy= 0.01525 m/s and t = 2592000 s {3&dge, r=0.1 m, L

00 o ) PSR 57
Figure 48. Water temperature vs. depth along the bole for t = 2592000 s andh¥ 0.01525

m/s (3.6wedge, r= 0.1 M, L =500 M) ..ccceiiiiiiiiiiiiiiiicmmmemreieeeeeeee e e e e e e e e e e e e e e e e e 58
Figure 49. Bore hole exit water temperature vsetfor Vin = 0.01525 m/s (3%vedge,

F= 0.1 M, L= 500 M) oottt mmmmm ettt eeen e e e e e e e e e 58
Figure 50. Earth temperature vs. radius at diffedeqpths along the bore hole for t = 2592000 s,

and \h=0.00621 m/s (3%wvedge, = 0.1 m, L =500 M) ..ccccevriirrinnreeniiiiemnmenn 60

Figure 51. Temperature contours in the uppermasioseof the vertical radially symmetric
sides of the earth and water domains fo2$582000 s and ¥= 0.00621 m/s (3%

wedge,ir= 0.1 M, L =500 M) .ot 60
Figure 52. Water temperature vs. depth along the bole for t = 2592000 s andh¥ 0.00621

m/s (3.6wedge, r= 0.2 mM, L =500 M) ..ccceiiiiiiiiiiiiiiiiicmmmmmrceeeeeeeee e e e e e e e e e e e e e e e 61
Figure 53. Bore hole exit water temperature vsetfor Vin = 0.00621 m/s (3%vedge,

F= 0.2 M, L =500 M) ottt ettt e e e e e e e e e e e e e eeeeeeeeeeeeenee 61
Figure 54. Earth temperature vs. radius at diffedepths along the bore hole for t = 10368000 s

and \h=0.00621 m/s (3%wvedge, = 0.1 m, L =500 M) ..ccccevviiirirnreeriiiiemnm e 65
Figure 55. Bore hole exit water temperature vsetfor Vi, = 0.00621 m/s (3%wvedge, r= 0.1

M, L =500 M) ettt e e e e e e e e e e e e e e e e e e rerraaaaa 66
Figure 56. Water temperature vs. depth along the bole for t = 10368000 andn\¥ 0.00621

m/s (3.6wedge, r= 0.1 mM, L =500 M) ..ccceiiiiiiiiiiiiiiiicmmmmmreeeeeeeeee e e e e e e e e e e e e e e e s 66

Figure 57. Bore hole exit water temperature vetinelocity at t = 10368000 s for 0.2 m

Figure 58. Water temperature vs. depth along the bole for t = 10368000 s and



xii

Vin=0.00621 m/s (3%Bvedge, r=0.125m, L =500 M) .....ccccceveerernrrrr e e e 069
Figure 59. Bore hole exit water temperature vsetfor Vihn = 0.00621 m/s (3%vedge, r= 0.125
M, L =500 M) et e e e e e e e e e e e e e e e e e eeerarranaaaa 69
Figure 60. Earth temperature vs. radius at diffedepths along the bore hole foxn ¥ 0.00621
m/s and t = 10368000 s (3véedge, r=0.125m, L=500m) ..............eeevvvvrr 70
Figure 61. Temperature contours in the uppermasioseof the vertical radially symmetric
sides of the earth and water domfor t = 10368000 s andn\~ 0.00621 m/s (3%
wedge, = 0.125 M, L =500 M) ...coiiiiiiiiiiiiiini ettt e e e e e e e e e e eeeeeeeennes 71
Figure 62. Bore hole exit water temperature vetinelocity at t = 10368000 s for £0.25 m....

............................................................................................................................ 72
Figure 63. Earth temperature vs. radius at diffedeqpths along the bore hole fon ¥

0.0041933 m/s and t = 10368000 sq@€dge, = 0.15m, L =500 M) .........cceeevn.e 74
Figure 64. Water temperature vs. depth along the bole for \lh=0.0041933 m/s and t =

10368000 s (6vedge, r=0.15m, L =500 M) ..ccooeriiiiiiiiiiinnnt e e e e e e e e e 74
Figure 65. Bore hole exit water temperature vsetfor Vi, = 0.0041933 m/s (3%vedge,

F=0.15 M, L =500 M) ciiiiiiiiieeiiiiieee s ettt e e e e s smteteeeaeeesnseeeeesesnnneeeeeeans 75
Figure 66. Bore hole exit water temperature vetinelocity at t = 10368000 s for £0.3 m......

............................................................................................................................. 76
Figure 67. Three-dimensional model of the water eamth domains used for runs

conducted with the cylindrical model with UBE..............ooiiiiiii e 79
Figure 68. Water temperature vs. depth along the bole for \lh=0.00621 m/s and t =

10368000 s (U-tube, L = 150 M) ..eeiiiiicmiiiiiiee e 81
Figure 69. Bore hole exit water temperature vsetior k = 0.52 W/m-K and ¥ = 0.00621 m/s

(U-tuDE, L = 150 M) ittt st e e e e e e e e e e e e e ee et e s s 82
Figure 70. Earth temperature vs. radius at diffedepths along the bore hole for

Vin=0.00621 m/s, t = 10368000 s, and k = 0.52 W/nJKube, L =150 m)........... 82
Figure 71. Temperature contours in the uppermasioseof the vertical plane through both

domains for t =10368000 sixn¥ 0.00621 m/s, and k = 0.52 W/m-K

(O 0] T I K10 N o ) I 83
Figure 72. Earth temperature vs. radius at diffedeqpths along the bore hole fon¥ 0.00621

m/s, t = 10368000 s, anékR.4 W/m-K (U-tube, L=150mM) .......ccovrrvmcereeeeennn. 85

Figure 73. Temperature contours at the uppermasibseof the vertical plane through both



Xiii

domains for t =10368000 s\~ 0.00621 m/s, and k = 2.4 W/m-K (U-tube, L = 150

0 PSRRI 85
Figure 74. Water temperature at different deptbagthe bore hole for t = 10368000 s,
Vin=0.00621 m/s, and k = 2.4 W/m-K (U-tube, L = 15D.M.......cuviiiiiiiiiiiiiiinneennn, 86
Figure 75. Bore hole exit water temperature vsetior k = 2.4 W/m-K and M= 0.00621 m/s
(U-tUDE, L = 150 M) ettt ettt s e e e e 86
Figure 76. Earth temperature vs. radius at diffedepths along the bore hole for t = 10368000 s,
Vin=0.00621 m/s, and%k4 W/m-K (U-tube, L = 150 M) .....ceuuiiiiiimmmiiieeeeeeeeee, 88

Figure 77. Temperature contours in the uppermasioseof the vertical plane through both
domains for t = 10368000 sjn\= 0.00621 m/s, and k = 4 W/m-K (U-tube, L= 150

0 TR SRR 88
Figure 78. Water temperature at different deptbagthe bore hole for t = 10368000 &, %/

0.00621 m/s, and k =4 W/m-K (U-tube, L DI8) .........cceeeeeviiiiiiie e 89
Figure 79. Bore hole exit water temperature vsetior k = 4 W/m-K and W = 0.00621 m/s (U-

100 0TI i Y0 1 o ) PSP 89

Figure 80. Inlet velocity of the water requiredéach the target 295 K at the bore hole exit vs.
thermal conductivity of the earth for twofdifent depths of the bore hole................. 96
Figure 81. Number of bore holes required to sulgstitor a wet cooling system serving a 1000
MW power plant vs. thermal conductivity oétharth for L = 100 m (U-tube).......... 99
Figure 82. Number of bore holes required to sulgstitor a wet cooling system serving a 1000
MW power plant vs. thermal conductivity oétharth for L = 150 m (U-tube)....... 100
LIST OF APPENDICES FIGURES

Figure A-1. Calculation of the first 8 zeros of £8-10) using Wolfram Alpha................... 107
Figure A-2. Difference between two consecutive geohthe summation series vs. mpef
values atr =2 m for k =4 W/m-K; £0.2 m, and t = 10368000 s ............... 111

Figure E-1. Two-dimensional drawing of the Qvwedge model of the water domain in the front
plane (VertiCal Plan@)............ oo 123
Figure E-2. Creating a three-dimensional wedge maofdihe water domain from the two-
dimensional sketch using the “Revolve” tgat...............ccoooeiiiiiiiiiiiiiiiiii e 124
Figure E-3. Creating a three-dimensional wedge maicihe earth domain in SolidWorks .....124
Figure E-4. Two-dimensional sketch of the tubehimtop plane .............ccceeeeeiiiiiiiiiieeeeee, 125
Figure E-5. Two-dimensional sketch of the U-tubthpa the front plane (vertical plane)....... 126



Xiv

Figure E-6. “Sweep” feature to create the threeedisional model of the U-tube .................. 6.12
Figure E-7. Two-dimensional sketch of the earth dionn the top plane.......................... 127
Figure E-8. Three-dimensional model of the eartm@ion ................ccooeeeiiiiiiiiiiiiiiiceeeee. 127

Figure G-1. Energy stored in the earth domain fierdint times for a maximum time of
20736000 s at different inlet water tempees with \i, = 0.00621 m/s .............. 130

LIST OF TABLES

Table 1. Cooling system types by primary energyc®(2012) (reproduced from Ref. 10)........ 9

Table 2. Thermal conductivities of different typ#ssoil (reproduced from Ref. 17)........... A5
Table 3. Earth temperature for k = 4 W/m-K and=M.2 m at t = 10368000 s for different

Fadii (98Pm VAIUES) ...ceeeeeeeeeeiiiiiee e s e e e e e e e e e e e e e e e e eeeeaesssessnnnnnnsennnes 22
Table 4. Input parameters for solving one-dimeraiomodel using Finite Difference. ............... 23
Table 5. COMMON MESN SETHNGS .......... .. sttt s e e e e e e e e e e e e e e e eeeeeeebbennaneesseeannna e eeeas 27
Table 6. Methods followed in meshing the BB dge .......coooeeeieeeiiiiiiiee s 28
Table 7. MESN STAlISTICS .....civeeiiiiiiiiiimmmmmme et e e e e e e e e e e e e e e e e e e e e e e eeaeabna s 29
Table 8. Temperature risATe) distribution at different times for k = 0.5 W/m-d&d

Di = 0.2 M (ClOSEA TOIM) ..eeiiiiiiieeiiiii e ettt e e e e e e e e et e e 41

Table 9. Temperature ris&Te) distribution at different times for k = 2 W/m-Kad

(D O I o I (o (o 1= To I (o1 1 o) PR 42
Table 10. Temperature ris&Te) distribution at different times for k = 4 W/m-Kad

D = 0.2 M (ClOSEA fOrM) ...uiiiiiiiiiiiiieiie sttt e e e e e e e e e e e e e e e eeeeeae e e s e e nanas 43
Table 11. Temperature ris&Te) distribution at different times for k = 0.5 W/m-dhd

D = 0.2 m (Finite Difference method) .........co i 45
Table 12. Temperature ris&Te) distribution at different times for k = 2 W/m-Kad

D = 0.2 m (Finite Difference method)..............uuuuuiiiiiiiii e 46
Table 13. Temperature ris&Te) distribution at different times for k = 4 W/m-Kd

D = 0.2 m (Finite Difference method) ... 47
Table 14. Difference between closed form solutiod Binite Difference method temperatures

at different times for k = 0.5 W/m-K and®0.2 M.......ccccceiiiiiiiiiiic e 48
Table 15. Difference between closed form solutiod Binite Difference method temperatures

at different times for k = 2 W/m-K and=0.2 M........cccocviieiiiiiiiinii e 48

Table 16. Difference between closed form solutiod Binite Difference method temperatures
at different times for k = 4 W/m-K and=0.2 M........ccccocviiiiiiiiiiiiii e 49



XV

Table 17. Common input values for the runs conaliotethe 3.6wedge with D=0.2m ....... 51

Table 18. Mesh statistics for 3. @edge with D=0.2mand L =500 M......cccccccevvvrreeennnnnnnn. 52
Table 19. Common boundary conditions given to laimains (3.6wedge)........cccccvvvveeeeennnnn. 52
Table 20. Input values given at the inlet bounddrthe water domain for Run 1 ................ 53.
Table 21. Earth temperature rigel¢) at different depths along the bore hole fgr2/0.030510
m/s and t = 2592000 s (3veedge, r= 0.1 m, L =500 M) .......ccoorrrrrrrrrrrrrrmmmmmennn. 54
Table 22. Input values given at the inlet bounddrthe water domain for Run 2 ................ 56.
Table 23. Earth temperature rigel¢) at different depths along the bore hole for 592000 s
and W= 0.01525 m/s (3%Bvedge,r=0.1m, L =500 M) ....c.cceeeereiiiiiiiiiiiimmeemnnnns 56
Table 24. Input values given at the inlet bounddrthe water domain for Run 3 ................ 5.
Table 25. Earth temperature rigel¢) at different depths along the bore hole for 592000 s
and \h = 0.00621 m/s (3%Bvedge, r=0.1 m,L=500 M) .......ceorrrrrrrrrrrrrrrmmmmm e 59
Table 26. Input values given at the inlet bounddrthe water domain for Run 4 ................ 62.
Table 27. Bore hole exit water temperature for tifterent turbulence options................... 63

Table 28. Bore hole exit water temperature for tifterent opening temperatures at the outlet....

Table 29. Bore hole exit water temperature foredéht surface roughnesses at the interface ....64

Table 30. Input values given at the inlet bound#drthe water domain for Run 8 ................ 64.
Table 31. Earth temperature rigel¢) at different depths along the bore hole for 348000 s

and \h=0.00621 m/s (3%wvedge, r=0.1m, L=500 M) .....ooovrrrriiieeereres oo 65
Table 32. Bore hole exit water temperature foredéht inlet velocities for t = 10368000 s

AN D= 0.2 M ettt r e e e e e 67
Table 33. Common input values for the runs condlotethe 3.6wedge with b= 0.25m .....68
Table 34. Mesh statistics for Sdwedge with D=0.25mand L =500 M......ccccceeeeeeeerrnennnn. 68
Table 35. Input values given at the inlet bounddrthe water domain for Run 2-1.............. 68..
Table 36. Earth temperature rigel¢) at different depths along the bore hole for 33@3000 s

and \h=0.00621 m/s (3%vedge, r=0.125m,L=500mM)........cceevvvrrrrvrrrmmmmnn... 70
Table 37. Bore hole exit water temperature at tbfieinlet velocities for t = 10368000 s

AN D= 0.25 M ittt e s e e e e e e e e e e e e et e et et rnnnnneeearennnnnns 71
Table 38. Common input values for the runs conaliotethe 3.6wedge with D=0.3m ...... 72
Table 39. Mesh statistics for 3dedge with D=0.3mand L =500 M..........ccccvveeriiienennne 72

Table 40. Input values given at the inlet bounddrghe water domain for Run 3-1.............. 73..



Table 41.
Table 42.
Table 43.
Table 44.
Table 45.
Table 46.
Table 47.
Table 48.
Table 49.
Table 50.

Table 51.
Table 52.

Table 53.
Table 54.

Table 55.

Table 56.

Table 57.

Table 58.

Table 59.

Table 60.

Table 61.

XVi

Earth temperature rigel¢) at different depths along the bore hole for 348000 s
and V= 0.0041933 m/s (3%vedge, r=0.15m, L=500 M) ...cooovrrrrrrrrrnnnnnns s 13
Bore hole exit water temperature at mbfieinlet velocities for t = 10368000 s and

D T 0 7o o PP 75
Summary of results for®0.2 m and t = 2592000 S........ccooiiiiiicccceeeeeeeeiiin 77
Summary of results for0.2 mand t = 10368000 S............oeiiiemmmceeeeiiiiiieeeneennns 77
Summary of results for$0.25 m and t = 10368000 S ........cccevvieviriireerniiiiiiinnns 78
Summary of results for0.3 mand t = 10368000 S............oeiiieemmceereeiiiiieeeneennns 78
Common input boundary conditions givarbfath domains (U-tube)...........cccccooo.... 80
Common mesh statistics fOr L = 150 M.u.e.iiiiiiiiiiiiiieeeeeieeeeiiiiieeeeee e 80
Input values given at the inlet boundsrthe water domain for Run 4-1.............. 81..
Bore hole exit water temperature at mbffievalues of inlet velocity for

k=052 W/m-K, B> 0.2m, and L =150 m (U-tube) .........ooorrrriiiiiiiiiiiiiiiieeee, 83
Input values given at the inlet boundsrthe water domain for Run 4-2.............. 84..
Bore hole exit water temperature at mbffievalues of inlet velocity for
k=24W/m-K,Bx0.2m,and L =150 m (U-tube) .........cccoiiiiiriiiiiiiiiiiieeen, 87
Input values given at the inlet boundsrghe water domain for Run 4-3.............. 87..
Bore hole exit water temperature at mbfievalues of inlet velocity for k = 4 W/m-K,
P=0.2m,and L =150 M (U-tUDE) ....oeriiiiiiiiiiiee e 90
Bore hole exit water temperature at mbfievalues of inlet velocity for k = 5 W/m-K,
P=0.2m,and L =150 M (U-tUDE) ......uurmmiiiieiee e 90
Inlet velocities of water for differehiermal conductivities of earth to reach 295 K
at the bore hole exit for£0.2 mand L = 150 m (U-tube)..........cccooeiiiiiiiiiiiiinnnnns 91
Bore hole exit water temperature foreddht thermal conductivities of earth for ¥
0.00621 m/s and L = 100 M (U-tUDE).......ooverrreiiiiiiisi e e e e e e e ee e eeeeeeeeennnees 92
Bore hole exit water temperature at mbffievalues of inlet velocity for

k=0.52 W/m-K, 3= 0.2m, and L = 100 m (U-tube).........ccoerrimmriiiiiiiiiiaeeeeeeeee, 93
Bore hole exit water temperature at tbfievalues of inlet velocity for
k=2.4W/m-K,3=0.2m,and L =100 m (U-tube) .......ccceovrrrrriiiiiiiiiiiiin, 94
Bore hole exit water temperature at mbfievalues of inlet velocity for k = 4 W/m-K,
P=0.2m,and L =100 M (U-tUDE) ....cereiiiiiiieiieee it 94
Bore hole exit water temperature at mbfievalues of inlet velocity for k = 5 W/m-K,



XVvii

P=0.2m,and L =100 M (U-tUDE) ....eereriiiiiieiieee e 95
Table 62. Inlet velocities of the water for diffateghermal conductivities of earth to reach 295 K
at the bore hole exit for£0.2 mand L =100 m (U-tube)...........cooeeiiiiiiiiiiininnnns 95
Table 63. Circulating cooling water flow requireadaevaporation from wet cooling towers
serving a typical 1000 MW plargdroduced from Ref. 6).........cccooeeiiiiiiiiccennnnn. 97
Table 64. Summary of results from the runs conalatng the cylindrical model for L = 100 m
(8 0o = S 98
Table 65. Summary of results from the runs conaliatng the cylindrical model for L = 150 m
(O (8] 1) SRR OSPPR 100
LIST OF APPENDICESTABLES
Table A-1. Calculateimvalues using MS EXCel...........ciiiiiiiiiiiiiiei 108
Table A-2. First 98 eigenvalues Of EQ. (3-L10) oo oiiiiiiiiiiiiiiiiiiin e eeee e 112
Table B-1. Input values used in calculating thegerature distribution using the closed form
SOIUtION With MS EXCEl ..o 113

Table B-2. Spreadsheet results showing the claz®a $olution for one-dimensional transient
temperature distribution using Table B-lutgpand r =1 m and t = 10368000 s ....114
Table C-1. Temperature ris&Te) distribution for k = 0.5 W/m-K at different timésr

D=0.1 M (ClOSEA fOrM) ...uuiiiiiiiiiiiieie e e e e e e e e e e ennnes 117
Table C-2. Temperature ris&Te) distribution for k = 2 W/m-K at different timesif
D=0.1 M (ClOSEA fOrM) ...uiiiiiiiiiiiiieee e e e e e e e e e e ennnnes 118
Table C-3. Temperature ris&Te) distribution for k = 4 W/m-K at different timesif
D =0.1 M (ClOSEA OIM) ....ueiiiiiiiiiiieies sttt et e e e e snnnee e e anes 118
Table C-4. Difference between temperatures frormeddorm solution at 3 0.2 mand 0.1 m
for k = 0.5 W/m-K and different times andifad................ooooeriiiiiiiiiiiinnns s s 119
Table C-5. Difference between temperatures frorasezldorm solution at 3> 0.2 m and 0.1 m
for k = 2 W/m-K and different times and fiadi...............cooouuviiiiiiiiiinnnneeeceeeen. 120
Table C-6. Difference between temperatures froraeddorm solution at 3 0.2 mand 0.1 m
for k =4 W/m-K and different times and radii..............ccccuvuviiiiiiiiiiiiiiieiieeens 120
Table D-1. Difference between ANSYS-CFX and Fildiference method temperatures for
D =0.2m, k=0.52 W/m-K, and different times aBdif................cccceeeevrrrrrrirninns 121

Table F-1. Difference between Finite Difference Imoek temperatures usidg = 600 s versus
At =18000 s for b= 0.2 m, k = 2 W/m-K, and different times and radi.......... 129



Nomenclature

A

Ac
Bnum
BSpadng
Co

Cp (water)
d

Di

Do

DTe

X X & — @

o(Bm, 1)

<8 3 r

l+1
o

lunchanged

Ro

t

Te

Te

Te (ANSYS-CFX)

XViii

Function used in solving the closed-form sant{Eq. (3-6)) (Mm-K/s)
Cross-sectional area of the tube&)m

Number of bore holes (no units)

Radial spacing to be provided between the bokeshim)

Heat capacity at constant pressure of eartlg-jk

Heat capacity at constant pressure of wateg<Kjk

Depth along the bore hole (m)

Inner diameter of the earth domain (m)

Outer diameter of the earth domain (m)

Difference between two earth temperatures obdafireen two
different solution methods or different time stepslifferent radii (K)

Roughness of the tube surface at the wateritideace (m)
Turbulence intensity of water domain (no units)

Zeroth order Bessel function of first kind (natsh

Thermal conductivity (W/m-K)

Normalized eigenfunction of the closed fasaiution (1/m)
Total depth of the bore hole (m)

m" eigenvalue of transcendental Eq. (3-10) (no units)

Mass flow rate of the cooling water through etadbe (kg/s)
Total mass flow rate of the cooling water from toedenser of a
power plant (kg/s)

Normalization integral of the eigenfunctionjm

Heat rejection rate (MW)

Radius (m)

Inner radius of the earth domain (m)

Radius at thé"j point in Finite Difference solution (m)

Radius at (j+1) point in Finite Difference solution (m)

Outer radius of the earth domain (m)

Radius at the which the initial temperature of¢eth domain
remains unchanged (m)

Eigenfunction of the closed form solution (notghi
Total time of the simulation (s)
Cold reservoir temperature (K)

Temperature of the earth (K)
Temperature of the earth calculated using AN®¥F (K)



Te (closed form, b= 0.1 m)
Te (closed form, b= 0.2 m)
Te (closed form solution)

Te (Finite Difference method)

Te (Finite Difference method,

At =600 s)

Te (Finite Difference method,
At =18000 s)

Te, n‘(r, T)

Texit
Th

Terac
Vin

YO
Greek
o

Bm

Ar

ATe
ATe, n‘(r, T)
AT

Pw

XiX

Temperature of the earth calculated using clésed solution when
Di=0.1 m (K)

Temperature of the earth calculated using clésed solution
when B= 0.2 m (K)

Temperature of the earth calculated using clésed solution

(K)
Temperature of the earth calculated using Fiditeerence method
(K)

Temperature of the earth calculated using Fiditeerence method
with At = 600 s (K)

Temperature of the earth calculated using Fibiteerence method
with At = 18000 s (K)

m" component of the earth temperature summation ofE§) and
Eq. (B-3) (K)

Area averaged bore hole exit water temperatiye (

Hot reservoir temperature (K)

Temperature at the earth domain’s inner radiyk)

Initial temperature of earth domain (K)

Inlet temperature of the cooling water (K)

Temperature at"jradius point in Finite Difference solution (K)
Mean earth temperaturd-j

Temperature at the earth domain’s outer radius)

Opening temperature at the outlet boundary (K)

Area averaged water temperature at any deptly dhenbore hole (K)
Temperature at™ time point in Finite Difference solution (K)
Temperature atr¢At)" time point in Finite Difference solution (K)
Water velocity at the inlet of water domain (m/s)

Zeroth order Bessel function of second kind {nas)

Thermal diffusivity (m¥/s)

Eigenvalues (positive roots of transcendental(B€.0)) (1/m)
Radius step for Finite Difference solution (m)

Earth temperature gl— 285 K (K)

Difference between two consecutive terms of Bg3) (K)

Time step for Finite Difference solution and sintidas with
ANSYS-CFX (s)

Cycle thermal efficiency of power plant (no @it
Density of the earth (kgfn
Density of water (kg/f)



T

.
Abbreviations
ACC
CFD
CPU
GB
GHz
GSHP
GUI
RAM
USD

Time at which results are determined (s)
Time variable for integration (s)

Air-Cooled Condenser
Computational Fluid Dynamics
Central Processing Unit
Gigabyte

Gigahertz

Ground Source Heat Pump
Graphical User Interface
Random Access Memory
United States Dollars

XX



CHAPTER 1

OVERVIEW OF THESIS
1.1 Introduction

In electric power generation, alternative coolingthods, such as geothermal cooling
techniques, have received much attention in regeats due to the need for cooling without
consuming water. Because of the rapid populati@mwtyr, urbanization and improving living
standards of people worldwide, there is an expaalentrease in demand for electric power [1].
The demand for cooling in steam power plants hesiacreased because of increased demand for
electric power generation. In the United State8p @ the electricity comes from thermoelectric

power plants, and about 90% of those thermoelegtnzer plants use wet cooling systems [2].

Since wet cooling towers reject 70% to 80% of theiat load by evaporation, they require
very large amounts of makeup water, about 600 Lforievery 70,000 L/min of circulation flow,
for a 10°C drop in the temperature from inlet to &t So, considering the scarcity of fresh water
and rising demand for drinking water, there is echi® find ways to decrease the amount of water
usage in cooling the working fluid of a power plg8jt One of the possible methods of dry cooling
is to use the earth as a sink for rejected heas Bhalso termed earth coupled cooling or
geothermal cooling. Using the earth as a heatwilhkeduce the consumption of water in thermal

power plants.

1.2 Objectives

The aim of this thesis is to model a ground loopliog system as a substitute for wet
cooling of a power plant. To model a ground looplow system, warm cooling water coming out
of the condenser is sent through number of closed Vertical bore holes to reduce the cooling
water temperature. Cooling water temperature agxiteof the loop depends on the mass flow rate
of the cooling water through each loop and theroalductivity, density, and heat capacity of the
earth. The number bore holes required is determyetie mass flow rate of water through each
bore hole that can achieve the exit temperaturedeteto maintain the cycle thermal efficiency
of the power plant. Also, the spacing betweerbibre holes should be large enough, so that each
bore hole’s thermal performance is not affectecivy other bore hole. Provided in this thesis are

the numbers of tubes and bore holes required t@ anpewer plant’s cooling needs as a function



of different parameters such as water flow ratiee wiameter, bore hole depth, tubing length, bore

hole spacing, operation time and thermal condugtnfi earth.

1.2.1 Specific Objectives

Provide background information on requirementsadling systems, and discuss once-
through, recirculating, dry, hybrid, and groundgooooling systems for a power plant.
Also, examine the importance and tradeoffs of dgliag techniques compared to wet
cooling techniques.

Solve mathematical models for heat transfer inciflimdrical coordinate system in order
to determine the spacing that has to be providéddsn the bore holes so that each bore
hole’s performance is not thermally affected byaadjnt bore holes.

Using ANSYS-CFX, model temperature distributionstlre earth domain at different
times.

Using ANSYS-CFX, solve for the bore hole exit watemperatures for different mass
flow rates, tube diameters, bore hole depths, sgdmetween bore holes, operation times,
and thermal conductivities of the earth in ordedeétermine the number of bore holes [per

net power output of a power plant] required to sitide for wet cooling systems.

1.2.2 Methodology

Literature review: Research has been done toataléormation related to the project

from previous journal papers, books, and grounacsloop installers, etc.; and relevant
information has been used for the work describedihe

Modeling: One-dimensional transient heat transfebfgms in the cylindrical coordinate

system are solved using both a closed form solwmmhthe Finite Difference method in
order to determine the spacing that has to be geavbetween the bore holes. Also,
different models for bore holes have been desigisaty SolidWorks and simulated using
ANSYS-CFX in order to determine the temperaturériistions in the earth at different

depths, radii and times. Bore hole exit water tenafpees have also been found for
different bore hole depths, tubing diameters, imtater velocities (or flow rates), earth

thermal conductivities, and operation times.

Analyze the results: The results are analyzed ternene the optimum bore hole depth,

and the number of bore holes and tubes requiredgigrower output of a power plant.



CHAPTER 2
BACKGROUND INFORMATION

2.1 Overview

Electric power and water are two highly essentnal enterdependent resources on which
humans depends. As the population has increasedtw/gears, the demand for electric power
and water has had exponential growth [1]. In 2Qk6, electric power industry was the largest
water user in the U.S., using 609,451 L/day, whachounted for 38% of the total freshwater
withdrawals and about 91% of saline water withddaw@herefore, power plants are hugely
dependent upon reliable water supplies [4].

A typical steam power plant operates in a cycldgraadly shown in Fig. 1.

T Where,
/ \ T » Turbine
B v C » Condenser
A C
P » Pump
E B * Boiler

Figure 1. Diagram showing a very generalized thdrpwawver plant cycle
(reproduced from Ref. 5).

Steam power plants generate heat from fuel (eogl, oatural gas, and nuclear) which is
used to convert water to steam and which, in texpands through turbines to turn generators in
order to produce electricity (see Figs. 1 and 2)AS shown in Fig. 2, after passing through the
turbine, the low pressure steam and water mixturstrne cooled in the condenser in order to be
pumped back to the boiler for reuse. The Rankywtecis the typical thermodynamic cycle on

which the thermal power plants work.

SUPER HE,&TED HP STEAM 3-ph SUPPLY

< |SUPER ‘

- \
—
sl g

TURBINE

g J HEATER
T i |BOILER DRUM GENERATOR
T LP STEAM
FUEL AIR 2 |ECONOMISER .
BOILER| ¥y owout |
BEED) TN ] 25
WATER ——. oS o=
0 e—t < e
EXHAUST GAS TO STACK, b' oo _[ ) ong QF

CONDENSER

Figure 2. Diagram of typical thermal power plantosting different flow paths (reproduced from
Ref. 5).



Virtually all of the water that is lost or used @hectric power generation is evaporated in the
process of condensing the hot steam and water raigtaming out of the turbine for reuse. As of
2012, approximately 90% of the electric power thas produced in the U.S. used the steam cycle
as its primary process for power generation; aadtplthat required cooling water accounted for
60% of the U.S. electric generating capacity attie Imore than 70% of all electricity generated
[2].

The cycle efficiency of a typical thermal powermlawhich uses the steam cycle as its
primary process for power generation, is [6].

n= 1-—= (2-1)

Therefore, for better efficiency of a thermal povpdant, T. should be kept as low as
possible. Different cooling techniques are useactueve these low values fog, &nd the amount

of water that is consumed depends on the methodading.

There are different methods of cooling which aredum the U.S. and around the world.
The four most common techniques that are usedrére [
= Once-through cooling =  Wet cooling

= Dry cooling » Hybrid cooling

2.2 Methods of Cooling

Different ways of cooling are used, depending ugh@nocation of the plant, cooling load,
weather conditions, and availability of water reses. Most thermal power plants use water to
condense steam, i.e., they use wet cooling systdnth use liquid water to condense steam [8].
A cooling technology that is best for a particullaermal power plant may not be efficient for
another power plant, due to the factors just lisidte amount of water consumed by any power
plant depends mainly on which type of cooling tesbgy is being used. Also, each of the cooling
technologies has its own advantages and disadwesitagerefore, it is always important to find
the optimal cooling technology for a particulardtion, weather conditions, and the available
resources. Different methods of cooling are indmaitly discussed in Sections 2.2.1-2.2.4.

2.2.1 Once-Through Cooling Systems

As the terminology indicates, once-though cooliggtems withdraw water from a large-
scale source, and use the water once for condeti@rgjeam, then return most of the water to its
source. As shown in Fig. 3, once-through coolingtays draw cool water from either water



reservoirs (lakes) or rivers. Figure 3 shows twatling water comes from the source (i.e., river)
and is pumped through the condenser to condenseotténg fluid (low pressure steam and water
mixture) exiting the turbine to become low temperatliquid water; and this liquid working fluid

is then reused to generate steam in the boileerAsassing through the condenser, most of the
cooling water is pumped back to the source, withesbeing used for other purposes in the power
plant such as ash handling [7].

The temperature of the cooling water increasedalteat transfer from the power plant’s
working fluid, which is a mixture of steam and hedter, in the condenser. So, when this warmer
cooling water is pumped back to the source, thaimea cooling water dissipates heat to the
atmosphere and the earth through convection, radiahd evaporation. When the cooling water
is withdrawn from a reservoir, part of this waterlost [due to evaporation] in the process of
cooling the working fluid. This lost water has te testored by rain or the water source itself [7].
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Figure 3. Schematic of a once-through cooling systeproduced from Ref. 9).

At first glance, once-through cooling systems aeeleast expensive, easiest to construct
and handle, and are the most effective systemdiodensing the steam [7]. Once-through cooling
systems require abut 20,000-50,000 gal/MWh of wimterondense the steam, but the amount of
water that is lost (100-317 gal/MWh) is about onarth that of evaporative cooling systems.
However, since large amounts of water are withdréreim the source, heated, and then returned
to the source, this process directly affects th@oggical system [7]. Also, once-through cooling
systems are only suitable for a thermal power pfahe thermal power plant is located close to a

river or other significant water resources.



2.2.2 Wet Cooling Systems

Wet cooling systems are also called recirculatingvaporative cooling systems. Thermal
power plants with wet cooling systems withdraw wdtem many different sources, such as
surface water (rivers, lakes, and ponds), municipaier, and ground water. Cooling water
withdrawn from these sources is then sent to timeleoser to cool the mixture of steam and hot
water, and the cooled working fluid is then reusethe power plant cycle [7].

After passing through the condenser, the cooliatewis pumped into a cooling tower
where it is cooled by evaporation into the ambantLarge fans that force air over thin films of
water aid this evaporation. The cooled water is tleeirculated back to the condenser. As water
evaporates from the cooling towers, there will beaesd for make-up water, which is then
withdrawn from external bodies of water. Also, doievaporation inside cooling towers, dissolved
salts and suspended solids are left behind whiehteally reduce heat transfer from the cooling
water to the air. Therefore, wet cooling towers ehdw be cleaned regularly [7]. Also, water
consumption is 60-100 % higher in wet cooling ampared to that in once-through cooling [9].

Make-up water has to be continuously pumped t@dloéing water system in order to meet
the cooling loads. The capital costs of these catating cooling systems are ~ 39 USD/kKW of
electricity produced, as compared to once-throcgbling (=19 USD/kW), dry cooling (~90
USD/kW) and hybrid cooling systems (~135 USD/kW) anel 3-15% more efficient (~35-42 %)
than dry cooling systems; but they have some sewoawbacks. Requirements of high amounts
of make-up water (480 -1100 gal/MWh), and a drothi net energy of the plant due to energy
consumption by large fans which are used to mogeaih are some of the drawbacks of the wet
cooling system. Since most thermal power plantsndibhave unlimited access to the natural
resources such as rivers, lakes, ponds, etc., Hyerity of plants use wet cooling systems as

compared to once-through cooling systems [7].

steam

=
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Figure 4. Schematic of a wet cooling evaporativaesy (reproduced from Ref. 10).



2.2.3 Dry Cooling Systems

Dry cooling systems, also called air-cooled condeng¢ACC'’s), use air to condense the
steam and water mixture. In a dry cooling systemfl@aving past the tubes containing the low
pressure steam and water mixture reduces the tatoperof the low pressure steam and water
mixture by means of direct heat transfer to theTdie air flow can be induced mechanically using
large fans or by natural draft. Cooling water i$ nsed since the heat from the mixture of low
pressure steam and water mixture is directly texnsdl to the outside air through the tube walls.
In hot climates, wet cooling systems are more igfficcompared to dry cooling since the ambient
air temperatures can be 403, which reduces the potential of a dry coolingeysas compared
with 20°C (e.g., wet bulb temperature of water), which dess the potential of a wet cooling
system.

Since the heat transfer to air is less efficiemintevaporating water for a given cooling
load [9], the number of large fans and tubes irsgeaignificantly as compared to that of a wet
cooling tower. Although dry cooling systems consumgch less water, the construction cost is
approximately triple that of wet cooling systemg [Bowever, during hot weather, there is a drop
of 10-15% in the overall thermal efficiency of aymy plant when using dry cooling systems due
to the higher “cold reservoir” temperature,of Eq. (2-1) [8]. Also, the net energy output lbét
plant decreases because the electricity consumebebgooling equipment (fans) is greater as
compared to electricity consumed by pumping equigroéother cooling techniques.

As of 2012, about 3% of the thermal power planttha U.S. used dry cooling systems.
This disparity with wet cooling is due to the higbnstruction and operation costs, and the lower
overall efficiency as compared to plants with othyres cooling systems [10]. Dry cooling

systems are used where water is scarce [9].

TURBINE

&D

steam

condensate -«

Figure 5. Schematic of dry cooling system (repreduitom Ref. 11).



2.2.4 Hybrid Cooling Systems

Hybrid cooling systems have both wet and dry caplecomponents that operate in
combination to condense the mixture of low pressteam and water going into the condenser.
These types of cooling systems are designed tatgpas wet cooling systems during hot periods,
and as dry cooling systems supplemented with watrgpsystems during cooler seasons in order
to maintain overall efficiency of the power plawhile reducing the consumption of water during
the cooler periods of the year [10]. The drawbalchybrid cooling systems is that they are more
expensive as compared to wet cooling systems dlomedition, they require a significant amount
of make up water during hotter periods of the y280-500 gal/MWh]. Since the hybrid cooling
system has to deal with both dry and wet cooling@gent, the maintenance costs are also high
as compared to those of the other cooling systédis [

Although hybrid cooling systems provide flexibilityusing either dry, wet or both cooling
systems, according to the season to reduce the v$agater consumption, the operating costs are
well above those of wet cooling. Hybrid cooling tgyas require very high capital investments of
approximately 135 USD/kW of electricity producedcasnpared to 39 USD/kW for wet cooling
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Figure 6. Schematic of a hybrid cooling systemr@dpced from Ref. 11).

systems [10].

Surface condenser

2.2.5 Cooling System Comparison

Each of the cooling technologies has advantagesdssatlvantages. As discussed in
Sections 2.2.1 to 2.2.4, once-through cooling systevithdraw more water from the source but
consume less water as compared to wet cooling mgst&Vet cooling systems, although
consuming more water, do not require an additida@e water source as compared to once-
through cooling systems [12]. Once-through andrcetting (wet) cooling systems also have
different effects on the ecosystem, since oncedtiinesystems always return water to the source

at a higher temperature than that at withdrawalsicey risks for aquatic life (fish, algae, etc.) or



airborne life. So, the differences among varioudiog systems can be evaluated in terms of cost,
water consumed, environmental effects and oveftdiency. For a given power plant, cooling
technology is chosen based on the location of thneep plant, required efficiency, cost constraints
and environmental effects.

Of the 1,655 operable cooling systems in the Urfiiedes in 2012, more than 96% of them
were once-through (43.444 %) or recirculating aapkystems (52.87 %) which used water (see
Table 1); and the other 3.685 % were composed tbf éhy and hybrid cooling systems [9].

Table 1. Cooling system types by primary energycso(2012) (reproduced from Ref. 10).

Primary energy Once- Dry Wet & dry hybrid Total cooling
source through Recirculating cooling cooling systems
coal 398 368 Bl 1 A |
natural gas 197 422 51 4 674
nuclear 50 B o o 94
other 74 41 o 116
total 719 875 56 5 1,655

2.3 Water Consumption in Thermal Power Plants

The agricultural and thermal power production sectoe the two largest users of water
[7]. As discussed in Section 2.2, most of the wHtat is consumed in a power plant is consumed
in the process of cooling; and the amount of widiiat is consumed depends on the type of cooling
technique that is used by any particular powertplaigure 7 shows the water demand of power

plants for different types of cooling systems.

Withdrawals once-through cooling pond recirculating dry-cooled Consumption
I 17 e L& | 1
(gallons/ e - A & ¢ Sl e > (gallons/
e 8 @ W H B B om W ZEH I H D b B 565 Muctear
60,000 R BN B A I NN BN N N MR RS 1,200 P
50,000 I - —— — [] — — — 1,000 2| Coal
40,000 I l - - . g ! D H — = = 800 1 Biopowier
30,000 - - —— - D - — — = 600 .
I % —] () Natural gas
20,000 T ¥ T T B W EEEE T — e — e e — 400
m  — — B’,} Solar
10000 |— 7»D7——7 — ~f=~f~f—f——-f—f>=7~f——~f—f~—f—~f 200 P
"
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F € $308 ¢ F §F © & gy &y
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Figure 7. Water use by fuel and cooli@chnology (reproduced from Ref. 7).
The blue bars on the plots show water withdrawal/kWVh) and brown bars show water
consumption (gal/MWh). Ranges reflect minimum arakimum water use values for selected
technologies from NREL. Horizontal lines within taegles indicate median values. For instance,
a coal fired power plant with once-through coolwghdraws 20000 to 50000 gal/MWh, and
consumes 400 to 1000 gal/MWh.
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Based on the data collected from a 2010 study,skatwn a sample of 21 power plants
with once-through cooling systems in Texas, it Weamd that approximately 350 gallons of water
was consumed per MWh of electricity produced [Bécirculating cooling systems consume
about 50% more water than once-through coolingesyst while on the other hand, dry cooling
uses and consumes less water, in the range obllehg of water per MWh of electricity produced
[10].

2.3.1 Statisticson Consumption of Water by Thermal Power Plants

As shown in Fig. 8, 2005 thermoelectric water widwdals in the U.S. were 143,000
Mgal/day of fresh water and 58,000 Mgal/day of realivater. For the U.S., 41% of the total
freshwater withdrawals were used for various pugpda thermoelectric power plants (see Fig.
8). In addition, more than 50% of the total sakveger withdrawals were withdrawn for various

purposes including cooling, ash handling, etc.thgymoelectric power plants [14].

Thermoelectric-power water withdrawals, 2005

<

y

58,100

299 B} Fresh
143,000 3} Saline

« 71% ;
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Surface water

128,000, 142,000 [ Thermoslectric
48% ‘j 5296 power
. B Other

Ground water

it ey

<19 B} Thermoelectric
O Thermoelectric power 79.100 power
& Other >999% ) Other

(Withdrawals are in million galions per day)

Figure 8. 2005 thermoelectric power water withdrdsvim U.S. (reproduced from Ref. 14).

Figure 9 shows the water withdrawals for thermdelegower production with increasing
population from 1950 to 2005 [14].

Trends in thermoelectric-power withdrawals and population, 1950-2005
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Figure 9. Thermoelectric water withdrawals and ptgtion trends of the U.S., 1950-2005
(reproduced from Ref. 14).
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In the U.S., from 1950 to 1980, withdrawals by theelectric power plants increased from
40,000 Mgal/day to 210,000 Mgal/day. Figure 9 sholat, although the total population has
continued to rise, withdrawals for thermoelectriover have stabilized since 1980 [14].

In the U.S., as a daily average in the year 20@8emcooled thermoelectric power plants
drew between 60 billion and 170 billion gallonsfadshwater and consumed 2.8 to 5.9 billion
gallons of that water [7]. The U.S.’s largest tyyg@oower producer, i.e., coal fired thermoelectric
plants, was responsible for 70 % of those freshwaiidrawals, and 65% of that consumption
[7]. These very large amounts of water were witthwairérom lakes, rivers or ponds; and, in places
where there was a scarcity of these resourcesndgraater was used. In 2008, in the southwest,

an average of 125 million to 190 million gallonsgrbund water was withdrawn every day to use
in electric power production [7].

As discussed in Section 2.2, the cooling systenafpower plant is chosen to match the
water resources available near the plant. Contoatlye 2012 data of Table 1, in 2008, a study of
cooling system types, reported that, for the U38.% of the power plants used once-through
cooling systems since those plants had the adwartédeing located near abundant water

resources such as seas, lakes, and rivers [7hdésrsin Fig. 10, most of the inland power plants
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Figure 10. 2008 power plant water withdrawals bgtst(reproduced from Ref. 7).



12

used recirculating type cooling systems; and sartand plants that used once-through cooling
systems were located in regions where there weptdessources of surface wafét. As compared

to the once-through cooling systems, recirculatiagling systems consumed about 500-700 gal
more water per MWh of electricity produced [7].

A study conducted by “Energy and Water in a Warngrld Initiative” reported the
number of cases of water system stress causecebymahpower plants. For example, in the U.S.
in 2008, 400 out of 2,016 watersheds were facintemsupply stress due to power plants [7].
Figure 11 shows water supply stress across thdédd Z)08.

-

Water-Supply 5tress Score

Mo measurable
stress

High stress . 1.1-6.

Figure 11. Water supply stress in the U.S. in 206Broduced from Ref. 7).

Fresh water consumption by electric power genarasi@a big concern in many of the fast-
growing economy states in the U.S. So adopting waier-conserving technologies for power
production can help reduce the impact of futureewahortages. Of the many alternative methods
for cooling discharge water from a power plant aargkr without consuming water, this thesis

analyzes and focuses on one method (ground lodmgpo
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2.4 Ground L oop Cooling M ethod

The ground loop cooling method was chosen, assuthaighe earth is an infinite medium,
which can be used as a heat sink, or as a thetoralgeg medium for heat. The earth can be used
as sink by means of closed loop tubes in verticaboizontal tubes in bore holes, which would be
used as heat exchangers to either cool or heatdheng fluid. Through all seasons, the earth’s
temperature remains relatively constant beyondpghdef 10-15 m, depending upon the location
[15].

Although different regions of the U.S. encountetreme temperatures from freezing in
the winter to scorching heat in the summer, beyam®pth of 10-15 m, the temperature of the
earth remains relatively constant and ranges frofC1to 16°C, depending on the location and
the type of the soil [15]. Figure 12 shows how tenagure changes as a function of depth. The
surface soil temperature and the temperature oédingn to a maximum depth of about 10 m are
affected by incident solar radiation, rainfall, &pf soil and surrounding air temperature. After 10
m, the temperature of the earth remains relativgstant and matches more or less the

temperature of the ground water, and is referreabtmean earth temperature [15].
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Figure 12. Temperature of the earth as a functibdepth (reproduced from Ref. 15).
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Figure 13 shows how the mean earth temperaturesvadross the United States. For

example, in Kansas, the mean temperature below dhges from 54F to 60°F [15].

Figure 13. Mean earth temperaturey (PF), contours across the United States
(reproduced from Ref. 15).

Figure 14 shows how the temperature of the eadHtfatent depths within the U.S changes
versus time over a year. As can be seen, the grmmgerature fluctuates less with increasing

depth; and, after a depth close to 12 ft, the teaipee remains relatively constant withir’@
[15].
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Figure 14. Ground temperature in the U.S. as a fioncof depth and time
(reproduced from Ref. 15).
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2.4.1 Ground Source Heat Pump (GSHP)

Many analytical and experimental studies have lefiormed on ground source heat
pumps (GSHP) for cooling and heating of commeraral residential buildings [16]. Even with
drawbacks, including high capital costs and lackpwiblic awareness and trust in the GSHP’s,
there has been tremendous growth in the use of GSIdP residential purposes due to the
advantages from positive environmental and econaeffiects and high energy efficiency of
GSHP’s, [16].Considering the previously mentioned advantages) ag constant and low earth
temperature at large enough depths and the highesity of ground source heat pumps, there is
an opportunity to use this method for cooling ilh@mal power plant in order to reduce the water

usage.

In designing a ground loop cooling system for a @oplant, it is important to determine
the bore hole depth needed to achieve the reqbioed hole exit water temperature and the
distance that has to be provided between the bales.hThis all depends on the heat transfer to
the earth from water flowing through the bore holdss heat transfer to the earth in turn depends
on other factors, such as the location of the botes, each bore hole’s thermal interaction with
the adjacent bore holes, temperature of the eaddiffarent depths, and physical, thermal, and
transport properties of the earth to which the eajected. Therefore, it is important to detereni
the physical, thermal and transport propertiehefdarth.

2.4.2 Thermal Propertiesof the Earth

Thermal properties, like thermal conductivity arehthcapacity, play fundamental roles in
the design of ground loop cooling systems. Thentlaéconductivity of the earth varies with depth,
soil type, rock composition, and the existenceitdéent materials, which may form porous media
in the earth at various depths. As shown in T@blkke thermal conductivity of soil changes with
composition and saturation. This plays a cruci nothe design of ground loop cooling systems.

Table 2. Thermal conductivities of different typésoil (Ref. 17)

Soil type k (W/m-K)
Sand 0.77
Clay 1.11
Loam 0.91

Saturated sand 2.50
Saturated clay 1.67
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It is also important to consider the depth to beklysince the thermal properties of bedrock
vary depending on the type of material the bedredomposed of; and, in most cases in the U.S.,
the depth to bedrock is far less than the bore thef¢h chosen to conduct the simulations (L= 100
m and 150 m). Considering the previously mentiofaetbrs of thermal property dependence on
the composition of the earth and depth to bedrdekth to bedrock at different locations was
analyzed using an online tool “ArcGI$'8]. Figurel5 shows some of the ArcGIS images giving

minimum depth to bedrock at randomly chosen locatiom the U.S., such as Lawrence, KS,

Oklahoma City, OK, and Portland, OR.
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The minimum depth to bedrock for mosicgls across the U.S. is less than 10 m [18].
Bedrock is usually made up of different types afkk@uch as limestone, granite, igneous rock,
metamorphic rock and different sediments. Therroadactivities of these materials range from
less than 2.0 W/m-K to greater than 5 W/m-K [17¢n8idering this range in the value of the
thermal conductivity of the earth for different &ions, soil types, and depths, different caseswer
solved for values of k ranging from 0.5 W/m-K tol¥m-K; and the results are discussed in
Chapter 4. In solving the heat transfer problens itecessary to determine the heat capacity and
density of the material. Heat capacity and densitthe earth were assumed to be of soil. The
density of the earth was taken to be 2050 Rgand heat capacity was chosen to be 1840 J/kg-K
[19].

Using these thermal properties and wa&rtwoundary conditions, several methods were used
to calculate bore hole depth and spacing that didsetprovided between the bore holes. This

detailed analysis is given in Chapters 3 and 4.
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CHAPTER 3
METHODS

This chapter discusses the methods used to finduhmder of bore holes required and the
spacing that has to be provided between the boleshboth in one-dimensional and two-

dimensional geometries.

As discussed in Chapter 2, once steam has passmaglththe turbines, it has to be
condensed to water in order to be reused for piadumore electricity. The condensing of the
steam to water can be done by using different ngakchniques. Although wet cooling condenses
the steam to water more efficiently than dry capl{(ACC'’s), considering the amount of water
consumed in the process, there is a need to fiedhakives to wet cooling techniques. One such

techniques is ground loop cooling.

In the ground loop cooling technique, the warm owpivater coming out of the condenser
is sent into the earth through a number of vertidags. The heat is then transferred from the warm
cooling water to the earth, and this “cooled” coglwater is then reused to condense the low

pressure steam in the power plant’'s condenser.

To substitute an alternative cooling techniquenafet cooling, it is important to understand
the amount of cooling required by a power plantdptimum efficiency. The amount of cooling
required by any steam power plant depends on #entll efficiency of the plant (see Eqg. (2-1)),
and not on the type of fuel used. Also, the higherhot reservoir temperature (heat source), and
the lower the cold reservoir temperature (exteemaironment to which the heat is rejected), the
higher the efficiency is (see Eq. (2-1)). Coolingd depends on the required temperature drop of
the cooling water, mass flow rate of the coolingexgand the fluid which has to be cooled by any

cooling system.

For installing a ground loop cooling system aslassitute for wet cooling, it is essential to
determine the number of bore holes required andpheing that has to be provided between the
bore holes. In the ground loop cooling techniguar,nwvwater circulates through tubes transferring
heat to the earth. Mathematical models were sdivgitedict the temperature distribution in the
earth in order to arrive at the bore hole spadmag has to be provided between bore holes. A few

methods for determining these values are discussgdctions 3.1-3.2.
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3.1 Temperature Distribution: One-Dimensional Transient Model

Initially, the spacing between the bore holes thed to be provided was calculated by
solving a one-dimensional transient heat transfedehin cylindrical coordinates. The spacing
that has to be provided can be determined by detergthe radius at which the initial temperature
of the earth remains unchanged. Therefore, thedeatyore distribution in the earth was solved in
order to determine the radius at which the iniamhperature of the earth was not affected due to
the heat transfer from the hotter surface at thermadius of the domain of interest.

A cylindrical model with an inner radius afand an outer radius of was considered,
and boundary conditions were applied at the inmer the outer surfaces in order to solve the
mathematical model. In order to assess the effenher diameter on the temperature distribution,
the mathematical model was solved for two diffeianer diameters (0.1 m and 0.2 m). The outer
diameter was chosen to be large enough that thile aathat location remained constant at the
initial temperature of the earth. Earth temperatii@epths below 10 m remains relatively constant
at mean earth temperature (see Section 2.4), ah@ id.S., mean earth temperature ranges from
10°C to 15°C [15]. Therefore, a close to average value ot 2285 K) was taken for the initial
temperature of the earth.

Figure 16. One-dimensional wgiical model of earth and bore hole.
To solve the one-dimensional heat transfer modealylmdrical coordinates, the following

assumptions were made:

* No temperature gradient in the direction of theawatflow (vertically in the bore hole).
* No internal heat generation in the earth.
* Ataradius of 10 m, the earth’s temperature isagva constant 28&

» Constant kp, and G of the earth.
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Constant temperature boundary conditions were asgwanboth the inner and the outer radi
of the cylindrical model (see Fig. 16). The tempan@ at the inner radius was taken to be 305.1
K, which is a typical temperature of the waterha éxit of the condenser of a thermal power plant
[6]. The transient model results were computeddifferent times with a maximum time of 4
months (10,368,000 s). The maximum time was chtsbe 4 months, since ground loop cooling
would be efficient during the 4 summer months ie thid-latitudinal sections of the U.S. from
June through September, during which time the amtlzie temperature ranges from A8to 40
°C. Since the thermal efficiency of a power plartigher for lower values ofcI(see Eq. (2-1)),
therefore, during the summer time, ground loopiogolvould be more efficient than dry cooling.
This is due to the temperature of the earth atrdelpeélow 10 m remaining relatively constant and
ranging from 1C°C to 15°C [15] as compared to high ambient temperatures8o€ to 40 C.
During the other 8 months of the year, the tempeeatdf the air is lower, ranging from -2G to
15°C. Thus, itis feasible to use dry cooling systéAC) during these periods and have minimal

effect on the efficiency of the plant.

One-dimensional temperature distributions were agegpfor different time periods in order
to determine the spacing that would have to beigeavbetween the bore holes, if the ground loop
cooling were used for only 1, 2 or 3 months. Thaimum radius at which the temperature of the
earth was relatively unchanged, within an errdd.af°C for any desired time period, was used in
estimating the spacing needed between the bore.hole

In Sections 3.1.1-3.1.3, the temperature distrdvutn the radial direction at different times was
calculated using the following methods; and theltesvere compared.

» Closed form solution » Finite difference method (MS Excel)

3.1.1 Closed Form Solution

The closed form solution for transient one-dimenaldeat conduction in the radial
direction (without internal heat generation) watedained by solving the governing equation.
The boundary value heat conduction equation imdyical coordinates is [20].

9*T, 10T, 10T,
or2 r ar a Ot

riSrSro,r>OandoczL (3-1)
pCp
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The boundary conditions are

r =n,=>0) =T (3-2)
Te(r = ro,T>0) =T (3'3)
i <r<r,t=0)=Te (3-4)

Based on Egs. (3-1)- (3-4), the temperature digiob is given by [20]

T

Te(r, ) = Xiney € PR, (B, 1) [, eP0 AR, T)dT] (K) (3-5)

T

dKO(Bmfr =Tj )
dr

dKo(Bm,r =10

where A(B,, T') = a[r; T, — ro TPt =) 71 (meK/s) (3-6)

The kernel, K (Bm, 1), is the normalized eigenfunctionisrthe inner radius, s the outer
radius, T, (r;, T) andT.(r,, T) are the temperatures of the walls at the innerthadouter radii,

respectively. In addition [20],

Ko(Bm, 1) = =222 (1/m) (3-7)

whereR, (B, r) and N are

Jo(BmI) Yo(BmI) .
Ro(Bm, 1) = e e (no units) (3-8)
e 1 _ J5(Bmro) > )
N=2 B2,J3(BmTo) Y3(BmTo) (1 ]?,(eri)) (m?) (3-9)

Bm (eigenvaluesare the positive roots of [20]

Jo(riBm) _ Yo (riBm) — )
Jo(roBm) Yo(roBm) 0 (3 10)

Usingk=0.1m,5=10m, T=305.1 K, 5=285K, Te =285 K, k=0.5, 2 or 4 W/m-K,
p = 2050 kg/m, and G = 1840 J/kg-K, Egs. (3-5)-(3-10) were simplifieciasolved to find r,1).
The simplified equations are shown in Appendix BeTirst 8 values g8m were calculated using
Wolfram Alpha [21];and then, using those 8 values fia; the next 90 values were calculated
using Microsoft Excel. All of th@mvalues calculated were not exact zeros of Eq. {344 gave
on the order of 1® to 10 Only 98 values of3m were computed, since the cumulative

temperature at different radii and times calculdygically stabilized within an error of less than
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+0.07 K after using 60 terms in the summation eftémperature equation, Eq. (B-3). The}88
values and the calculation process for heralues using Excel are shown in Appendix A. The
difference between two consecutive temperatureegailn the summation series when=D.2 m,

k =4 W/m-K, and t = 10368000 s (120 days) is alsown in Appendix A (Fig. A-2). Figure 17
shows the cumulative earth temperature plottedugens ofpm values for the Eq. (B-3) series at r
=2 mfork =4 W/m-K, and D= 0.2 m.

(SRS

0 20 40 60 80 100 120
m of B,, values

Figure 17. Cumulative temperature vs. npealues atr =2 m for k =4 W/m-K,iB 0.2 m,
and t =10368000 s.

T,-285(K)
N S [e)] 0]

o

Substituting thgdm values and the boundary conditions into Eq. (Bi39,temperatures at
different radii and different times were calculaiadorder to determine the radius at which the
initial temperature of the earth remained unchangéds value of radius helped in determining
the minimum spacing that must be provided betwietore holes. All of the results for the closed
form solution are presented in Chapter 4. Majotiges of the Excel sheet used to calculate the
closed form solution wheni> 0.2 m are shown in Appendix B. Table 3 showsrdsailts for a
sample case when k = 4 W/m-K; £0.2 m, and t = 10368000 s for different radii.

Table 3. Earth temperature for k = 4 W/m-K and=3.2 m at t = 10368000 s for
different radii (986m values).

r(m) Te (K) r (m) Te (K)
1 293.75 6 285.88
2 290.28 7 285.53
3 288.40 8 285.29
4 287.21 9 285.13
5 286.42 10 285.00

Figure 18 shows the earth temperature plotted ageadius when k = 4 W/m-K, i 0.2
m, and t = 10368000 s (120 days). It can be seantlie initial earth temperature remained
unchanged at approximately r = 9 m. Thus doubkertlius can be used as the minimum spacing
needed between the bore holes for k = 4 W/m-K and @2 m at t = 10368000 s (120 days).
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Figure 18. Earth temperature vs. radius at tirre10368000 s for k = 4 W/m-K and £0.2 m.

The results from the closed form solution werentbleecked by solving the same problem
using the Finite Difference method.

3.1.2 Finite Difference Method (EXCEL)

The one-dimensional transient conduction equatacylindrical coordinates (Egs. (3-1)-
(3-4)) was also solved using the Finite Differenoethod with MS Excel. Temperature
distribution results obtained using the Finite Bifnce method were compared with the results
from the closed form solution of Section 3.1.1 angl shown in Chapter 4. When using the Finite
Difference method, the outer and inner radii weeptkconstant and equal to 10 m and 0.1 m,
respectively. The Finite Difference method was edlfor different values aft andAr. This was
done to check for the consistency of the solutiath whangingAt andAr. Since the smaller the
time and radius steps, the more accurate the seardt thereforeAtr = 300 s andy\r = 0.05 m
(where the results remained approximately unchgngede used to solve the Finite Difference
problem. Differences between temperatures for whffe values ofAt and Ar are shown in

Appendix F. Table 4 shows the input parameters irsedlving the Finite Difference problem

Table 4. Input parameters for solving one-dimenagionodel using Finite Difference.

ri (m) 0.1 k (W/m-K) 0.5,20r4
ro (M) 10 p (earth) (kg/m?3) 2050
Tie (K) 285 Cp (J/kg-K) 1840
To (K) 285 Ti (K) 305.1

Stability Criterion

Stability criterion for the Finite Difference soioih was [22]

AT <A (3-11)

2a
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So substituting\r = 0.05 m andx = 1.06045 x 16 m?s (k = 4 W/m-K) into Eq. (3-11)
gaveAt < 1178.75 s. AlsaAr?/2a increased for k = 2 and 0.5 W/m-K. Therefore, gsin = 300
s satisfied the stability criterion for all of tikases and gave reliable results (see Appendix F) to
validate the closed form solution [22]. The one-glirsional transient heat transfer problem in
cylindrical coordinates was solved using the “Faxv@ime Central-Space” Finite Difference
method. The discretization may be written eithesplicit or implicit form. The explicit form has

been chosen here, and is [22]

alAt

Teiary = Toy + 25, ar7 [(rj1 + 15) (Tejur = Tej) = (15-10 +15) (Tej = Tejmr)] (3-12)

whereAr = rj — rj_;. The results from the Finite Difference methoddiseussed in Section

4.2, where subscriptsand j are time and radius points, respectively.

3.2 Two-Dimensional Temperatur e Distributions

Two-dimensional temperature distributions were fbumising ANSYS-CFX, a
turbomachinery simulation software package, whidesuCFD [23]. In solving the two-
dimensional transient heat transfer problem, teatpeg distribution was calculated both radially
and along the depth of the bore hole. First, taicedhe simulation time by reducing the number
of elements, 3%wedge models of the water and earth domains werelated instead of the
complete 360 cylindrical model. Solving the 326vedge model instead of the 36fylindrical
model helped in determining the approximate mams fates required for different depths of the
bore hole in order to reach the desired bore hatenater temperature.

To solve the two-dimensional problem for interniawf of water through a tube with
conjugate heat transfer, the water and earth daweane first created using SolidWorks 2016 and
then were imported to ANSYS-CFX. The different steprolved in creating, meshing and solving
for temperature distributions in the earth domaid ¢he bore hole exit water temperatures are

discussed in Sections 3.2.1 and 3.2.3.
3.2.1 SolidWorks

The earth and water components have to be createdlid bodies in order to be meshed
and simulated using ANSYS-CFX. These individual raexde called “domains” in ANSYS-CFX

terminology. SolidWorks 2016 was used to creathraetdimensional model of the combined



25

domains of earth and water. First, instead of argad 36(° complete model of the cylindrically
shaped bore hole with its U-tube, a°3s@dge was created, taking advantage of angulamsymng
(since the heat transfer problem is two-dimensiandinot dependent on angle). Creating the 3.6
wedge (vertical bore hole and single tube, withdatibe) reduced the number of mesh nodes 100
times, which then reduced the computational tingired by approximately 30 times. Since
computer simulation time depends on the numbemué steps, convergence of the results and
number of nodes, simulation time reduced by 30 sime opposed to 100 times. The earth and
water domains were created individually and themewsonnected using the assembly tool of
SolidWorks. After determining the approximate miisw rates required using the 3\wedge, a
complete 360three-dimensional model of the bore hole, U-tgaath and water was created for
complete analysis of the real-time installatiorthad ground loop cooling system. Steps that were
used to create this model are discussed in Appdadix

3.2.2 Overview of ANSYS-CFX

Sections 3.2.2 to 3.2.3.1 give an overview of tINSA'S set of programs. If the reader is
already familiar with ANSYS, please skip to Sect®@.3.2, which shows how the heat transfer
problem was set up and solvddgure 19 shows the ANSYS GUI and the five module€FX.
ANSYS-CFX is one of two CFD codes that are part of ANSYS set of programs. Another
CFD code is ANSYS-FLUENT. The principal differenbetween the two codes is that the
ANSYS-CFX solver uses the finite element methodliszretize the domain, whereas ANSYS-
FLUENT uses the finite volume method. In this tUANSYS-CFX release 15.0 was used to run
the simulations [23, 24].

@ CFw orkbenchProject - Workbench = =]
File  Miew  Tools Units  Help

J | IMew | open.. 'l Save (&l Save As... ! e Racopnect @ Refresh Project -
m i Project Schematic -
i = &nalysis Systems ! o = -ﬂ

@J Elactric (AMNSYS) = Fluid Flow (CER).

i Explicit Cynamics (AMNSYS) ——— =

Fluid Flow (CF) | 2| @ Geometry T oa

B Fluid Flow (FLUENT} 3@ Mesh %

(7 Hel Fluid Flow analysis using CFx solverl 4 . @' Setup -

|3 Linear Buckling (ANSYS) 5 Qfl Salution N

[} Magnetostatic (ANSYS) =@ oot =

[ Modal (ansYs) ¥l S— &

= : Fluid Flow
| T view all f Custamize.. | ﬂ
; Feady (i Show Progress | I-l;_l;Shol.-\l 4 Messages |':;

Figure 19. ANSYS GUI.



26

3.2.3 ANSYS-CFX Workflow

ANSYS-CFX is integrated into the ANSYS Workbench/Eonment, which offers users
a graphical interface to access all of the fundienthin ANSYS with simple drag-and-drop
operations. ANSYS-CFX itself consists of five magkilGeometry (Design Modeler), Meshing,

Set up (CFX-Pre), Solution (CFX Solver), and Res(@FX-Post)[23], which are discussed in
Sections 3.2.3.1 through 3.2.3.13

3.2.3.1 Design Modeler

Workbench 15.0 was first started. Then the FlumhWFCFX-Analysis system was opened
from the toolbar, or it also could be dragged ® tiain screen. By right clicking on the Design
Modeler in the CFX-Analysis system, a drop-down mappears, from which the parasolid (-
x_t) file, which was created using SolidWorks, ¢enimported into the Design Modeler (Fig.
20). Then by double clicking on Design Modeler (@etry), a new window appears; and, on the
toolbar of the new window, double clicking on “geste” will generate the water and earth
domains that were assembled using SolidWorks.

M Unsaved Project - Workbench

File view Tools Units Extensions Help
1|3 [B[TH erogeet |
gilimport... | < Reconnect [#] Refresh Project o
B Analysis Systems
B3 Fluid Flow (CFX)
3 Fluid Flow (Fluent) e A
5 1cEngl Y = A Z
Comp: ystems 2| @ ceometry i
Design Exploration 3@ Mesh = | T :
— Import Geometry @l B
& External Connection System 4| @ sewp =
@& Solution % |53 Duplicate [ lotest earth U tube model
@ Results 2 Transfer Data From New » |&8 single YOU TUBE.SLDPRT
Fluid Flow (CFX) Transfer Data To New o adh
F  Update = th and water system.
|2] Refresh v from Repository.
Renam
Properties
Quick Help
Add Note:

Figure 20. Importing the parasolid (-x_t) file in@esign Modeler of ANSYS.

The two individual models of the earth and watemdms appear as one body, which is
comprised of two parts in Design Modeler. These paas were selected and created as one
single part. This was done by selecting both partd,then right clicking gives the user an option
to make them into one part. Making the water amthedomains into one single part in Design

Modeler assured proper transfer of mesh, whicliin is related to the transfer of data from the
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water domain to the earth domain. Next, the DeMguleler was closed and the data from the

Design Modeler was transferred to the meshing neodiithe CFX-Analysis systems.

3.2.3.2 Meshing

After the data was transferred from the Design Medé& the Meshing Module, the
Meshing was started by double clicking the Meslhotfabe CFX workspace. In Meshing, the earth
and water domains were meshed to get fine grideefent and enough elements in order to reduce

errors in the final answefhe common mesh settings that were used in mesihéndomains are
listed in Table 5.

Table 5. Common mesh settings.

Defaults
Physics Preference CFD
Solver Preference CFEX
Relevance 100
Sizing
Use Advanced Size Functior On: Proximity and Cumet
Relevance Center Fine
Smoothing Medium
Transition Slow
Span Angle Center Fine
Minimum Size of the Element Default (0.156260 m)
Maximum Face Size Default (15.6260 m)
Maximum Size of the Element Default (31.2520 m)
Growth Rate Default (1.10)
Minimum Edge Length Default (7.85¢d)

While leaving most of the settings at their defsudiolver preference and relevance were
changed to CFX and 100, respectively. Changingsthieer preference to CFX allowed the
meshing application to set certain defaults thatuldcdelp in creating mesh that was more
favorable to CFX. Relevance, on the other hanghdteto control the fineness of the mesh. A high
accuracy (+100) was chosen for the relevance gimediner the mesh, the more accurate the
results were. Other settings, such as minimum siz&imum size, and growth rate could also be
changed to mesh the model to required refineme@tawth rate represents the increase in the
edge length of the element in the successive lafetements. Minimum edge length is a default

value, which cannot be changed and it providesd-omly indication of the smallest edge length
in the model.
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Figure 21 is a model of the earth and the wateradoswhich were used for the analysis.
Figure 21 shows the edges and sides of thewafige model on which the different meshing

operations were performed, which are shown in Téble

Figure 21. Model of the earth and water domainsighg the edges and sides on which
the meshing was performed with ANSYS-CFX.

Table 6. Methods followed in meshing the® 3védge.

Domain | Edge/Side Method Inputs
. Sweep Method Manual Source/ /No Bias/
Earth Side A Sweep Number of Divisions 1
. Mapped Face Meshing | Suppressed-No/ Constrain Boundary-
Earth Side A No/Advanced Settings-Default
Earth Edge A | Edge Sizing Suppressed-No/Number of Divisons-100
and C Bias Type ---- --- -- -/Bias Factor-250
Edge Sizing Suppressed-No/Number of Divisons-2500/
Earth Edge B Bias Type ---- --- -- - /Bias Factor-10
Manual Source/Sweep Number of
Water | Side B | Sweep Method Divisions 2500/Bias Type ---- --- -- -/Bias
Factor 10
Edge Sizing Suppressed-No/Number of Divisons-40/
Water Edge D Bias Type --- --- ---- /Bias Factor-10
Edge Sizing Suppressed-No/Number of Divisons-40/
Water Edge E Bias Type - -- --- ----/Bias Factor-10
Edge at . £ Divi
Water the Edge Sizing Suppr_essed-No/Number of Divisons-1/
Interface No Bias
The following symbols listed in Table 6 “- -- -—-, ---- --- -- -“are pictorial depictions

of the bias types used in ANSYS-Meshing. For exagmwhen an edge is selected with one of
the two pictorial depictions for edge sizing, tidesof the edge with more dashes will have more
nodes, and the number of nodes decreases withad@ogenumber of dashes.
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3.2.3.3 Meshing Quality

A good quality mesh is one that has the propenegfients around the areas of interest
and enough elements to minimize error and maxiraciracy in the solution. The edges and
shapes of the geometries should remain unalteres wieshing is performed. Since Bias factor
was used in Sweep Meshing and Edge Sizing of ttile @ad water domains, to reduce the number
of elements, the Bias factor played a key roldenquality of the mesh.

With element midside nodes dropped (nodes at thigllmiof the elements) and mesh
morphing disabled (not allowing a change in Geom&esign to change the mesh in the solver
for accuracy of the prediction), sample mesh dtesigor a 3.6 wedge with D=0.2 mand L =

500 m are shown in Table 7. Mesh information faheadividual run is given in Chapter 4.

Table 7. Mesh statistics.

Nodes 557723
Elements 332500

An All-Quad mesh (polygon with four sides) was preéd for computational purposes.
(This is because All-Quad mesh has clean topoltgwimg for better results and animation of
results.) So a sweep of the computational domath @uad elements was attempted, but was
disallowed by the meshing module due to the dorgammetry of the domains. Therefore, the

Quad/Tri option was selected for meshing the coatparial domain.

Mesh -/ Update || @ Mesh v @ Mesh Control v

Outline 2
Filter: Name - @
= Project
B (@] Model (A3)
-,/ Geometry
B2k Coordinate Systems
-, Connections
-, & Mesh
@D Image
Details of "Mesh 2
=| Defaults
Physics Preference CFD
Solver Preference CFX
Relevance 100
+|Sizing
+| Inflation
= | Patch Conforming Options
Triangle Surface Mesher | Program Controlled .
=| Patch Independent Options 0000 5000 (m) X
Topology Checking Yes [ ee— Z
+| Advanced 2,500
+| Defeaturing
+ | Statistics ~ |\ Geometry {Print Preview\ Report Preview/ ]

0) No Messages  |No Selection Metric (m, kg, N, 5, V, A) Degrees rad/s

Figure 22. The mesh of the earth and water domains.
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3.2.3.4 CFX-Pre (Set Up)

CFX-Pre was started by clicking on the set up medulthe workbench workspace. The
mesh data from the Meshing Module was transferoethé set up module automatically. The
general method that was practiced in the set uputeasas to first select and assign the materials
to both the earth and water domains. Then aftengithe required initial and boundary conditions
to both the domains and the solver and output otsnfior the solver, the set up module was closed

and the problem was automatically transferred éosthlution module of ANSYS-CFX.

Figure 23 shows what the CFX-Pre (set up) windavkédike without giving any inputs.

sion Insert Tools Help

HO%% @905 4 800vEaA OB okoap, tAr%E

? " Eeaaa@0-
4 g Mesh ewl v
(6] CPI-T.cmdl i
e ANSYS
4 (@) Smulation e R15.0
4 (@) Flow Analysis 1 .
(©) Analysi Type Academic

4 [7] & Default Domain
[7]J% Defauit Domain Default
¢ Defaut Fhid Fuid Interface ide 1
& Default Fluid Fuid Interface ide 2
4 ﬂ Interfaces
7178 et Flid Fud Intrface
4[] Solver
&% Soluton Lnits
Py Sabver Control
153 Output Contrf
,'!\. Coordinate Frames
Transformations
1 (8] Materials
(8] Reactions
i @ Expressions, Functions and Variables
[%) Additional Variables
@ Expressions
User Functions
[@ User Routines
4 @ Simulation Control
@) Configurations
b || Case Options

0 5000 100.00 (m)
I N

26,000 75.00

Figure 23. Default set up module.

Boundary conditions include inlet velocity compotsgropening conditions at the exit
(defined in Section 3.2.3.8.2), wall temperaturetha outer wall, and symmetric conditions for
both domains. All of the other edges and sidesclwiaiere not given as input parameters in the

set up module, were considered as adiabatic waltkefault by the set up module.
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For solving different cases having different inletiocities, opening temperatures, and
material properties, the same mesh was used. Therefor every run conducted, the inlet

parameters were changed accordingly in CFX-Preyandus cases were solved.
3.2.3.5 Domainsand Inlet Parameters Set Up

After the set up module was started, a window pdppe, where all of the required

boundary conditions and material properties coeléssigned to the domains.

3.2.3.6 Domainsand Material Set Up
The CFX-Pre considered both the water and earthad@ras the same domain; and they

were given same material and thermal propertiese® domain was created by selecting the
domain icon on the tool bar and was named “Watéhien, on double clicking the “Water”

domain, the details of the domain tab opened, wheraterial could be assigned to the domain;
and fluids, heat transfer, and turbulence modelddcalso be selected. The domain was also

initialized in the same tab. Figure 24 shows homager domain was set up.

| outine | Demain: water Domain | 8 | outine | Domain: water Domain | ]
Details of Water Domain in Flow Analysis 1 Details of Water Domain in Flow Anahlysis 1
Basic Settings | Fluid Models I Initialization Basic Settngs Fluid Models | Initialization
Location and Type Heat Transfer =
Th | En -
Location B21 - E] Option [Thermal Energy ]
[] Indude Pressure Transient Term
Domain Type [FlUld Domain h ] [ Ind. viscous Dissipation
Coordinate Frame [Cuord o - ] Turbulence =
Fluid and Particle Definitions. .. = Ext [Shear Stuess Inagspont - ] E]
Fluid 1 wall Function [Automatic =
] Turbulent Flux Clesure for Heat Transfer
Advanced Turbulence Control
] Transitional Turbulence
Combustion =
Fluid 1 = Option [Mone ~]
Option [Material Library -] Thermal Radiation =
Material Water - E] option [Mane =
Morphology = [~] Electromagnetic Model
Option [Conh’nuous Fluid - ]
) N [ outine | Domain: water Domain |
[] Minimum Velume Fraction Details of Water Domain in Flow Anabhysis 1
| Basic settings | Fluid Models | Initialization
Domain Models Domain Initializaton =
Pressure = [ Coordinate Frame
Inital Conditions =
Reference Pressure 1 [atm] ) =
velocity Type [cartesian -]
Buoyancy Model = Cartesian Velocity Components =
Automatic with Val -
Option [Non Buoyant v] Option [Automatic wi ue ]
u 0 [ms~-1]
Domain Motion =
W O [m s-~-1]
Option [Smﬁonary - ] e 0 [ms~-1]
Mesh Deformation = Static Pressure =
Option [Automatic with value =
Option [None - ]
Relative Pressure 0.5 [Pa]
Temperature =
Option [Autematic with valus ~ |
Temperature 285 [K]
OK ] [ Apply ] [ Close ] Turbulence =
Option [Medium ntensity — 526) -]

Figure 24. Details of the water domain.
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Since the CFX-Pre materials library does not ineltite properties of soil, a new material
was created by right clicking on the Materials taidl selecting “New Material”. In the Basic
Settings tab of the Details of the New Materia,,i*Earth”, the thermodynamic state was chosen
to be solid; and, in the Material Properties téie, values of coefficient of thermal conductivity,
density, and heat capacity were assigned to therrakt~igure 25 shows how the material “Earth”

was added to the library of materials.

Qutine | Metera: Earth ‘ u Outline | Material: Earth E

Detals of Earth Details of Earth
Basic Settngs | MateralProperties Basic Settings | Material Properties |
Option [General Material - ]
Option lPure Substance v
Thermodynamic Properties =]
Material Group User v [I] Equation of State =
"] Meterial Description Option [""alue - l
V] Thermodynaic State g Malar Mass 1.0 kg kmol~-1]
Thermadynamic State \Solid v Density 2050 [ka m*-3]
) V| Spedfic Heat Capacdi =
"] Coordingte Frame P L
Option Value -
Spedfic Heat Capacity 1840 [T kg"-1K~-1]
[] Reference State
Transport Properties =]
[] Dynamic Viscosity
[¥] Thermal Conductivity =
Option Value -

Thermal Conductivity 0,52 [W m"-1K~-1]

Radiation Properties
D Buoyancy Properties
Electromagnetic Properties

Figure 25. Adding earth to the material library.
Then, the default domain was renamed as “Earthd,ahof the “Earth” domain details,
like location, material properties, domain typed aolid models, were given to the domain. In
addition, the domain temperature was initializedbéothe initial earth temperature. Figure 26

shows how an “Earth” domain was set up.
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W B | outine | Domain: Earth %]
Details of Earthin Flow Analysis 1 Details of Earthin Flow Analysis 1
Basic Settings | Solid Models I Initigiztion Basic Settings Solid Models Initialization
Location and Type
Heat Transfer =
Location B2t - E
Domain Type [Solid Domain - ] Option [Therrnal Energy - ]
Coordinate Frame [Coord 0 - ] Thermal Radiation =
Solid Definitions. .. = Option [None - ]
Solid 1
o [ Electromagnetic Model
[ Selid Motion
Solid 1 =
Option [Maberial Library - ] Qutiine Domain: Earth m
Details of Earthin Flow Analysis 1
Material Earth - E ty
Marphalogy = | Basic Settings | Solid Models | Initialization
Option [continuous solid -] Domain Initialization =
[T Coordinate Frame
Domain Models o »
Domain Motion = Initial Conditions =
Option [Smh’onary - ] Temperature S|
Mesh Deformation = Option Automatic with Value -
Opti N -
phen [ = ] Temperature 235 [K]
Figure 26. Earth model set up.
3.2.3.7 Analysis Type

The default Analysis Type was steady-state; buthercontrary, our heat transfer problem
was transient. Therefore, the steady-state optidima Analysis Type tab was changed to transient.
Time duration was given as the total time choserhe simulation, which was different for each
of the various runs conducted. Time steps werengdeethat initial time steps were as small as 0.1
s with the maximum (final) time step becoming 3&00r 4200 s, depending on the total time
chosen for the simulation. This was done to deerdlas computer simulation time by reducing
the number of time steps and increase the accufatye results. These increments in time steps
were achieved by creating an expression fat, ‘which was given as an input in the Time Step

tab.
At = 0.1+ [1-exp [-0.00005c))] (4199.9) [s] (3-13)

The value 4199.9 (s) at the end of Eq. (3-13) washged depending on the maximum
time step that was chosen for any particular rad,@gepending on the convergence of the results.

Initial time was given as 0 (s) for all of the rusgure 27 shows how an analysis type was set up.
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| outine | analysis Type (> ]
Details of Analysis Type in Flow Analysis 1
External Solver Coupling =
Option [None - ]
Analysis Type
Option [Transient -
Time Duraton =
Option [Tcial Time -~ ]
Total Times 10353000 [s]
Time Steps =
Opton [‘I’lmesteps - ]
Timesteps dt
Initial Time =
Option [Automatic with value =
Time o [=]

Figure 27. Analysis type set up.

3.2.3.8 Boundary Conditions Set Up (Parameters Set Up)
To solve the conjugate heat transfer problem witidl flow, boundary conditions needed
to be defined. Sections 3.2.3.8.1-3.2.3.10 show diffigrent boundary conditions were defined

in solving the transient heat transfer problem.

3.2.3.8.1Inlet Set Up (Water Domain)

Inlet boundary conditions, such as velocity antistalet temperature of the cooling water
coming out of the condenser, were given as inputghfe water domain at the inlet. Also, the
turbulence model was chosen to be of medium intgrsi%, for all of the runs except one run
(10 %), where the effect of the turbulence intgneit the bore hole exit water temperature was

assessed. Figure 28 shows how a typical “Inlet’nidlanly condition was set up for the water

domain.
Outiine Buundary: Inlet m Outline Boundary: Inlet [ %]
Details of Inlet in waterin Flow Analvsis 1 Details of Inlet in waterin Flow Analysis 1
Boundary Details Sources Plot Options
Basic Settings ‘ Boundary Details | Sources | Plot Options ‘ e — -
Option Subsonic -
Boundary Type ’Inlet - I [ ]
Mass And Momentum =]
Location F23.21 hd D Option [Normal Speed - ]
D Coordinate Frame Normal Speed 0.00629 [m s*-1]
Turbulence =]
Option [ Medium (intensity = 5%) -]
Heat Transfer =
Option [SiBticTemperamre - ]
Static Temperature 305.1[K]

Figure 28. Inlet boundary condition set up.
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The set up was done by right clicking on the wdtamain to insert a boundary condition,
and this boundary condition was named “Inlet”. Byidle clicking the “Inlet” boundary condition

under the water domain, the location and values ) at the boundary were given.

3.2.3.8.2 Opening Set Up (Water Domain)

The Outlet Boundary Condition at the exit was gias an “Opening Boundary Type”
instead of an “Outlet Boundary Type”. The OpeninguBdary Condition is different from an
“Inlet” or “Outlet” boundary condition since it als flow in either direction as compared to
allowing flow only in one direction (inlet or out)e Using an “Outlet Boundary Type” is prefered,
but doing so gave a floating point error while sodvfor the problem (“floating point error: having
data with either too large or too small magnitud#éed 'overflow' or 'underflow," respectively.
Such data cannot be physically represented on cempor direct processing by arithmetic
processing part of pocessor.”) Inputs, such asiiagetemperature, relative pressure at the
“Outlet” and flow direction, were given as inputstlae boundary of the water domain at the exit
of the tube. This boundary condition was named l&ut Figure 29 shows how an Outlet

Boundary was set up.

I. outiine | Boundary: Cutlet [ ]

n Boundary: Outlet | 2 L
Quiine ! iDetaiIs of Outlet in water in Flow Analysis 1

Details of Outletin water in Flow Analysis 1

i -B-EIS.I-.C_.S_E_{'EII;IQS _| Boundary Details . Sources Em’b[;.}}ons |
Basic Settings | Boundary Details | Sources | Plot Options i : —
Boundary Type Opening = } Optian | Subsaric - |
Location F22.21 - m Mass And Momentum =
Coordinate Frame nHok |D':‘E""'"§I Brcssapd 7 |
Relative Pressure 0.5 [Pa]
Flow Direction =
Option |Norma| to Boundary Condition - |
[] Loss Coefficent
Turbulence =
Optian | Medium (Intensity = 5%) =
Heat Transfer =
Opbon |Dpening Temperature - |
Opening Temperature 235 [K]

Figure 29. Outlet boundary condition set up.
The set up was done by right clicking on the wdtanain to insert a boundary condition,

and this boundary condition was named “Outlet”. dyuble clicking the “Outlet” boundary
condition under the water domain, the location aallies at the boundary were given for the

Outlet boundary.
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3.2.3.8.3 Symmetry Set Up (Water and Earth Domains)

The Symmetry Boundary Condition was given for bibis water and the earth domains.
This symmetry condition was given to both of thendins (3.8 wedge), since they were designed
as 3.8 wedges and have angular symmetry (the heat tramsfblem is two-dimensional and not
dependent on angle). This boundary condition reguimo other inputs except selecting the

symmetric faces on both of the domains and chodbie@ymmetry Boundary Condition.

3.2.3.9 Domain Interface

Interface boundary conditions were given for bdih water and the earth domains at the
interface between the domains. The CFX-Pre modutenaatically recognized the interface
surfaces of both the domains and displayed itenstttings tab of the symmetry boundary. Also,
CFX-Pre transferred the mesh from one domain tahemoFigure 30 shows how the interface

boundary conditions were set up.

A conservative interface flux boundary conditiohigtallows the solver to solve for the
interface thermal resistance) was given to the matie of the interface. Although the tube walls
at the interface were assumed to be smooth for ofoste runs, wall roughs ness values were
changed for two different runs in order to cheak #fffect of roughness on the heat transfer from

the cooling water to the earth domain.

I Outline Domain Interface: Default Fluid Solid Interface | 8
[Details of Default Fluid Solid Interfacein Flow Analysis 1 IE T v P T R T
- - Y } | Dutine | Boundary: Default Fluid Solid Interface Side 2 | B
Basic Settings | Additional Interface Models Mesh Connection | . v ! 2 . - g A R A
e R | EDEtﬁIlE of Default Fluid Solid Interface Side 2 in water in Flow Ana IYSIS i
Interface Type | Fluid Solid ~| i — s
Interface Side 1 | Basic Settings | Boundary Detais | Nonoverlap Conditions | Sor ' |*
T —— i
Domain (Filter) Earth - |_| Mass And Momentum =
Region List F32.26 - | T
i |—| Option | Mo Ship Wal v |
Interface Side 2
] i : -
Domain (Filter) water - | | s Wal UE|OCIt‘||' B
Region List F32.21 = |:| Wal Roughness =
Interface Models Option |5|T|0Clth Wal r |
Option |Genera| Connection - |
Frame Change/Mixing Model g Heat Transfer =
Opti MNone - :
o | | Option !Consewahve Interface Flux - |
Pitch Change =
COption |None - |

Figure 30. Interface boundary condition set up.
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3.2.3.10 Wall Temperature (Earth Domain)

A constant temperature boundary condition was gteetine earth domain at radiusg)(r
The outer boundary of the earth domain at radiwgas assumed to be at a constant temperature
equal to the initial temperature of the earth (R85~igure 31 shows how the constant temperature
boundary condition was set up.

| Outline | Boundary: wall temp | %]
Details of wall tempin Earth in Flow Analysis 1

Basic Settings ' Boundary Details | Sources ! PIntDptinns“i

Boundary Type |Wa|| - |
Location F27.26 v |
[T Coordinate Frame

Figure 31. Details of constant temperature boundaogdition at  (earth domain).

3.2.3.11 Solver Control Set Up

The CFX-Solver performed several coefficient itenas or loops, either to the specified
maximum number or to the predefined residual taffjaetrefore, in the Solver Control Set Up, the
maximum coefficient loops of convergence controkwsat to 10; and the residual target option
was set to 1x I Both the advection and turbulence schemes wen® $egh resolution; and a
second order backward Euler scheme was choseiviotbe transient problem. Figure 32 shows

how the Solver Control was set up.

¥

| outine | oOutputcentrel | Soblver Contral |
Detsis of Sohver Control in Flow Anakysis 1

Basic Settings | Egquation Class Settings |  Adwvanced Options |

Advecton Scheme

Option | High Resalution -~ |
Transient Scheme =
Option [ S=cond Order Backward Euler =

Timestep Inibalization =
Option | Aautomatic ~ |

7] Lower Courant Mumber
[ Upper Courant Mumber

Turbulence Mumerics =

Cption First Order - |
Convergence Control
Min. Coeff. Loops 1 ||
Max. Coeff. Loops 10 | |
Fluid Timescale Control =
Timescale Control | coeffiaent Loops =
Conwvergence Criteria
Residual Type [mrs aws|
rResidual Target 0.000001
7] Conservaton Target
~| Elapsed Wall Clock Time Control

[ Interrupt Control

Figure 32. Solver control set up.
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3.2.3.12 Output Control

Since the flow analysis was transient, output adritr saving the transient results was set
up using the Output Control option in CFX-Pre mediResults for the initial runs were saved at
every time step; and, for the runs performed inl#ter stages, due to the amount of memory
required to save the data, transient results waredsonly at 120 time step intervals. Figure 33

shows how the output control was set up for sathegransient results.
|. Outline I Output Contral ] %]
Details of ﬁutpu't Controlin Flow .EAMIVSIS 1 l

' [ vontor | Export |

Transient Results =]
| Transient Results 1 | | J‘
X
Transient Results 1 =
Option |Standard - |
File Compression |Default o |
[ Cutput Equation Residuals
[ Extra Output Variables List
Output Frequency B
Oplion |E\ter\,|I Timestep -

Figure 33. Details of the output control.
3.2.3.13 CFX-Post (Acquiring Solutions from CFX)
3.2.3.13.1 Starting the CFX-Solver M anager

The CFX-Solver Manager was started by double aliglon the solution tab in the CFX
workspace. The Define Run dialog box was first ldiged, which allowed the user to partition the
problem and adjust the memory allocation for thev&o The problem was first partitioned into
parts, and all of the parts were then solved imlprin order to reduce the simulation time. To
fully utilize the quad core processer available,phoblem was split into 8 parts, and all partsewer
solved simultaneously by using the HP MPI (Mesdaasgsing Interface) local parallel run mode.
High memory was allocated to the Solver. Once te&ri@ Run dialog box was set to the required

settings, the run button in the bottom left conmves clicked to start the run.
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3.2.3.13.2 Display Monitors

Display monitors showed the progress of a givenimuerms of the residual values and a
plot of the residuals. The display monitors alsovedd errors, if any, made while setting up the
problem in the CFX-Pre module, in addition to lisewy errors, and errors caused by the computer
due to insufficient memory. For certain cases rés&duals did not converge to the target value of
1 x 10°. This could be seen on the display monitors amdidcoe corrected by changing the mesh
quality and time steps used. Convergence of 1%f@0the residuals was also considered in some
cases since the results achieved were reasondb¥ePGst broke down the inputs given in CFX-
Pre into readable code. Appendix H shows the cadayed on the display monitors for a general
case. Figure 34 shows the display monitors fomapéa run conducted on the 3\Wwedge with k
=4 W/m-K.

%% v 00 Be BES @ H ¥ EE x
je you

Workspace  [Run Real time single

| Momentum and Mass | He Turbulence (ko) | wall and Boundary Scal B | outFi 1
1.0e+00 —[
g | 088 | 3.4E-06 | 4.1E-05 | 4.82-03 K|
| 0.93 | 2.02-05 | 1.62-08 | 5.6 4.82-03 OKI
I 1.0 2.7E 5 | 5.7 1.5E-03 OK|
| 102 | 6.2Z-07 | 1.4E-05 | 12.2 2_4E-07 OK|
1.0e-01 4
q Timestepping Information
Timeste o | s cow Wumber | Max Couzent Numbs
| £.00002+03 | 70853 i 59539 |
1.0e-02 | S = S = T
] TIME STEP = 121 SIMULATION TIME = €.77245+05 CPU SECONDS = 1.7362+03
COEFFICIENT LOOP ITERATION = I CPU SECONDS = 1.7962+08
| Rate | RMS Res | Max Res | Lin
g | 1.00 | &.42-07 | 51
E | 100 | 7.1=- l
D 1003 o | 1.00 | 3.62-07 |
5 ] | 0.55 | 3.4z~ 1
5
| 0.%3 | 3.4z- I
| 0.83 | z_0=-05 1
1102 | I s
| 100 | 6.3 |2z
1.0e-04 4
| Timestepping Information |
I Timeste 53 | BMS Courant Number | Max Courant Numb 1
I £.0000+03 | 05.535 55555 |
1.0e-05 4
| TIME STEE = 122 SIMULATION TIME = &_8324E+05 CPU SECONDS = 1.805E+03
COEFFICIENT LOOP ITERATION = 1 CPU sscowDs = 1.s08E+03
Squation | Lineer Solutien |
1.0e-08 = Fha P | U-Mom ] 1.8§2-02 OK|
T T T T T T T T T T T T T | v-Mom 1 1. 02 OKI|
o 20 “0 60 80 100 120 | W-Mom il 1.82-0z OKI
Accumulated Time Step | P-Ma | 1 sz-0z ORI
—— RMSH-Energy RMS T-Energy ‘

Figure 34. Display monitor results.

3.2.3.13.3 Solver Run Times

The computer used to run ANSYS-CFX was an Intet@g(TM) i7-2600 CPU processor
running at 3.40 GHz with 8.00 GB of RAM. A 64-bension of ANSYS 15.0 was used to run all

of the cases. Parallel processing was used,Heeproblem was split into various segments and all
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of those segments were solved simultaneously. &@pkarious segments in parallel, using several
processers, took range of computer times to rulwsicases, depending on the total number of
elements and time step expression used for sothiedransient problem. To run a typical 3.6
wedge model for 10368000 s (120 days) took apprateiy 11 hours, whereas, solving the
cylindrical model with U-tube, L = 150 m and L =Qén, took approximately 23 hours and 18
hours, respectively. The amount of space requoesdve the solution depended upon the number
of time steps of the solution that were saved. I8aeach of 2500 time steps required about 150
GB of space for the 3?6vedge model. On the other hand, saving at eack sitep for the
cylindrical model with U-tube took about 350 GB.r@alering the fact that each run required so
much space to save the results at each time st&ydts were saved only at 120 time step intervals
for the runs conducted later (runs conducted orttebe with L = 100 m) in order to reduce the

space requirements. Saving the results at onlytitdsteps took about approximately 16 GB.

After solving the problem for the total time givéor a particular problem, results were
extracted using CFX-Post (one of the five ANSYS-CRXdules) for each run. The results
extracted for various runs are discussed in Sedtin
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CHAPTER 4
RESULTS

This chapter gives a detailed discussion of theltesbtained from the different solution
methods. First, results for the one-dimensionalptenature distribution using the closed form
solution and the Finite Difference method are presgand discussed. Then, results obtained from

ANSYS-CFX for the two-dimensional transient moded presented and discussed.

4.1 Results Obtained from the Closed Form Solution

As discussed in Section 3.1.1 and App. B, the ddeem solution for the heat transfer
problem (without fluid flow) in cylindrical coordates was solved to obtain the results for one-
dimensional temperature distribution. The resutftsnfthat solution were then analyzed in order
to find the radius at which the initial temperatofehe earth (285 K) remained unchanged. This
was done to estimate the spacing needed betweerblas, so that a bore hole did not thermally
affect adjacent bore holes.

First, earth domain temperatures at different tiaues radii were calculated for different
values of thermal conductivity (k), while keepirgetinner diameter of the tube;{Ronstant and
equal to 0.2 m, and keeping B 20 m. The values @f = 2050 kg/m and G = 1840 J/kg-K were
kept constant for all cases. Table 8 show the amekional temperatures above 285K for

different radii and times when using k = 0.5 W/mwereATe = Tg(r,t) - 285 [K] .

Table 8.Temperature riseATe) distribution at different times for k = 0.5 W/madd D
= 0.2 m (closed form).

AT, (K) att= AT. (K) at t= AT. (K) at t = AT. (K) at t=
r(m) 2592000s (30 5184000 s (60 7776000's (90 |10368000's (120

days) days) days) days)

0.5 6.42 7.85 8.58 9.06
1 2.28 3.77 4.64 5.24
2 0.13 0.62 1.13 1.57
3 -0.01 0.05 0.19 0.38
4 -0.02 -0.02 0.00 0.05
5 -0.03 -0.03 -0.02 -0.02
6 -0.03 -0.03 -0.03 -0.02
7 -0.02 -0.02 -0.02 -0.02
8 -0.01 -0.01 -0.01 -0.01
9 -0.01 -0.01 -0.01 -0.01
10 0.00 0.00 0.00 0.00
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As can be seen from Fig. 35, for thveig boundary and initial conditions (Egs. (3-2)-(3
4)), initial earth temperature remained approxityatechanged, within an error of 0.05 K, for
radius greater than 4 m for all times studied. €f@e, a distance of 8 m (2 x 4 m) can be used as
the spacing that has to be provided between the lbales when the thermal conductivity of the

earth is assumed to be 0.5 W/m-K.

10.00
t=2592000's t=5184000 s
8.00
t=7776000 s t = 10368000 s
6.00
<
. 4.00
'—
<
2.00
0.00
0.00 2.00 4.00 6.00 8.00 10.00 12.00
-2.00
r(m)

Figure 35.4Tevs. radius at different times for k = 0.5 W/m-K dhd 0.2 m (closed form).

Next, Table 9 shows the one-dimensional temperatab®ve 285 KATe) for different
radii and times when using k = 2 W/m-K. Furtheomfiation can be found in Fig. 36. Also, note
thatATevalues at all radii when k = 0.5 W/m-K, t = 1036800(Table 8), are exactly the same as
those for k = 2 W/m-K, t = 2592000 s (Table 9).s'ts becaused(r,t) depends om andr, as
only the product of the two (see Eq. (B-3)). Theref whert is halved and. is doubled, the value

of Te(r,t) will be exactly the same.

Table 9. Temperature risATe) distribution at different times for k = 2 W/m-KaD = 0.2
m (closed forrr.

AT.(K) att = AT. (K) at t= AT. (K) at t = AT. (K) at t=
r (m) 2592000 s (30 5184000 s (60 7776000 s (90 10368000 s (120
days) days) days) days)
0.5 9.06 10.07 10.58 10.92
1 5.24 6.58 7.28 7.74
2 1.57 2.8 3.55 4.07
3 0.38 1.15 1.75 2.22
At 0.05 0.42 0.82 1.18
5 -0.02 0.12 0.35 0.59
6 -0.02 0.02 0.13 0.27
7 -0.02 -0.01 0.04 0.11
8 -0.01 -0.01 (0] 0.04
5 -0.01 -0.01 0 0.01
10 0 0 (0] (0]




43

As can be seen from Fig. 36, for the given bounday initial conditions (Egs. (3-2)-(3-
4)), initial earth temperature remained approxityatechanged, within a maximum error of 0.04
K, for radius greater than 8 m for all times stadi€herefore, a distance of 16 m (2 x 8 m) can be
used as the spacing that has to be provided betthedyore holes when the thermal conductivity

of the earth is assumed to be 2 W/m-K.

12.00
10.00 t=2592000 s t=5184000 s

8.00 t=7776000 s t=10368000s
¥ 6.00

5 4.00

2.00

0.00
0.00 2.00 4.00 6.00 8.00 10.00 12.00

-2.00

Figure 36.4Te vs. radius at different times for k = 2 W/m-K dnd:= 0.2 m (closed form).

Finally, Table 10 shows the one-dimensional tentpeea above 285 KATT¢) for different
radii and times when using k = 4 W/m-K. Furtheomfation can be found in Fig. 37. Also, note
that ATevalues at all radii when k = 2 W/m-K, t = 518400argl t = 10368000 s (Table 9), are
exactly the same as those of k =4 W/m-K, t = 28829and t = 5184000 s (Table 10), respectively.
This is becaused(r,t) depends on andr, as only the product of the two (see Eqg. (B-3herEfore,
whent is halved and: is doubled, the value ofdF,t) will be exactly the same.

Table 10. Temperature risaTe) distribution at different times for k = 4 W/m-K@&D = 0.2
m (closed form).

AT.(K) at t = AT, (K) at t = AT. (K) at t = AT. (K) att =
r (m) 2592000 s (30 5184000 s (60 7776000 s (90 10368000 s (120
days) days) days) days)
0.5 10.07 10.92 11.35 11.64
1 6.58 7.74 8.35 8.75
2 2.8 4.07 4.79 5.28
3 1.15 2.22 2.91 3.4
4 0.42 1.18 1.76 2.21
5 0.12 0.59 1.04 1.42
6 0.02 0.27 0.59 0.88
7 -0.01 0.11 0.32 0.53
8 -0.01 0.04 0.16 0.29
9 -0.01 0.01 0.06 0.13
10 (0] O (0] O
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As can be seen from Fig. 37, for the given bounday initial conditions (Egs. (3-2)-(3-
4)), initial earth temperature remained approxityatechanged, within a maximum error of 0.13
K, for radius greater than 9 m for all times stadi€herefore, a distance of 18 m (2 x 9 m) can be
used as the spacing that has to be provided betthedyore holes when the thermal conductivity

of the earth is assumed to be 4 W/m-K.

15.00

t=2592000 s t=5184000s
10.00 t=7776000 s t=10368000 s

=

» 5.00
'_
<

0.00

0.00 2.00 4.00 6.00 8.00 10.00 12.00
-5.00
r(m)

Figure 37.4Tevs. radius at different times for k = 4 W/m-K and=D.2 m (closed form).

Before conducting runs using ANSYS-CFX, it was impot to determine the effect of
inner diameter on the temperature distributionaSew more cases were solved by changing the
inner diameter to 0.1 m. It was determined thattler decreased inner diameter to 0.1 m, the
magnitudes of the differences between earth terhpesawere approximately 0.10 K (max) to
0.01 K (min) (see Tables C-4 to C-6) compared tthe@mperatures at similar conditions when
Di = 0.2 m (see Tables 8-10). The earth temperaésudts after changing the inner diameter of
the earth to 0.1 m are discussed in Appendix C.

4.2 Results Using Finite Difference Method (M S Excel)

As stated in Section 3.1.2, the solution for thetheansfer problem in cylindrical
coordinates was also found using the Finite Difieeemethod in MS Excel. Then, these results
are compared to the results from the closed folotiso in Section 4.3. Equation (3-12) was used
to solve the Finite Difference problem. Input paedens to solve the Finite Difference method
such asir ro, p, G and k were taken from Table 4. The Finite Diffexe problem was solved
using different values ofr andAt, while satisfying the stability criterion (Eq. (3)). This was
done to check for consistency of the results. & determined that, when the initially used= 1
m andAt = 18000 s were reduced 40 = 0.1 m and\t = 600 s, there was an approximate earth
temperature difference of 1.691 K atr = 1.1 m tnd.0368000 s (120 days). Also, whenand
At were further reduced tor = 0.05 m and\t = 300 s, there was an approximate difference of
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0.001Kforr=1mandt=10368000 s (120 dag)@anpared to the earth temperatures calculated
with At = 600 s and\r = 0.1 m. Since changing front = 600 s to 300 s did not the change the
temperatures appreciablyz = 300 s andAr = 0.05 m were used to calculate all of the final
temperature results (earth temperature rise ab®8ve&2 using the Finite Difference method. The

earth temperature results for = 600 s and 18000 s are compared in Appendix F.

Tables 11-13 and Figs. 38-40 show the one-dimeaki@mperature rise above 285 K
(ATe) at different radii and times determined using Fiv@te Difference method for various radii
and times when usinggt = 300 SAr = 0.05 m, D= 0.2 m, @ = 20 m,p = 2050 kg/m, C, = 1840
J/kg-K, and k = 0.5, 2, and 4 W/m-K.

Table 11. Temperature risaTe) distribution at different times for k = 0.5 W/makd O = 0.2

m (Finite Difference method).

AT (K)att= AT. (K) att = AT. (K) att = AT. (K) att =
r (m) 2592000 s (30 5184000 s (60 7776000 s (90 10368000 s (120

days) days) days) days)

0.5 6.89 8.32 9.05 9.53
1 2.18 3.67 4.54 5.14
2 0.12 0.61 1.12 1.56
3 0.00 0.06 0.21 0.40
4 0.00 0.00 0.03 0.08
5 0.00 0.00 0.00 0.01
6 0.00 0.00 0.00 0.00
7 0.00 0.00 0.00 0.00
8 0.00 0.00 0.00 0.00
9 0.00 0.00 0.00 0.00
10 0.00 0.00 0.00 0.00

10
—e—1t=2592000s t =5184000 s

t=7776000 s t=10368000 s

o 1 2 3 4 5 .6 7 8 9 10 11
r(m)

Figure 38.ATevs. radius at different times for k = 0.5 W/m-K dnd 0.2 m (Finite Difference
method).
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Table 12. Temperature risaTe) distribution at different times for k = 2 W/m-KaD =
0.2 n (Finite Differenct method]

ATe(K) att= ATe (K) at t = ATe (K)att | ATe(K)att=
r (m) 2592000 s (30 5184000 s (60 =7776000s | 10368000 s
days) days) (90 days) (120 days)

0.5 9.53 10.54 11.05 11.39
1 5.14 6.48 7.18 7.65
2 1.56 2.79 3.55 4.07
3 0.40 1.17 1.77 2.25
4 0.08 0.44 0.85 1.21
5 0.01 0.15 0.38 0.62
6 0.00 0.04 0.15 0.30
7 0.00 0.01 0.06 0.14
8 0.00 0.00 0.02 0.06
9 0.00 0.00 0.00 0.02
10 0.00 0.00 0.00 0.00

It can be noted from Tables 11 and 12 thig§values at all radii when k = 0.5 W/m-K, t =
10368000 s (Table 11), are exactly the same ag thids = 2 W/m-K (Table 12), t = 2592000 s.
This is because(r,t) depends on andr, as only the product of the two (see Eq. (B-3herEfore,
whent is halved andh is doubled, the value ofef,t) will be exactly the same. Similarly from
Tables 12 and 13\Tevalues at all radii when k = 2 W/m-K, t = 5184008rsl t = 10368000 s,
are exactly the same as those of k = 4 W/m-K, 582000 s and t = 5184000 s, respectively.

12

10 —@—1t =2592000 s t=5184000 s
t=7776000 s t=10368000 s
8
=3
v 6
'_
<
4
2
0 — v
0 1 2 3 4 5 6 7 8 9 10 11
r(m)

Figure 39.4Tevs. radius at different times for k = 2 W/m-K and=®.2 m (Finite Difference
method)
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Table 13. Temperature risaTe) distribution at different times for k = 4 W/m-KaD =
0.2 m (Finite Difference method).

ATe(K) at t = AT (K) att = AT (K) att = AT (K) att =
r (m) 2592000 s (30 5184000 s (60 7776000 s (90 10368000 s (120
days) days) days) days)
0.5 10.54 11.39 11.82 12.10
1 6.48 7.65 8.26 8.66
2 2.79 4.07 4.79 5.28
3 1.17 2.25 2.93 3.43
4 0.44 1.21 1.79 2.24
5 0.15 0.62 1.07 1.45
6 0.04 0.30 0.62 0.91
7 0.01 0.14 0.34 0.55
8 0.00 0.06 0.17 0.31
9 0.00 0.02 0.07 0.13
10 0.00 0.00 0.00 0.00
14
12 —@—t =2592000s t=5184000s
10 t=7776000s t=10368000 s
< s
5 6
4
2
0 o
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Figure 40.ATevs. radius at different times for k = 4 W/m-K and
Di = 0.2 m (Finite Difference method)
As can be seen from Figs. 38-40, initial earth terafure remained unchanged within an

error of approximately 0.08 K (max) at 4 m for K05 W/m-K, 0.06 K (max) at 8 m for k = 2
W/m-K, and 0.13 K (max) at 9 m for k = 4 W/m-K. Ttegge radii results (4 m, 8 m, and 9 m)
obtained from Finite Difference results are reabtsmahen compared with those of the closed
form solution. Differences between the two methascomputed and discussed in Section 4.3.
These temperature distribution results are maiséful for determining the minimum spacing that

is needed between the bore holes.

4.3 Comparing Closed Form and Finite Difference Solutions

After solving the transient heat transfer problentylindrical coordinates using both the

closed form (Tables 8-10) and Finite Difference if€a 11-13) methods, the results were
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compared. Tables 14-16 show the differences betteeperatures found using the two different
methods for k = 0.5 W/m-K, 2 W/m-K, and 4 W/m-Kspectively. DT is the difference between
the closed form solution and Finite Difference noethemperatures

DTe = Te (Finite Difference method)~ Te (closed form solution) (4'1)

Table 14. Difference between closed form solutiweh Rinite Difference method temperatures
at different times for k = 0.5 W/m-K and=90.2 m.

DTe (K) at t = DTe (K) at t = DTe(K) att = DTe (K) at t =
r (m) 2592000 s (30 5184000 s (60 7776000 s (90 | 10368000 s (120

days) days) days) days)

0.5 0.47 0.47 0.47 0.47
1 -0.11 -0.10 -0.10 -0.10
2 -0.01 -0.01 -0.01 -0.01
3 0.01 0.01 0.01 0.02
4 0.02 0.02 0.02 0.02
5 0.03 0.03 0.03 0.03
6 0.03 0.03 0.03 0.03
7 0.02 0.02 0.02 0.02
8 0.01 0.01 0.01 0.01
9 0.01 0.01 0.01 0.01
10 0.00 0.00 0.00 0.00

Table 15. Difference between closed form solutiwh Binite Difference method temperatures
at different times for k = 2 W/m-K and £0.2 m.

DTe (K) att= DTe (K) at t = DTe(K) att = DTe (K) att=
r (m) 2592000 s (30 5184000 s (60 7776000 s (90 10368000 s
days) days) days) (120 days)

0.5 0.47 0.47 0.47 0.47
1 -0.10 -0.10 -0.10 -0.10
2 -0.01 0.00 0.00 0.00
3 0.02 0.02 0.02 0.02
4 0.02 0.03 0.03 0.03
5 0.03 0.03 0.03 0.03
6 0.03 0.03 0.03 0.03
7 0.02 0.02 0.02 0.02
8 0.01 0.01 0.01 0.02
9 0.01 0.01 0.01 0.01
10 0.00 0.00 0.00 0.00
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Table 16. Difference between closed form solutiwh Einite Difference method temperatures
at different times for k = 4 W/m-K and £0.2 m.

DTe (K) at t = DTe (K) at t = DTe(K) att= DTe (K) at t =
r (m) 2592000 s (30 5184000 s (60 7776000 s (90 103680005 (120

days) days) days) days)

0.5 0.47 0.47 0.47 0.47
1 -0.10 -0.10 -0.10 -0.10
2 0.00 0.00 0.00 0.00
3 0.02 0.02 0.02 0.02
4 0.03 0.03 0.03 0.03
5 0.03 0.03 0.03 0.03
6 0.03 0.03 0.03 0.03
7 0.02 0.02 0.02 0.02
8 0.01 0.02 0.02 0.02
9 0.01 0.01 0.01 0.01
10 0.00 0.00 0.00 0.00

From Tables 14-16, it can be seen that the diffexerbetween the closed form solution
and Finite Difference method temperatures are aqpetely 0.47 K at smaller radii, and the
difference decreases with increasing radius. Atszan be seen that the differences remain about
the same for any given radius irrespective of teme thermal conductivity. The differences
between temperatures at different radii varied feominimum of zero to a maximum of 0.47 K.
The results from the Finite Difference method wals® compared with the results from ANSYS-
CFX and are shown in Appendix D. For example, ferk52 W/m-K and r = 0.3 m, the maximum
difference observed was 0.57 K at t = 2592000 s &5gp. D). The differences between the
temperatures calculated by ANSYS CFX and Finitddb#nce methods are reasonable, but it is

unknown as to whether these differences increa&smedse or remain the same as k increases.

4.4 CFD Resultsfrom ANSYS-CFX

A number of runs were conducted using ANSYS-CFX Yarious values of input
parameters such as inlet velocity, thermal condiigtof the earth, roughness at the interface of
the water and earth domains, inner tube diameteg bole depth, and operational time. Values

for input parameters are clearly shown for eachviddal run.

First, as discussed in Section 3.2.16a8dge was modeled instead of the full 3&@rder
to reduce the simulation run time by approximagftimes while reducing the number of nodes
by a factor of 100. This &vedge model for the earth and water domains wsisdieated (one

pipe going straight down, without any U-Tubes) asdembled using SolidWorks. Steps involved
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in creating the model are discussed in AppendikHen, the 3.6wedge model was imported into
ANSYS-CFX for executing the simulations, as degsmtin Section 3.2.3.1.

Simulations were also conducted on the completé 8@lindrical model for a U-tube
having a range of the input variable values. Thés wone in order to determine the number of
bore holes required to reach target exit tempegafor different simulation times. Conducting
simulations on the 3%6vedge, before simulating the actual 36@lindrical model with U-tube,
helped in determining the approximate mass flow dtthe water required to achieve a°td
water temperature drop from the inlet to the eGt°C was the cooling water temperature change

assumed to be needed for the condenser of a pdaver(d].

4.4.1 Initial Conditions

As discussed in Section 2.4, across the U.S., ¢éaniperature beyond a depth of 10 m
remains relatively constant, ranging from°®to 16°C [15] depending on the location and the
soil type. Considering this fact, the initial temgteire of the earth was chosen to be in the middle
of that range, at 1ZC (285 K), for all runs.

4.4.2 Boundary Conditions
4.4.2.1 Inlet Temperature of Water

In the ground loop cooling method, the warm coolivager exiting the condenser will be
sent to the ground loop system to be cooled. Sime¢emperature of the cooling water exiting a
typical power plant’s condenser is approximatelyl3€, an inlet ground loop temperature of T
= 305.1 K was used for all runs [6]. Since manyhaf cooling systems of a thermal power plant
operate with a cooling water temperature changgpfoximately 10C [6], the target bore hole
exit water temperature was chosen to be 295 K.odarruns were performed by changing other
boundary conditions (e.g., inlet water velocity}iltihhe temperature at the bore hole exit was less
than or equal to the target of 295 K when t = 1@8&Bs (4 months).

4.4.2.2 Wall Temperature

A temperature of 285 K (], equal to the initial temperature of the earthswiven to the
outer boundary of the cylinder at radius $ince all of the results from the one-dimensional
transient problem indicated that the initial tengtere of the earth at radii greater than 9 m was

not affected, a larger value @f equal to 10 m, was chosen for the undisturbedroatlius of the
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CFX model. Using the previously discussed boundemy initial conditions (Eqgs. (3-2)-(3-4)),

different runs were conducted; and the resultsiobthare discussed in Sections 4.4.3- 4.4.10.

4.4.2.3 Thermal Conductivity

As discussed in Section 2.4.2, thermal conductivitthe earth ranges from 0.5 W/m-K to
over 5 W/m-K. Considering this variability in theahrconductivity of the earth, several runs were
conducted using different values of k; and the ltesvere analyzed and compared

4.4.3 ANSYS-CFX Runson 3.6° Wedgewith Di=0.2m

Figure 41 shows the 3.6vedge model used to conduct the simulations u8N§YS-
CFX. Warm cooling water exiting the condenser ist $eto the bore hole inlet (left side of Fig.
41). While transferring heat to the earth domairg tvarm cooling water reduces in temperature
and exits the bore hole at a lower temperature #ghae inlet. Runs were conducted at different
mass flow ratesif) and inner radii (§ of the tube until water at the bore hole exit W&C cooler
than at the inlet at all of the times with a maximtime of 10368000 s (4 months). The final mass
flow rate was used as an approximate value forféHew-on runs conducted with the 360
cylindrical model having the U-tube (Sections 4.dnd 4.4.8).

%hole Esit
=

Figure 41. Scale model of 3.@vedge of the water and earth domains used to airitla
simulations.
Table 17 shows thermal properties given to thehedomain and the dimensions used in

designing the 3%wvedge for the runs conducted with an inner diamafténe tube equal to 0.2 m.

Table 17. Common input values for the runs conductethe 3.6wedge with D= 0.2 m.

ri (m) ro (M) L (m)
0.1 10 500
k (W/m-K) Cp (J/kg-K) p (kg/nP)
0.52 1840 2050
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For the Table 17 values of radii)(@nd depth (L), a mesh file was created. Tablshifvs

typical mesh statistics for the results preseme8dctions 4.4.3.1- 4.4.3.8.

Table 18. Mesh statistics for 8.&edge with D= 0.2 m and L = 500 m.

Domain Nodes Elements
Earth 255102 125000
Water 280112 205000

Runs were conducted for different values of inkelbeity while keeping the input values
from Table 17 and Table 19 (boundary conditiong)hamged. The results, such as the earth’s
temperature distribution and bore hole exit watengeratures, were calculated for different cases

of inlet velocity and are discussed in Sections3414 4.4.3.8.

Table 19. Common boundary conditions given to bothains (3.6wedge).

D

Boundaries
Boundary - Default Fluid Solid . . A
Interface Side 1 Boundary - Default Fluid Solid Interface Side 2
Type INTERFACE Type INTERFACE
Location F32.26 Location F32.21
Heat Transfer Conservative Heat Transfer Conservative Interface
Interface Flux Flux
Boundary — Earth Symmetry Mass and Momentum No Slip Wall
Type SYMMETRY Wall Roughness (e) Smooth Wall
Location F28.26, F29.26 Boundary — Outlet
Boundary - Earth Default Type OPENING
Type WALL Location F22.21
Location F30.26, F31.26  Flow Direction Normal to Boundary
Condition
Heat Transfer Adiabatic Flow Regime Subsonic
Boundary - Wall Temperature Heat Transfer Opening Temperatur
Opening
Type WALL Temperature () 2.850 x 16 [K]
Location F27.26 Mass And Momentum Openlng Prgssure ana
Direction
. Medium Intensity and
Settings Turbulence Eddy Viscosity Ratio
Heat Transfer T Fixed Boundary - Water Symmetry
emperature
Fixed
TR 2.850 x 18 [K] Type SYMMETRY

Location

F24.21, F25.21
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4.4.3.1 Run 1 with Vin=0.030510 m/s and t = 2592000 s (3.6° Wedge, ri= 0.1 m)

With the common input values of Tables 17 and X®the input values given for the water
domain at the inlet (see Table 20), a run was cotedifor a total time of t = 2592000 s (1 month).
For the initial runs, t = 2592000 s (1 month) wasdias opposed to t = 10368000 s (4 months)
(which took approximately 11 hours of computer dmtion time), so as to reduce the
computational time in determining the mass flovesahat can be used to achieve the target bore
hole exit water temperature. The time steps wetergened using the expression

At = 0.1 + [1-exp (-0.0000500@))] (3599.9) [s] (4-2)
Results, including earth temperature distributiand bore hole exit water temperatures
at different times, were produced using CFX-Postae discussed in the following pages.

Table 20. Input values given at the inlet boundarthe water domain for Run 1.

Boundary — Inlet
Type INLET
Location F23.21
Heat Transfer Static Temperature
Tin 305.1K
Mass And Momentum Normal Speed
Vin 3.0510x 102 m/s
Turbulence () Medium Intensity and Eddy Viscosity Ratio (5%)
Wall Roughness (e) Om
Opening Temperature (Top) 285 K

The results were saved for all time steps. Areaamesl water temperature (Eq. (4-3)) was
plotted against depth along the bore hole at lf@rdint locations and is shown in Fig. 42. Area
averaged water temperature at the outlet is theaduhe product of temperature and area of each

water element at the outlet divided by the totabaof the outlet.

Texit="areaAve (Temperature)@Outlet” (4-3)
306.0
305.0
g 304.0
— 303.0
302.0
301.0
0 200 ¢4 (m) 400 600

Figure 42. Water temperature vs. depth along the bole for t = 2592000 s
and h = 0.030510 m/s (3%vedge, r= 0.1 m, L = 500 m).



54

The water temperature at t = 2592000 s for diffelarations along the bore hole decreased
linearly due to the heat transfer to the earth E8ge42). Since the water temperature at 500 m did
not reduce by 1 from the inlet at 0 m, to meet the target of E93n the following runs, the
inlet velocity was decreased for each run untiltdrget temperature for water at the bore hole exit

was achieved.

Table 21 shows the radial temperature rise digiobhe @ATe) in the earth domain at

different depths, wher&Te = Te— 285 [K].

Table 21. Earth temperature ris&Te) at different depths along the bore hole for
Vin=0.030510 m/s and t = 2592000 s (Bagedge, r= 0.1 m, L= 500 m).

AT.[K]

r [m] d=0.1m d=100m | d=200m d=300m | d=400m | d=500m
0.1 19.95 19.25 18.62 18.01 17.42 16.85
1.2 1.36 1.3 1.24 1.18 1.12 1.07
2.3 0.05 0.05 0.04 0.04 0.04 0.04
3.4 0 0 0 0 0 0
4.5 0 0 0 0 0 0
5.6 0 0 0 0 0 0
6.7 0 0 0 0 0 0
7.8 0 0 0 0 0 0

The initial temperature of the eartiméin remained unchanged at a radius greater than
approximately 2.3 m for all depths and at time é¢ua592000 s (see Figs. 43 and 44). Also, Fig.
44 shows that the earth temperature changes aretlsrfamnsistent) both radially and along the
depth of the bore hole indicating that the earthperature distribution results shown in Fig. 43

25

d=0.1m d=100m
20
a d=200m d=300m
15 —e—d=400m d=500m
<
F 10
5
/\\\
0
0 2 4 r(m) 6 8 10

Figure 43. Earth temperature vs. radius at difféardapths along the bore hole for
t = 2592000 s andi¥= 0.030510 m/s (3%wvedge, r= 0.1 m, L = 500 m)
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are representative of the results all along thee basle. Although the bore hole exit water
temperature did not hit the target of 295 K, aafise of 4.6 m (2 x 2.3 m) can be used as the
minimum spacing that has to be provided betweerbtine holes if the inputs from Table 20 are
used.

2.850e+002
[K]

Figure 44. Temperature contours in the uppermost sectionef/értical radially symmetric side
the earth domain for t = 2592000 s angd ¥ 0.030510 m/s (3%wvedge, r= 0.1 m, L = 500 m).

Area averaged bore hole exit water temperaturgiledied against time to see the transient
behavior of the heat rejected by warm cooling wadehe earth domain (see Fig. 45).

304
302
300
298

0 500000 1000000 1500000 2000000 2500000 3000000
T(s)

Figure 45. Bore hole exit water temperature vsetfior i, = 0.030510 m/s (3%wvedge, r=0.1 m
L =500 m).
As can be seen from Fig. 45, the water at the boleexit starts to be flatter at a relatively

constant temperature after 500000 s (5.7 days)n@akto account the target exit temperature of
295 K required to maintain the cycle efficiencytioé power plant at all times, further runs were
conducted at reduced mass flow (inlet water veypcaind are discussed in the following sections.

Results for all of the runs conducted are summdrizésection 4.4.6.
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4.4.3.2 Run 2 with Vin=0.01525 m/s and t = 2592000 s (3.6° Wedge, ri= 0.1 m)

Run 2 was conducted withn\= 0.01525 m/s while keeping all of the other irgatiie same
as those of Run 1. Table 22 shows the input vadfi@set velocity, inlet temperature and other
parameters given for the water domain of Run 2. rfEselts were extracted using CFX-post and
are discussed in the following pages.

Table 22Input values given at the inlet boundary of theexatomain for Run 2.

Boundary — Inlet

Type INLET
Location F23.21
Flow Regime Subsonic

Heat Transfer Static Temperature
Tin 305.1K
Mass And Momentum Normal Speed
Vin 1.525 x 102 m/s
Medium Intensity and Eddy Viscosity Ratio (5%)
Om
285K

Turbulence (I)

Roughness (e)

Opening Temperature (Top)

With the input values for the water domain at thieti (see Table 22), and the common
settings (see Tables 17 and 19), a run was comdltatéotal time of t = 2592000 s (1 month). The
time steps were determined using Eq. (4-2).

Radial temperature rise distributiodsl¢ = Te— 285 [K]) in the earth domain for different
depths at t = 2592000 s were extracted by CFX-pwostthe results are shown in Table 23.

Table 23. Earth temperature ris&Te) at different depths along the bore hole for t =
2592000 s andi¥= 0.01525 m/s (3%8wvedge, r= 0.1 m, L =500 m).

| AT. [K]
rim] d=0.1m d=100m d=200m d=300m d=400m d=500m
0.1 19.92 18.45 17.27 16.16 15.11 14.12
1.2 1.35 1.22 1.11 1.01 0.92 0.84
2.3 0.05 0.04 0.04 0.03 0.03 0.03
3.4 0 0 0 0 0 0
4.5 0 0 0 0 0 0
5.6 0 0 0 0 0 0
6.7 0 0 0 0 0 0
7.8 0 0 0 0 0 0
8.9 0 0 0 0 0 0
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As can be seen from Figs. 46 and 47, and Tabl&23]l depths along the bore hole, the
initial temperature of the earth remained relativ@hichanged at radii greater than approximately
2.3 m. Although the bore hole exit water temperatlid not hit the target of 295 K, if the inlet
velocity of 0.01525 m/s (Run 2) is used, a distasfee6 m (2 x 2.3 m) can be used as the minimum
spacing that has to be provided between the bashdllso, Fig. 47 shows that the earth
temperature changes are smooth (consistent) bdihllyaand along the depth of the bore hole
indicating that the earth temperature distributiesults shown in Fig. 46 are representative of the

results all along the bore hole.
310

—e—d=01m —e—d=100m
305 —8—d=200m d=300m
—e—d =400 —o—d =500
300 m m
3
Z 795
[J]
'—
290
285 —0 °
280
0.0 1.0 2.0 3.0 4.0
r(m)

Figure 46. Earth temperature vs. radius at diffdréepths along the bore hole 1
t = 2592000 s andi¥= 0.01525 m/s (3%Bwvedge, r= 0.1 m, L =500 m).

2.870e+002
2.850e+002

Figure 47. Temperature contours in thepermost section of the vertical radially symnuoeside
of the earth domain forijy= 0.01525 m/s and t = 2592000 s (3v&dge, = 0.1 m, L = 500 m).
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Figure 48 was plotted to see if, at any depth, atea averaged bore hole exit water

temperature at t = 10368000 s (4 months) reacheetddre hole exit water temperature of 295 K.

306
305
304

303

Ty (K)

302
301
300

299
0 100 200 300 400 500 600
d (m)

Figure 48. Water temperature vs. depth along the bole for t = 2592000 s and
Vin=0.01525 m/s (3Bwnedge, r= 0.1 m, L = 500 m).

As can be seen from Fig. 48, for Run 2, atM0.01525 m/s, the temperature of water at a

depth of 500 m was lower than for Run 1, decreasing.5°C.

Figure 49 shows the area averaged bore hole etg@rwemperature at different times for
a maximum time of 2592000 s. Although the bore el water temperature at the maximum
time decreased by 2.6 from Run 1, the target temperature of 295 K wasaghieved at this flow
rate for any times greater than approximately 10080A new run was conducted by further
decreasing the mass flow rate in order to achiegddrget bore hole exit water temperature, and

the results are discussed in Sections 4.4.3.3.

302
300
298
296
294
292
290
288
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0 500000 1000000 1500000 2000000 2500000 3000000
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Texit (K)

Figure 49. Bore hole exit water temperature vsetiior i, = 0.01525 m/s (3Bwvedge,
ri=0.1 m, L =500 m).
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4.4.3.3 Run 3 with Vin=0.00621 m/s and t = 2592000 s (3.6° Wedge, ri= 0.1 m)

Run 3 was conducted withn&= 0.00621 m/s while keeping all of the other irgilte same
as those of Run 1. Table 24 shows the input vadfi@det velocity, inlet temperature and other
parameters given for the water domain of Run 3ebeht results were them extracted using CFX-

post and are discussed in the following pages.
Table 24. Input values given at the inlet boundarthe water domain for Run 3.

Boundary — Inlet
Type INLET
Location F23.21
Heat Transfer Static Temperature
Tin 305.1K
Mass And Momentum Normal Speed
Vin 6.210 x 103 m/s
Turbulence (l) Medium Intensity and Eddy Viscosity Ratio (5%)
Wall roughness (e) 0 (m)
Opening Temperature (Top) 285 K

This run was conducted for a total time of t = 2882 s (1 month). The time steps were
determined using Eq. (4-2).

Results were then extracted using CFX-Podtaae presented in Table 25 and Figs. 50-53.
To determine the minimum spacing needed betweenbtie holes, radial temperature rise
distributions at different depths along the borteiweere produced by CFX-Post. Table 25 shows
the radial temperaturese distributions&Te = Te— 285 [K]) at different depths along the bore hole

for t = 2592000 s.

Table 25. Earth temperature ris&Te) at different depths along the bore hole for t =
2592000 s andiv= 0.00621 m/s (3®Bwnedge, r=0.1 m, L = 500 m).

AT, [K]
rim] d=0.1m|d=100m|d =200m|d =300m|d =400 m|d =500 m
0.1 19.78 16 14 12 10 8
1.2 1.33 1 1 1 1 0
2.3 0.05 0 0 0 0 0
3.4 0 0 0 0 0 0
4.5 0 0 0 0 0 0
5.6 0 0 0 0 0 0
6.7 0 0 0 0 0 0
7.8 0 0 0 0 0 0
8.9 0 0 0 0 0 0
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It can be seen from Table 25 that most of Afigvalues are rounded numbers without
decimal digits. This is due to an error made inagtipg the results from CFX-post. Therefore,
Table 25 values have possible errors of + 1.0 K thie values could not be corrected due to the

inaccessibility of ANSYS-CFX software while revigithis thesis.

As can be seen from Figs. 50 and 51, and Tablat2&y depth along the bore hole, the
initial earth temperature remained essentially anged at a radius greater than approximately 2.3
m. So, for an inlet velocity of 0.00621 m/s (Run&ylistance of 4.6 m (2 x 2.3 m) can be used as
the minimum spacing needed between the bore hdls®, Fig. 51 shows that the earth
temperature changes are smooth (consistent) bdtallygand along the depth of the bore hole
indicating that the earth temperature distributiesults shown in Fig. 50 are representative of the
results all along the bore hole

310

—@—d=0.1m d=100m

305 d=200m d=300m

300 —@—d =400 m d=500m
3
—, 295
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280

0 2 4 6 8 10 12
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Figure 50. Earth temperature vs. radius at différdapths along the bore hole for
t = 2592000 s andi¥= 0.00621 m/s (3%Bwvedge, r= 0.1 m, L =500 m).
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Figure 51. Temperature contours in the uppermostiae of the vertical radially symmetric
sides of the earth and water domains at t = 25920@0d W = 0.00621 m/s (3%Bwedge, ir=
0.1 m, L =500 m).
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Figure 52 shows the area averaged water temperatutiéferent depths along the bore
hole for time equal to 2592000 s. It can be seal #t depths between 389 m and 444 m, area

averaged water temperature dropped below the estjtarget temperature of 295 K.
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Figure 52. Water temperature vs. depth along the bole for t = 2592000 s and
Vin=0.00621 m/s (3%Bvedge, r= 0.1 m, L = 500 m).

Figure 53 shows the area averaged bore hole exérwemperature plotted against time

for a maximum time of 2592000 s.
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Figure 53. Bore hole exit water temperature vsetiior ih = 0.00621 m/s (3%8wvedge.
ri=0.1 m, L= 500 m).
As can be seen from Fig. 53, bore hole exit waeperature remained below the target

temperature of 295 K at all of the intermediatesfor a maximum time of 2592000 s. The bore
hole exit water temperature will be less than 298uking the initial times as shown in Fig. 53.

These low temperatures during the initial timed Wwave a positive effect on the cycle thermal
efficiency of the power plant. Further discussidrihe effects of these low temperatures [during

initial times] on the thermal efficiency of the pemplant is provided in Section 4.4.11.
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Since the approximate value of water inlet velociegeded to reach the target bore hole
exit temperature of 295 K was determined to be &Q0n/s, a few more runs were conducted at
the same inlet velocity by changing the turbulemtensity options, roughness, and opening
temperature to see how they affected the exit teatype of the water. Results for these changes
are discussed in Sections 4.4.3.4 - 4.4.3.6.

4.4.3.4 Run 4 with Vin=0.00621 m/sand t = 2592000 s (ChangingI)

This section shows the results obtained when chgniiie turbulence intensity (I) of the
flow. Table 26 shows the input values of inlet \o#tiy, inlet temperature and other parameters
given for the water domain of Run 4.

Table 26. Input values given at the inlet boundzfrthe water domain for Run 4.

Boundary — Inlet
Type INLET
Location F23.21

Heat Transfer Static Temperature

Tin 305.1K
Mass And Momentum Normal Speed

Vin 6.210 x 103 m/s

Turbulence (l) High Intensity and Eddy Viscosity Ratio (10 %)

Wall Roughness (e) Om
Opening Temperature (Top) 285 K

Table 26 shows that the turbulence option was akdrtg high intensity (10 %) as
compared to the previous runs, where the turbulemm#el was of medium intensity (5 %).

The bore hole exit water temperature was computeldcampared to the bore hole exit
water temperature from Run 3 at a maximum time5&2D00 s (1 month). This was done to see
if changing the turbulence option affected the Iweatsfer from the water to the earth domain. The
bore hole exit water temperature was computed bygusq. (4-3) under the calculator tab on
CFX-Post. Area averaged water temperature at thetgbore hole exit water temperature) is the
sum of the product of temperature and area of e@atér element at the outlet divided by the total
area of the outlet. Table 27 shows the bore halteneater temperature for the runs using the two

different turbulence options.
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Table 27. Bore hole exit water temperature for thferent turbulence options.

Turbulence (I) Medium Intensity (5 %) High intensity (10 %)
Texit (K) 293.695 293.695

The area averaged bore hole exit water temperafardsoth turbulence options remained the
same (see Table 27). So, for all of the followingg, while changing the other inputs, the
turbulence intensity option was kept constant aputheto medium intensity (5 %).

4.4.3.5 Run 5 with Vin=0.00621 m/sand t = 2592000 s (Changing Top)

For Run 5, while keeping all of the other inputs #ame as those of Run 3, the value of
opening temperature at the exit was changed tok2@S compared to the 285 K used for all
previous runs. Opening boundary condition is déférfrom the inlet and the outlet boundary
conditions since it allows flow in both the direxts as compared to flow only in one direction
(inlet or outlet) [23]. When the flow directioniisto the domain, the pressure value is taken to be
total pressure based on the normal component ofatoeity. When flow is leaving the domain,
the pressure value is taken to be relative staéisgureln this case, since the flow was leaving
the domain, the relative pressure was taken to®h®48& normal to the outlet boundary. Since our
problem was transient, assuming that the flow timacat the bore hole exit while solving the
problem would change and flow occurred into the ewatomain, the opening temperature
[temperature of the inflow (if any)] was given twiferent values of 285 K and 295 K in order to
analyze the effect ofop on the bore hole exit water temperature.

The bore hole exit water temperature was compusetglEq. (4-3), and compared with
the bore hole exit water temperature from Run 8 e equal to 2592000 s. This was done to
see if changing the opening temperature at theebaffected the heat transfer from the warm
cooling water to the earth domain. As can be semn Table 28, bore hole exit water temperature
did not change due to the change in the openingdesture at the outlet. Considering the results
from this run, it was clear that there was no wfiato the domain at the bore hole exit. If there
were flow into the water domain, the bore hole @ater temperature should be different for the
two different opening temperatures. Therefore,dpening temperature was kept constant and

equal to 285 K for all of the following runs.

Table 28. Bore hole exit water temperature for thfterent opening temperatures at the outlet.
Top (K) 285 295

Texit (K) 293.695 | 293.695
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4.4.3.6 Runs 6 and 7 with Vin = 0.00621 m/s and t = 2592000 s (Changing €)

Runs 6 and 7 were conducted by changing the wdliceiroughness at the water and earth
domain interface, as compared to using a smooflacas in Run 3. The bore hole exit water
temperature was computed and compared to theeexgdrature from Run 3. Table 29 shows that
the exit temperature of the water changed veng littith change in roughness at the interface.
Since the change in temperature was so small,fibet ®f roughness on heat transfer across the
interface was not considered, and all followingswere conducted considering a smooth surface
(e = 0 m) at the interface.

Table 29. Bore hole exit water temperature foredéht surface roughnesses at the interface.

e (m) 0 0.005 0.05
Teat (K) | 293.695 | 293.695 | 293.652

4.4.3.7 Run 8 with Vin=0.00621 m/s and t = 10368000 s (3.6° Wedge, ri= 0.1 m)

After checking for the effect of turbulence, rougba and opening temperature at the outlet
on the bore hole exit water temperature, Run 8 emawlucted by changing the total time to
10368000 s (4 months), keeping all other inputsesamthose for Run 3. Since this thesis was
aimed at using ground loop cooling for the 4 summenths of the year [in mid-latitudes of the
U.S.], the total time of the run was changed to6BI®O0 s (4 months). Table 30 shows the input

values given for the water domain at the inletRoin 8.
Table 30. Input values given at the inlet boundafrihe water domain for Run 8.

Boundary — Inlet
Type INLET
Heat Transfer Static Temperature
Tin 305.1K
Mass And Momentum Normal Speed
Vin 6.210 x 103 m/s
Turbulence (I) Medium Intensity and Eddy Viscosity Ratio (5 %)
Wall Roughness (e) Om
Opening Temperature (Top) 285 K

With the input values given to the water domaithatinlet and the common input values
of Tables 17 and 19, a run was conducted for & tiote of t = 10368000 s (4 months), and the

results are discussed in the following pages. ihe steps were determined using Eq. (4-4). The
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maximum time step of Eg. (4-4) was changed fromB83%8 (used in Eq. (4-2)) to 4199.9 s in order
to reduce the computational time.

At = 0.1 + [1-exp (-0.000050@)j] (4199.9) [s]

(4-4)

To determine the minimum spacing needed between btbre holes, temperature

distributions of the earth domainTe = Te— 285 [K]) at different depths along the bore hokre

computed and are shown in Table 31.

Table 31. Earth temperature ris&Te) at different depths along the bore hole for t =
10368000 s andiy= 0.00621 m/s (3Bwnedge, r= 0.1 m, L = 500 m).

ATe [ K]
rim] d=0.1m d=100m d=200m d=300m d=400m d=500m
0.1 19.85 17.09 15.02 13.18 11.56 10.13
1.2 4.02 3.43 2.96 2.54 2.19 1.88
2.3 1.08 0.9 0.76 0.65 0.54 0.46
3.4 0.23 0.19 0.16 0.13 0.11 0.09
4.5 0.04 0.03 0.02 0.02 0.02 0.01
5.6 0 0 0 0 0 0
6.7 0 0 0 0 0 0
7.8 0 0 0 0 0 0

Table 31 and Fig. 54 show that the initial earthgerature at any location along the depth
of the bore hole and time equal to 10368000 s (Ath®) does not change appreciably beyond a
radius greater than approximately 4.5 m. Therefaristance of 9 m (2 x 4.5 m) can be used as

the minimum spacing that is needed between thehmmes when using inputs from Table 30.

Figure 54. Earth temperature vs. radius at différdapthsalong the bore hole fc
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t = 10368000 s andiy= 0.00621 m/s (3Bwvedge, = 0.1 m, L = 500 m)
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Figure 55 shows the area averaged bore hole etgrwemperature plotted against time.
As can be seen from Fig. 55, bore hole exit wagenperature remained below the target
temperature of 295 K for about 7000000 s. Afted(@DO s, the temperature did not rise much.
At the end of 10368000 s (4 months), the tempeeatfithe water at the exit was 295.52 K. Note
that the earth temperature from Table 51 and Hats = 500 m and t = 10368000 s was 295.13

K, which is reasonable since the water is transfgiineat to the earth.
296

294
292

290

Texit (K)

288
286

284

0 5000000 . (s) 10000000 15000000

Figure 55. Bore hole exit water temperature vsetiior i, = 0.00621 m/s (3%8wvedge,
ri=0.1 m, L =500 m).

Figure 56 shows the area averaged water temperatdiferent depths of the bore hole.
Since the temperature of the water at depth 500as 205.52 K, which is fairly close to the
required target temperature of 295 K (see Fig. &&¢w more runs were conducted by changing
306.00
304.00
302.00
g’; 300.00
=
298.00

296.00

294.00
0 100 200 300 400 500 600

Figure 56. Water temperature vs. depth along the lbhole for t = 10368000 s and
Vin=0.00621 m/¢3.6°wedge, = 0.1 m, L = 500 m).

the inlet velocity of water. This was done in ortieproduce an equation for bore hole exit water
temperature (d) as a function of inlet velocity of water (Y. Although the results for all of the
runs are not discussed in detail in this thesis, libre hole exit water temperatures at time

10368000 s (4 months) for different inlet veloatare discussed in Section 4.4.3.8.
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4.4.3.8 Exit Temperature Estimatesfor Different Inlet Velocities (Di = 0.2 m)

Three more runs were conducted for different imédocities, keeping all of the other input
parameters unchanged from Run 8. Using the vatoas Table 32, an equation for bore hole exit

water temperature as a function of inlet velocigsvdetermined.

0.014
Texit [K] = (329.3655 ) (Vin®®%9) (4-5)
Table 32. Bore hole exit water temperature foreddht inlet velocities for t = 10368000 s and
Di=0.2m.
Vin (m/S) Texit (K)

0.0078625 296.992

0.00698889 296.246

0.006621053 295.851

0.00621 295.520
297
296.8
296.6
¥ 296.4
|_'§ 296.2
296
295.8
295.6
295.4

0.006 0.0065 0.007 0.0075 0.008
Vi, (m/s)

Figure 57. Bore hole exit water temperature vsetinvelocity at t = 10368000 s fori B 0.2 m.

Equation (4-5) can be used to determine the boke éxit water temperature for inlet
velocities in the range of 0.00621 m/s to 0.0786#5 and for the 3%Bwedge with D= 0.2 m.
Since the 3.6wedge models cannot be practically installed, beedhere is no riser (return pipe)
for the warm cooling water to come up, Eq. (4-53wat used to determine the water inlet velocity

required to reach 295 K at the bore hole exit.
4.4.4 ANSYS-CFX Runson 3.6° Wedge with Di= 0.25m

Runs were conducted by changingfidm 0.2 m (Section 4.4.3) to 0.25m and 0.3 m
(Section 4.4.5) to determine the effect of innanagter on the temperature distribution in the earth

and the bore hole exit water temperature. Tabls8vs thermal properties used for the earth
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domain and the dimensions used in designing thfeagége for runs conducted when$€0.25

m.

Table 33. Common input values for the runs condletethe 3.6wedge with P= 0.25 m.

r; (m) Io (M) L (m)

0.125 6 500
k (W/m-K) Cp (J/kg-K) p (kg/n¥)

0.52 1840 2050

For the Table 33 values of radius and depth fordihreains, a mesh file was created and
different simulations were performed. Table 34 shdlae common mesh statistics for the runs
conducted on the 36vedge with D= 0.25 m.

Table 34. Mesh statistics for 8\edge with P= 0.25 m and L= 500 m.

Domain Nodes Elements
Earth 255102 125000
Water 307623 207500

Inputs from Table 33 and common input values ofi@4® were used to perform four runs
at different inlet velocities. All of the runs wecenducted for a total time of t = 10368000 s (4
months). The time steps were computed using E4).(Betailed results foriy= 0.00621 m/s are
discussed in Section 4.4.4.1; and bore hole exiemi@mperatures for the four different water

inlet velocities are discussed in Section 4.4.4.2.

4.4.4.1 Run 2-1 with Vin=0.00621 m/s and t = 10368000 s (3.6° Wedge, ri= 0.125 m)

This section discusses the results when the inaerater was changed from 0.2 m to
0.25 m, while keeping all other inputs the sam#hase of Run 3. Table 35 shows the input

values given for the water domain at the inlet ohRR-1.
Table 35. Input values given at the inlet boundzrthe water domain for Run 2-1.

Boundary — Inlet
Type INLET
Location F23.21

Heat Transfer Static Temperature

Tin 305.1K
Mass And Momentum Normal Speed

Vin 6.210 x 103 m/s

Turbulence (I) Medium Intensity and Eddy Viscosity Ratio (5 %)

Wall Roughness (e) Om
Opening Temperature Top 285 K
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With inputs to the water domain at the inlet (sebl€ 35) and common input values from
Tables 19 and 33, a run was conducted for a time of t = 10368000 s (4 months). Different

results were then extracted using CFX-Post angr@sented as follows.

Figure 58 shows the area averaged water tempei@eege=q. (4-3)) at different locations
along the depth of the bore hole.
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Figure 58. Water temperature vs. depth along the hole for t = 10368000 s and
Vin=0.00621 m/$3.6°wedge, r= 0.125 m, L = 500 m).

As can be seen from Fig. 58, area averaged watgrai@ture, for time equal to 10368000
s (4 months) at different locations along the durke, decreases with increasing depth and exits
the bore hole at 297.98 K. Since the water tempe¥att d = 500 m (bore hole exit) and t =
10368000 s did not hit the target of 295 K, a fear@nruns were conducted using different inlet
velocities, while keeping all of the other inpute tsame as those of Run 2-1; and the results are
discussed in Section 4.4.4.2. Figure 59 shows Im@\bbre hole exit water temperature changes

with time.
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Figure 59. Bore hole exit water temperature vsetiior \i(n = 0.00621 m/43.6°
wedge, r=0.125 m, L =500 m).
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Figure 59 shows that the water temperature atdhe fole exit becomes greater than 295
K for time greater than 13 days (1123200 s). Carsid this fact, a few more runs at different
flow rates were conducted in order to determine=ttect inlet velocity at which the bore hole exit
water temperature remained below or equal to 296rKall times; and the results are shown in
Section 4.4.4.2.

To determine the minimum spacing needed betweerahe holes, radial temperature
distributions ATe, whereATe = Te— 285 [K]) at different locations along the bordendepth were

produced and are shown in Table 36.

Table 36. Earth temperature riséTe) at different depths along the bore hole for t =
10368000 s andiv= 0.00621 m/s (3%Bwvedge, = 0.125 m, L = 500 m).

ATe [ K]
rim] d=0.1m d=100 m d=200m d=300m d=400m d =500 m

0.1 19.88 17.87 16.37 14.98 13.71 12.54
0.8 7.17 6.43 5.84 5.3 4.8 4.35
1.4 3.39 3.02 2.72 2.45 2.2 1.98
2.1 1.57 1.39 1.24 1.1 0.98 0.88
2.7 0.67 0.59 0.52 0.46 0.4 0.36
3.4 0.26 0.23 0.2 0.17 0.15 0.13
4 0.09 0.08 0.07 0.06 0.05 0.05
4.7 0.03 0.03 0.02 0.02 0.02 0.01
5.3 0.01 0.01 0.01 0 0 0

As can be seen from Table 36 and Figs. 60 andhBib| temperature of the earth remained
unchanged at radii greater than approximately 4at aitime equal to 10368000 s (4 months) and

at any depth along the bore hole.
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Figure 60. Earth temperature vs. radius at diffdrdapths along the bore hole foxn ¥
0.00621 m/s and t = 103680036’ wedge, = 0.125 m, L = 500 m).
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Figure 61 shows the temperature contours for bothatater and the earth domains near
the inlet section for the maximum time of the siatidn. Also, Fig. 61 shows that the earth
temperature changes are smooth (consistent) bdisllygand along the depth of the bore hole
indicating that the earth temperature distributiesults shown in Fig. 60 are representative of the

results all along the bore hole.

r 3.011e+002
F2.971e+002
T 2.950e+002
- 2.930e+002
F 2.910e+002

2.890e+002
[ 2.870e+002

2.850e+002

K]
Figure 61. Temperature contours in the uppermostice of the vertical radially
symmetric sides of the earth and water domain$ #1:0368000 s andiv= 0.00621m/s

(3.6°wedge, r=0.125m, L =500 m)

Since the area averaged temperature at the boeeelkiilwas not equal to or below the

required target temperature of 295 K, a few monmesrwere conducted with different inlet
velocities, keeping the other parameters the santigey were in Run 2-1. Although the results for
all of the runs are not discussed in detail, bae lexit water temperatures were calculated for

different inlet velocities and are discussed intibec4.4.4.2.

4.4.4.2 Exit Temperature of Water for Different Inlet Veocities at 10368000 s (Di = 0.25 m)

Table 37 shows the bore hole exit water temperatutetal time equal to 10368000 s (4
months) for different inlet velocities when$0.25 m and k = 0.52 W/m-K.

Table 37. Bore hole exit water temperature at diffe inlet velocities for t = 10368000 s and

Di=0.25 m.

Vin (mM/s) Texit (K)
0.0041933 295.359
0.00449286 295.822
0.00571818 297.347

0.00621 297.980

Using the values from Table 37 and Fig. 62, an egudor the bore hole exit water

temperature as a function of inlet velocity wasdomed.
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0.0222K
Texit [K]= (333.5—5757) (Vin® %) (4-6)
298.5
298
__ 2975
X 297
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Figure 62. Bore hole exit water temperature vietimelocity at t = 10368000 s foriB 0.25 m

Equation (4-6) can be used to determine the bole éxat water temperature at any inlet
velocity in the range of 0.0041933 m/s to 0.00624, for the 3.6wedge with D= 0.25 m and k
= 0.52 W/m-K. Since the 3@vedge models cannot be practically installed, bsedhere is no
riser (return pipe) for the warm cooling water tore up, Eq. (4-6) was not used to determine the

water inlet velocity required to reach 295 K at bimge hole exit.
4.45 ANSYS-CFX Runson 3.6° Wedgewith Di= 0.3 m

Table 38 shows thermal properties given to thehedomain and the dimensions used in

designing the 3%wvedge for runs conducted with; 0.3 m.

Table 38. Common input values for the runs conductethe 3.6wedge with P= 0.3 m.

ri (m) I (M) L (m)

0.15 6 500
k (W/m-K) Cp (J/kg-K) p (kg/m?¥)

0.52 1840 2050

For the Table 38 values of radius and depth fordihreains, a mesh file was created and
different simulations were performed. Results idaolg temperature distributions and bore hole
exit water temperatures obtained from this simaofeti are discussed in Sections 4.4.5.1 and
4.4.5.2. Table 39 shows the common mesh statfsticans conducted with the 3.4edge having
Di =0.3 m.

Table 39. Mesh statistics for 8.@edge with D= 0.3 m and L = 500 m.

Domain Nodes Elements
Earth 255102 125000
Water 302621 205000
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Inputs from Table 38 and common input values ofi@4® were used to perform four runs
at different inlet velocities. All of the runs werenducted for a total time of 10368000 s. The time

steps were determined using Eq. (4-4).

4.4.5.1 Run 3-1 with Vin=0.0041933 m/sand t = 10368000 s (3.6° Wedge, ri = 0.15 m)

Run 3-1 was conducted on a3wedge with D= 0.3 m. Table 40 shows the input values
of inlet velocity, inlet temperature and other paeters given for that water domain of Run 3-1.

Table 40.Input values given at the inlet boundary of theexatomain for Run 3-1.

Boundary — Inlet

Type INLET
Location F23.21
Heat Transfer Static Temperature
Tin 305.1K
Mass And Momentum Normal Speed
Vin 4.1933 x 102 m/s
Turbulence (I) Medium Intensity and Eddy Viscosity Ratio (5 %)
Wall Roughness (e) Om
Opening Temperature (Top) 285 K

With the input values given to the water domainhatinlet (see Table 40) and common
settings (see Table 19), a run was conductedtfataitime of t = 10368000 s (4 months). Results,
including bore hole exit water temperatures anthe@mperature distributions, are discussed in
the following pages.

To determine the minimum spacing needed betweebdtesholes, radial temperature rise
distributions in the earth domaifi]e = Te— 285 [K]), at different locations along the depftthe
bore hole at a time equal to 10368000 s, were ctedpand are shown in Table 41.

Table 41. Earth temperature ris&Te) at different depths along the bore hole fort =
10368000 s andiv= 0.0041933 m/s (3%wvedge, r= 0.15 m, L =500 m).

ATe (K)

r (m) d=0.1m d=100m d=200m d=300m d=400m d=500m
0.2 19.86 17.58 15.95 14.47 13.12 11.88
0.8 7.49 6.62 5.94 5.33 4.78 4.29
1.4 3.57 3.13 2.79 2.48 2.2 1.95
2.1 1.66 1.45 1.27 1.12 0.98 0.86
2.8 0.72 0.61 0.54 0.47 0.4 0.35
3.4 0.28 0.24 0.21 0.18 0.15 0.13
4.1 0.1 0.09 0.07 0.06 0.05 0.05
4.7 0.03 0.03 0.02 0.02 0.02 0.01
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The initial earth temperature did not change appbdg after a radius of approximately
4.7 m at maximum time and any depth along the hole (see Fig. 63 and Table 41). Therefore,
a distance of 9.4 m (2 x 4.7 m) can be used anthienum spacing that has to be provided between
the bore holes for the given input values ¢F.3 m and k = 0.52 W/m-K (for inputs of Tables
19, 38, and 40)
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Figure 63. Earth temperature vs. radius at difféardapths along the bore hole for
Vin=0.0041933 m/s and t = 10368000 s (3u&dge, r=0.15 m, L = 500 m).

Figure 64 shows the area averaged water temperatuliéferent depths along the bore
hole for t = 10368000 s.
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Figure 64. Water temperature vs. depth along the lbhole for
Vin=0.0041933 m/s and t = 10368000 s (u@&dge, = 0.15m, L =500 m).

For the given inlet velocity of 0.0041933 m/s aothktime equal to 10368000 s, the water
temperature at a depth of 500 m does not reactethered target temperature of 295 K (see Fig.
64).
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Figure 65 shows the area averaged bore hole eiétr wemperature plotted against time.

284
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Figure 65. Bore hole exit water temperature vsetiior ih = 0.0041933 m/s
(3.6°wedge, = 0.15 m, L = 500 m).

For t = 10368000s, water temperature at the bohke é&xit was higher than the target
temperature of 295 K (see Fig. 65). Considering thct, a few more runs were conducted by
changing the inlet water velocity. Although not allthe results are discussed in detail, the bore

hole exit water temperatures for different inlelioegties are discussed in Section 4.4.5.2.

4.4.5.2 Exit Temperature of Water for Different Inlet Velocities at 10368000 s (Di = 0.3 m)

This section deals with the bore hole exit watergeratures for different velocities when
Di = 0.3 m. Table 42 shows the bore hole exit waepieratures at a time equal to 10368000 s (4
months) for different inlet velocities when the @nrdiameter is 0.8.

Table 42. Bore hole exit water temperature at dsffe inlet velocities for t = 10368000 s

and D=0.3m.

Vin (m/s) Texit (K)
0.003310526 295.816
0.00349444 296.172
0.00393125 296.919
0.00419333 297.401

Using the values from Table 42 and Fig. 66, anaéqn for the bore hole exit water

temperature as a function of inlet velocity waseleped.

0.0224
Text [K] = (336,115 (Vin®0%2) (4-7)
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Figure 66. Bore hole exit water temperature vsetivelocity at t = 10368000 s fori 0.3 m

Equation (4-7) can be used to determine the exipegature of water at any inlet velocity,
in the range of 0.0033105 m/s to 0.0041933 m/sthfer3.6 wedge with D= 0.3 m and k = 0.52
W/m-K. Since the 3%Bwedge models cannot be practically installed, bseahere is no riser
(return pipe) for the warm cooling water to come&Q. (4-7) was not used to determine the water
inlet velocity required to reach 295 K at the bbote exit.

4.4.6 Summary of All Resultswith the 3.6° Wedge

This section provides a summary of the resultsludinog the bore hole exit water
temperatures and minimum spacing needed betwedyotkeholes, for all of the runs conducted
on the 3.8 wedge for different inner tubing diameters.

The following show how to compute the number ofebboles. Assuming the total mass
flow rate of the cooling water coming out of thendenser to beM”, the total number of bore
holes required to maintain the cycle thermal efficly of the plant can be calculated by dividing
that total mass flow rate by the flow rate of wateough each bore holgy, needed to reach the
bore hole exit water temperature of 295 K.

Byum = % (4'8)

Mass flow rate through each bore hole, can be ki using

m = pyAcVin Qél'

where the density of wates{ = 997 kg/mi) was found at 305.1 K (inlet temperature of watag)
is the cross-sectional area of the tube, ¥pds the water inlet velocity (which is differentrfo

different cases).
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A typical fossil-fueled 1000 MW power plant opengtat full capacity withh = 40% would reject
about 1500 MW, which requires 35727.73 kg/s ofudating cooling water, based on a 4D
difference in temperatures from the inlet to thdedwof a cooling system (withgwatery= 4198.42
J/kg-K) [6]. Table 43 shows summary results for tines conducted on the 8\wedge with D=
0.2 m and t = 2592000 s and BiumWwere calculated using Egs. (4-9) and (4-8), respelgt

Table 43. Summary of results for90.2 m and t = 2592000 s.

Do (M) 20
k (W/m-K) 0.52
Cp (J/kg-K) 1840
p (kg/m3) 2050
Tin (K) 305.1
Vin (m/s) m (kg/s) Texit (K) BNum
0.030510 0.955624 302.021 37387
0.01525 0.477656 299.405 74798
0.00621 0.194508 293.695 183683

The minimum spacing that has to be provided betweibore holes is equal to two times
the radius at which the initial earth temperat@emained unchanged.

BSpacing = Tunchanged X 2 (4-10)

For all of the cases shown in Table 43, the maximaaius at which the initial temperature
of the earth remained unchanged was determine@ t.% m. Therefore, 9 m is the minimum

spacing needed between bore holes.

Using Table 32, Table 44 was produced to show sumnesults for the runs conducted
on the 3.6 wedge with D= 0.2 m and t = 10368000 s. For those runs, theéman radius at

which the initial temperature of the earth remainadhanged did not exceed 4 m.

Table 44. Summary of results for90.2 m and t = 10368000 s.

Do (m) 20

k (W/m-K) 0.52

Cp (J/kg-K) 1840

p (kg/m3) 2050

Tin (K) 305.1

Vin (m/s) m (kg/s) Texit (K) BNum
0.0078625 0.246282 | 296.992 | 145068
0.00698889 0.218907 | 296.246 | 163210
0.006621053 0.207381 | 295.851 | 172281
0.00621 0.194508 | 295.520 | 183683
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Since the minimum spacing that has to be provid®igreater than 8 m for a total time of
10368000 s, outer radius for the runs conductati®’.6 wedge with D= 0.25 m and 0.3 m was
changed to a conservative value of 6 m (greater tha 4 m i.e., radius at which the earth
temperatures remains unchanged when D.2 m) instead the of 10 m used for=00.2 m. This

helped to reduce the computer simulation time,tdube smaller number of elements.

Using Table 37, Table 45 was produced to show sumnesults for the runs conducted
on the 3.6 wedge with D= 0.25 m and t = 10368000 s. The minimum spacétgéen the bore
holes for all of those cases did not vary much caneg to the spacing of 8 m for results from
Table 44. For all of the cases from Table 45, th@mum radius at which the initial temperature
of the earth remained unchanged was determineé thbm. Therefore, the minimum spacing

between bore holes should be 9.4 m.

Table 45. Summary of results for=50.25 m and t = 10368000 s

Do (m) 12
k (W/m-K) 0.52
Co (J/kg-K) 1840
p (kg/m?3) 2050
Tin (K) 305.1
Vin (m/s) m (kg/S) Texit (K) BNum
0.00621 0.303918 297.980 117557
0.00571818 0.279848 297.347 127668
0.00449286 0.219881 295.822 162487
0.0041933 0.205222 295.359 174093

Using Table 42, Table 46 was produced to show sumnesults for the runs conducted
on the 3.8wedge with D= 0.3 m and t = 10368000 s.

Table 46. Summary of results for50.3 m and t = 10368000 s.

Do (M) 12
k (W/m-K) 0.52
Co (J/kg-K) 1840
p (kg/m3) 2050
Tin (K) 305.1
Vin (m/s) m (kg/s) Texit (K) Bnum
0.00419333 0.29552 297.401 120898
0.00393125 0.27705 296.919 128958
0.00349444 0.246266 296.172 145078
0.003310526 0.233305 295.816 153137
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For all of the cases shown in Table 46, the maximaaius at which the initial temperature
of the earth remained unchanged was determined tbm. Therefore, the minimum bore hole
spacing that must be provided is 9.4 m (2 x 4. ™Najnber of bore hole required are not discussed,
because, the 3Gvedge models were solved primarily to determiree ¢pacing that is needed.
Also, the 3.8 wedge models cannot be practically installed (bseahere is no return pipe).
Therefore, discussing the number the number of boles required for different cases solved on
the 3.6 wedge does not address the issue of number ohlades required to maintain the thermal
efficiency of a power plant. This concludes thautssfrom the runs conducted on the°3x@dge.

4.4.7 ANSYS-CFX Runsof Cylindrical Model with U-TubeWhen L =150 m and Di=0.2m

After conducting multiple runs on the 3&vedge model, a conclusion was drawn on the
range of inlet velocities (to usen\in the range of 0.00621 m/s), in order to limi thumber of
trials needed for meeting the target bore holewaier temperature. These inlet velocities were
used for runs conducted on the cylindrical modethef earth with a U-shaped tube as shown in
Fig. 67.

Pipe with
innerdia=0.2m

1T

Spacing betwee
the pipes=0.2m

Bore hole

Figure 67. Three-dimensional model of the water earth domains used for runs
conducted with the cylindrical model with U-tube.
For all runs that were conducted using the cylitalrmodel of the earthp (= 2050 kg/m,

Cp = 1840 J/kg-K were kept constant for all the rumgh a U-shaped tube, the inner diameter of
the tube was set to 0.2 m. This was done sinceasang the inner diameter above 0.2 m was not
showing much effect on the exit water temperatarej decreasing the inner diameter would
increase the number of bore holes required (SedtbB). The spacing between the tubes was set
to 0.2 m, which makes the total diameter of theebmie equal to 0.6 m (2 tubes of 0.2 m diameter
and spacing of 0.2 m) (see Fig. 67). The outer diamwas set to 12 m. While keeping the inner

radius (r= 0.1 m), outer radiusq= 6 m) and spacing between the tubes constantusaruns



80

were conducted by changing the depth of the boleshend thermal conductivity of the earth.
These runs were conducted using different inlebaiges until the target bore hole exit water
temperature was reached or enough bore hole exdrwamperature values were obtained to
interpolate for the target bore hole exit watergenature (295 K). Not all results for every run are
discussed in detail in this thesis. However, tiseiits for one value of inlet velocity are presented

for each value of thermal conductivity and lengthhe bore hole in Sections 4.4.7.1-4.4.7.4.

First, various runs were conducted keeping thettenfithe bore hole constant and equal
to 150 m, while changing the inlet velocity of twater and thermal conductivity of the earph (
and G were kept constant and equal to the values ineTab). All of the runs were conducted for
a total of time of t = 10368000 s (4 months). Tingetsteps were determined using Eq. (4-4).

Table 47 shows the common boundary conditions usdtle runs conducted on the

cylindrical model of the earth with a U-shaped t{fioe Sections 4.4.7 and 4.4.8 results].
Table 47. Common input boundary conditions giwerbbth domains (U-tube).

Boundary- Default Fluid Solid Interface Side 1 Boundary-Outlet
Type INTERFACE Type OPENING
Loaction F12.14, F13.14 Location F19.15
Heat Transfer Conservative Interface Rlux Flow Dicect Normal to Boundary Condition
Boundary- Earth Default Flow Regime Subsonic
Type WALL Heat Transfer Opening Temperature
Location F16.14, F17.14 Opening Temperajure 285 [K]
Heat Transfer Adiabatic Mass and Momenjum OpeningsBresind Direction
Boundary- Wall Temp Turbulence | Medium Intensity and Eddy Viscosity Ratio
Type WALL Boundary-Insulated
Location F18.14 Type WALL
Heat Transfer Fixed Temperature Location F21.15
Fixed Temperature| 285 [K] Heat Transfer Adiabatic
Boundary- Default Fluid Solid Interface Side 4 Mass and Momentum No Slip Wall
Type INTERFACE Wall Roughness Smooth Wall
Location F12.15, F13.15
Heat Transfer Conservative Interface Hlux
Mass and Momentum No Slip Wall
Wall Roughness Smooth Wall

Table 48 shows the mesh statistics for the cyleadnmnodel for a 150 m depth bore hole.

Table 48. Common mesh statistics for L =150 m.

Domain Nodes Elements
Earth 4533300 4410784
Water 242424 198880
All Domains 4775724 4609664
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4.4.7.1 Run 4-1 with Vin=0.00621 m/s, t = 10368000 s, L= 150 m, and k = 0.52 W/m-K

Run 4-1 was conducted on the cylindrical modehefearth with U-tube atiy/= 0.00621
m/s,L=150m, b= 0.2m, 3 =12 m, and k = 0.52 W/m-K for a total time of 88800 s (4
months). Results, including bore hole exit watengeratures and earth temperature distributions,
are discussed in the following pages. Table 49 shthe input values of inlet velocity, inlet
temperature and other parameters used for the dateain for Run 4-1.

Table 49. Input values given at the inlet boundarthe water domain for Run 4-1.

Boundary — Inlet
Type INLET
Location F20.15
Heat Transfer Static Temperature
Tin 3.051 x 10%K
Mass And Momentum Normal Speed
Vin 6.210x 103 m/s
Turbulence (I) Medium Intensity and Eddy Viscosity Ratio (5 %)
Wall Roughness (e) Om
Opening Temperature (Top) 285 K

With the common input values of Table 47 and thmuinvalues selected for the water
domain at the inlet (see Table 49), a run was cctedu Figure 68 shows the water temperature at
different locations along the depth of the borechat a time equal to 10368000 s, for the inputs
from Tables 47 and 49. Bore hole exit water tempeeavas 300.62 K, which was high compared
to the target bore hole exit water temperature9& R. Figure 69 shows the area averaged bore
hole exit water temperature (Eq. (4-3)) plottedsusrtime. Considering this result, more runs were
conducted at different inlet velocities, keeping #arth thermal conductivity unchanged, and are
shown in Table 50. Also, earth temperature atadpesection of the bore hole (Fig. 70), when t =

306.0 -
Downcommer Riser

305.0
304.0

¥ 303.0

3
302.0

301.0

300.0
0 25 50 75 100 125 150 175
d (m)

Figure 68. Water temperature vs. depth along the bole for \,= 0.00621 m/s and
t =10368000 s (U-tube, L = 150 m).
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10368000 s, is higher than the water temperatutfeeimiser at the same location (Fig. 70). This is
due to the heat transfer from the warmer coolintewia the downcomer. Therefore, water in the
riser starts to increase in temperature at thaeéggon of the riser, which is not desirable, beeau
this means that earth is transferring heat to thiem(reversed direction). Therefore, the bore hole
length has to be chosen so that the water tempernatalways greater than the earth temperature.

305
300
295
290

Texit (K)

285

280
0 5000000 T (s) 10000000 15000000

Figure 69. Bore hole exit water temperature vsetiior k = 0.52 W/m-K andiv= 0.00621 m/s
(U-tube, L =150 m).
The water temperature at the bore hole exit becgresger than 295 K for times greater

than approximately 310,000 s (Fig. 69). Althoughelarth temperatures (Fig. 70) at the top section
of the bore hole are greater than the exit wataptrature, the water temperature drops along the
depth of the bore hole (Fig. 68). Since the watarderature continues to drop, even at the exit, it
must be assumed that the earth temperatures in joidrges (e.g., perpendicular to the vertical

plane shown in Fig. 71) are lower than the exilewvsgmperature; but this is not known since those

temperature profiles were not extracted from th&X @sults [which are no longer available].

Earth temperatures at different radii and différdecations along the depth of the bore
hole were extracted by CFX-Post. Figure 70 showstéimperature of the earth plotted versus
radius at different depths. The inequality in edaetimperatures at d = 150 m and r = 0.3 m (Fig.
70) between the downcomer and the riser sidestugsed in Section 4.4.7.3.

305 d =150 m (Riser side)

300 d =0.1 m (Riser side)

d =0.1 m (Downcomer side)
= 295 d =150 m (Downcomer side)
F 290

285
280
6 -4 -2 0 2 4 6
r (m)

Figure 70. Earth temperature vs. radius at différdapths along the bore hole for
Vin=0.00621 m/s, t = 1036800C and k = 0.52 W/I-K (U-tube, L = 150 n).
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Figure 71 shows temperature contours (temperatigtgbditions in the earth and water
domains) for the uppermost section of the verfitahe through both the earth and water domains.
Also, Fig. 71 shows that the earth temperature gbsiare smooth (consistent) both radially and
along the depth of the bore hole indicating thatehrth temperature distribution results shown in

Fig. 70 are representative of the results all akbvegbore hole.

3.

3.011e+002
2.991e+002
2.971e+002
2.950e+002
2.930e+002
2.9100+002
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Figure 71. Terh“pélrvatufae contours in thepermost section of the vertical plane throughl
domain: for t =10368000 s, in = 0.00621 m/s, and k = 0.52 W-K (U-tube, L = 150 n.

The initial earth temperature was not affected aaliirgreater than 4 m for both the
downcomer and riser tubes (see Figs. 70 and 7&)nlihimum bore hole spacing needed for Run

4-1 remained similar to the results from the’3vw@dge with 0.2 m diameter, which was 8 m.

To determine the exact inlet water velocity reqdite reach 295 K at the bore hole exit, a
few more runs were conducted by changing the wser velocity while keeping all other inputs
constant and the same as those of Run 4-1. Taldb®0s the bore hole exit water temperatures
for these inlet velocities with k = 0.52 W/m-K ahd 150 m.

Table 50. Bore hole exit water temperature at diffé values of inlet velocity for
k =0.52 W/m-K, D= 0.2 m, and L = 150 m (U-tube).

Vin (m/s) m (kg/S) Texit (K)

0.01258 0.394026719 302.098
0.00621 0.194507625 300.620
0.003145 0.09850668 297.407
0.001398 0.043780503 292.879

The last three set of values from Table 50 were tselerive an equation (Eq. (4-11)) for
bore hole exit water temperature as a functionntdtivelocity. Since Eq. (4-11) was used to
determine W, for which Texitwas equal to 295 K, and since 295 K was in betv@&n620 K and
292.879 K, the first set of values fogd and s (i.e., 302.098, 0.01258) was not used in deriving
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Eq. (4-11). (Also, if the first set of values wamneluded, the trend line would not accurately fit a

of the four sets of values.)

0175 K

Texit= (328.78——2) (Vin)?017® (4-11)

0.
m0.0175

Equation (4-11) was used to interpolate for tHetimelocity at which the bore hole exit
water temperature would be equal to 295 K. It veamfl that, f00.002039474 m/she bore hole
exit temperature at the outlet, at time 103680Q@es, equal to 295 K. For k = 0.52 W/m-K and L
= 150 m (U-tube), a mass flow rate (Eq. (4-9)) @f63879749 kg/¢density of water was found
at Tin = 305.1 K,pw = 997 kg/ni) would be required to maintain the exit water terap@e at the
outlet less than or equal to 295 K.

The bore hole exit water temperature for 0.06389%fs would remain below 295 K for
all of the simulated times. These low temperatah@sng the initial time periods would have a
positive effect on the power plant cycle thermdcedncy. Discussion of the effects of these low
temperatures on the thermal efficiency of the poplant during the initial time periods can be

found in Section 4.4.11. Number of bore holes negliior each case is discussed in Section 4.4.10.

4.4.7.2 Run 4-2 with Vin=0.00621 m/s, t = 10368000 s, L = 150 m, and k = 2.4 W/m-K

Run 4-2 was conducted on the cylindrical modehefearth with U-tube atiy/= 0.00621
m/s,L=150m, bp=0.2m, B3 =12 m, k =2.4 W/m-K, and t = 10368000 s. Alluks extracted
using CFX-Post for this run are discussed in thieiong pages. Table 51 shows the input values
of inlet velocity, inlet temperature and other paeters used for the water domain of Run 4-2.

Table 51. Input values given at the inlet boundzfrthe water domain for Run 4-2.

Boundary — Inlet
Type INLET
Location F20.15
Heat Transfer Static Temperature
Tin 3.051 x 10%K
Vin 6.210x 103 m/s
Turbulence (I) Medium Intensity and Eddy Viscosity Ratio (5 %)
Wall Roughness (e) Om
Opening Temperature (Top) 285 K

Since the thermal conductivity of theath ranges from 0.52 W/m-K to over 5 W/m-K
(Section 2.4.2), therefore, for Run 4-2, the thdromaductivity of the earth was changed to 2.4
W/m-K, while keeping the inlet velocity and othaput parameters the same as those of Run 4-1.



85

With the common input values of Table 47 and thmifrvalues given for the water domain at the
inlet (see Table 51), a run was conduckegure 72 shows the temperature distribution ofiueth
domain at two different locations along the deptkhe bore hole for t = 10368000 sand k = 2.4
W/m-K. Note that at d = 150 m and r = 0.3 m, earth tentpera on both downcomer and riser
sides are approximatley equal.

305
———d = 0.1 m (Downcomer side)
300 =———d =150 m (Downcomer side)
d=0.1m (Riser side)

295 d =150 m (Riser side)

T (K)

290
285

280

60 50 40 30 20 10 00 1.0 20 30 40 50 6.0
r(m)

Figure 72. Earth temperature vs. radius at diffdrdapths along the bore hole for
Vin=0.00621 m/s, t =10368000 s, and .4 W/m-K (U-tube, L = 150 m).

The initial earth temperature remained unchangedratliius approximately greater than 5
m at the surface and the greatest depth alongateehwole (see Fig. 72). Also, Fig. 73 shows that
the earth temperature changes are smooth (cort}isteh radially and along the depth of the bore
hole indicating that the earth temperature distrdvuresults shown in Fig. 72 are representative
of the results all along the bore hole. Therefardjstance of 10 m (2 x 5 m) can be used as the
minimum spacing that would be needed between the boles if the inputs for Run 4-2 were
used.

Figure 73. Temperature contours at the uppermodiae of the vertical plane through both
domains for t = 10368000 sjn\= 0.00621 m/s, and k = 2.4 W/m-K (U-tube, L = 1B))
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As can seen from Fig. 74, the area averaged bdeeelid water temperature at the end of
the riser was 294.407 K, which was lower than #ngdt temperature of 295 K. Also, water in the
riser increases in temperature from approximatety 3b m to 0 m (see Fig. 74), which is not
desirable and means that heat is being transféoadthe earth to the water (reversed direction).
This case of reversed heat transfer should beindature studies to help determine the length of

the bore hole required so that water temperatuaniays higher than earth temperature.

306
304
302

< 300

> 298
296
294

292
0 25 50

Downcomer

Riser

75 100 125 150 175
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Figure 74. Water temperature at different depths glthe bore hole for t = 10368000 sy ¥
0.00621 m/s, and k = 2.4 W/m-K (U-tube, L = 150 m).

Figure 75 shows the area averaged bore hole exérwemperature plotted versus time.
The water temperature at the bore hole exit wastlean 295 K for all simulation times. A few
more runs were conducted at different inlet velesjtwhile keeping the thermal conductivity of
the earth the same and equal to 2.4 W/m-K. Thesa rins were conducted in order to determine
the exact inlet water velocity required to reacah tidirget bore hole exit water temperature of 295
K.

296
|

294

0 5000000 t(s) 10000000 15000000

Figure 75. Bore hole exit water temperature vsetior k = 2.4 W/m-K and
Vin = 0.00621 m/gU-tube, L = 150 m)

Table 52 shows the bore hole exit water temperdturdifferent inlet velocities with k =
2.4 W/m-K and the bore hole depth equal to 150 m.
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Table 52. Bore hole exit water temperature at diffe values of inlet velocity for
k=2.4W/m-K, P=0.2 m, and L =150 m (U-tube).

Vin (M/s) m (kg/s) Texit (K)
0.00621 0.194507625 294.407
0.006989 0.218907213 295.026
0.0077625 0.243134531 295.590

Values from Table 52 were used to derive an equdio the bore hole exit water
temperature as a function of inlet velocity.

sZK

Text[K] = (-4.794 x 10 23) Vin?+ (1436.476>) Vin + (287.32 K) (4-12)

Equation (4-12) was used to interpolate for thetinklocity at which the bore hole exit
water temperature would be equal to 295 K. It waetemnined that, for M = 0.006977 m/s, the
bore hole exit water temperature at the end ofifeg would be equal to 295 K. For k = 2.4 W/m-
Kand L =150 m (U-tube), a mass flow rate (Eq9J¥ef 0.218531353 kg/s (density of water was
found at T = 305.1 K,pw = 997 kg/mi) would be required to maintain the bore hole wster
temperature at 295 K. The bore hole exit water traipre at 0.218531353 kg/s would remain
below 295 K for all but the maximum simulation tinféhese low temperatures during the initial
time periods would have a positive effect on theleyhermal efficiency of the power plant (see

Section 4.4.11). Number of bore holes requiredssussed in Section 4.4.10.

4.4.7.3 Run 4-3 with Vin=0.00621 m/s, t = 10368000 s, L = 150 m, and k = 4 W/m-K

Run 4-3 was conducted on the cylindrical modehefearth with U-tube atiy/= 0.00621
m/s,D=0.2m, Q=12 m, k =4 W/m-K, and t = 10368000 s (4 montiAd)) results extracted
using CFX-Post for this run are discussed in thieiong pages. Table 53 shows the input values

of inlet velocity, inlet temperature and other paeters used for the water domain of Run 4-3.

Table 53. Input values given at the inlet boundzrthe water domain for Run 4-3.

Boundary — Inlet

Type INLET
Location F20.15

Heat Transfer Static Temperature

Tin 3.051x 10%*K
Vin 6.2100 x 103 m/s
Turbulence (I) Medium Intensity and Eddy Viscosity Ratio (5 %)
Wall Roughness (e) Om

Opening Temperature (Top) 285 K
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As discussed in Section 2.4.2, the thermal conditictof the earth ranges from 0.52 W/m-
K to over 5 W/m-K. For Run 4-3, the thermal condlitt of the earth was changed to 4 W/m-K
while keeping the inlet velocity and other inputgraeters the same as those of Run 4-1. With the
common input values of Table 47 and the Table p8tinalues given for the water domain at the
inlet, a run was conducted. Figure 76 shows thepéeature distribution of the earth domain at
two different locations along the depth of the blooée for t = 10368000 s and k = 4 W/m-K. Also,
Fig. 77 shows that the earth temperature changesnanoth (consistent) both radially and along
the depth of the bore hole indicating that theretetmperature distribution results shown in Fig.
76 produced using ANSYS-CFX are representativl@eftésults all along the bore hole.

Earth temperatures at d = 150 m and r = 0.3 m ¢im the downcomer and the riser sides
should be approximately the same. They are clos&ifp 70, but they are not close for cases
shown in Figs. 70 and 76. This difference was auart error made in extracting the data from
ANSYS-CFX. Using ANSYS-CFX, extracting temperatualistribution data at any given depth
and radius requires a geometrical entity (lineppcetc.) defined at that location. For the cases
shown in Figs. 70 and 76, the geometrical entdefsed (drawn) were a little off in their position
and size, leading to this difference. This issualdaot be addressed while reviewing and

correcting this thesis, because ANSYS-CFX was noessible.

305 ———d = 0.1 m (Downcomer side)

300 d =150 m (Downcomer side)
d = 0.1 m (Riser side)

< 295
= d =150 m (Riser side)

— 290
285
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Figure 76. Earth temperature vs. radius at différdapths along the bore hole for
t = 10368000 s, M= 0.00621 m/s, and&k 4 W/m-K (U-tube, L = 150 m).
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Figure 77. Temperature contours in the uppermosti@eof the vertical plane through bc
domains for t = 10368000 s;n\= 0.00621 m/s, and k = 4 W/m-K (U-tube, L = 150 m)
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When the thermal conductivity of the earth was dge@ihto 4 W/m-K, initial earth
temperature remained unchanged at radii greatarapproximately 5 m for t = 10368000 s, at

the surface and greatest depths along the borg$exeig. 76).

Water temperature at the bore hole exit was 292KR%&ee Fig. 78). Also, water in the
riser starts to increase in temperature from apprately d = 50 m to d = 0 m (see Fig. 78), which
is not desirable. This rise in water temperatuughbe used in future studies when examining
the length of the bore hole required so that wegerperature is always higher than the earth

temperature.

A few more runs were conducted at different inlettav velocities, while keeping the
thermal conductivity of the earth equal to 4 W/miKis was done in order to determine the inlet
velocity at which the bore hole exit water temperatvas always below or equal to 295 K. Figure
79 shows the bore hole exit water temperatureqaotersus time for t = 10368000 s, L = 150 m
and k =4 W/m-K.
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Figure 78. Water temperature at different depthesnglthe bore hole for t = 10368000 s,
Vin=0.00621 m/s, and k = 4 W/m-K (U-tube, L = 150 m).
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Figure 79. Bore hole exit water temperature vsetiior k = 4 W/m-K and
Vin=0.00621 m/s (U-tube, L = 150 m).
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Table 54 shows the bore hole exit water temperatioredifferent inlet velocities with k
=4 W/m-K and bore hole depth equal to 150 m.

Table 54. Bore hole exit water temperature at diffé values of inlet velocity for k = 4 W/m-K,
Di=0.2m, and L = 150 m (U-tube).

Vin (M/s) m (kg/s) Texit (K)
0.00621 0.194507625 292.253
0.0077625 0.243134531 293.254
0.0104833 0.328354555 294.763
0.01258 0.394026719 295.957

Values from Table 54 were used to derive an egadtiobore hole exit water temperature

as a function of inlet velocity.
Texit= (-6.6585557 X 1%) Vin?+ (7.0045 x 16%) Vin+ (288.17 K) (4-13)

Equation (4-13) was used to interpolate for thetimklocity at which the exit temperature
of the water would be equal to 295 K. It was fotimat, for Vin = 0.010875 m/s, the bore hole exit
water temperature at the end of the riser woulddueal to 295 K. For k = 4 W/m-K and L = 150
m (U-tube), a mass flow rate (Eq. (4-9)) of 0.34882 kg/s (density of water was found af F
305.1 K,pw = 997 kg/ni) would be required to maintain the bore hole exiter temperature at
295 K. The bore hole exit water temperature wowdddss than 295 K for all of the simulation
times. These low temperatures during the initiaktiperiods would have a positive effect on the
cycle thermal efficiency of the power plant (seeti®a& 4.4.11). Number of bore holes required is

discussed in Section 4.4.10.

4.4.7.4 Runswith k =5W/m-K, t =10368000 s, and L = 150 m at Different Inlet Velocities

To determine the exact inlet velocity requiredg¢aah a bore hole exit water temperature
of 295 K for maximum simulation time, four runs weronducted with B= 0.2 m, 3 = 12 m, k
=5 W/m-K, and t = 10368000 s (4 months) at differalet velocities (Table 55).

Table 55. Bore hole exit water temperature at diffé values of inlet velocity for k = 5 W/m-K,
Di=0.2m, and L = 150 m (U-tube).

Vin (M/s) m (kg/s) Texit (K)
0.00621 0.194507625 291.428
0.00898571 0.281447522 292.950
0.01258 0.394026719 294.616
0.014615176 0.457771848 295.400
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Values from Table 55 can be used to derive an equfrr bore hole exit water temperature

as a function of inlet velocity.
Texit[K] = (-1.35496 x 1@) Vin?+ (754.89%‘) Vin+ (287.262 K) (4-14)

Equation (4-14) was used to interpolate for thetinklocity at which the bore hole exit
water temperature for maximum simulation time isia@go 295 K. It was found that forinv=
0.013542 m/s, the bore hole exit water temperaitithe outlet for t = 10368000 s was equal to
295 K. For k =5 W/m-K and L = 150 m U-tube, a miisw rate (Eq. (4-9)) of 0.424168616 kg/s
(density of water was found atE 305.1 K,pw = 997 kg/m) would be required to maintain the
bore hole exit water temperature at the outlet equa95 K. Number of bore holes required for

each case is discussed in Section 4.4.10.

4475 Inlet Velocity of Water Required to Reach 295 K at the Bore Hole Exit for Different
Thermal Conductivities of the Earth (U-tube, L = 150 m)

Table 56 shows the inlet velocities of water reggito reach the bore hole exit target
temperature of 295 K, at t = 103680000 s, for difife values of earth thermal conductivity when
the depth of the bore hole is 150 m.

Table 56. Inlet velocities of water for differehetmal conductivities of earth to reach
295 K at the bore hole exit foriB0.2 m and L = 150 m (U-tube).

k (W/m-K) 0.52 2.4 4 5
Vin (M/s) 0.002039474 | 0.006977 | 0.010875 | 0.013542

Values from Table 56 were used to derive an eqgudtinthe inlet velocity as a function
of thermal conductivity of the earth to determihe inlet velocity required to reach bore hole exit

water temperature of 295 K for different thermahdoctivities of the earth.
Vin = (0.0025432 ) k + (0.000792) (4-15)

For D =0.2 mand L = 150 m (U-tube), Eq. (4-15) carubed to interpolate for the inlet
velocity required to reach the target bore holé water temperature of 295 K at different thermal
conductivities of the earth ranging from 0.52 W/mek5 W/m-K. For instance, when k = 3 W/m-
K and L = 150 m, a water inlet velocity of 0.008221/s would be required to maintain the bore
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hole exit water temperature below or equal to 29&tkll of the intermediate times, with the

maximum time being 10368000 s.

4.4.8 ANSYS-CFX Runsof Cylindrical Model with U-tube When L =100 m and Di =0.2m

After conducting multiple runs on the cylindricabdel with L = 150 m (U-tube), it was
decided to run a few more cases by changing thiéhadphe bore hole to 100 m for different inlet
parameters. These runs were conducted in ordéreickdhe effect of bore hole depth on the total
number of bore holes required. All of the runs agtdd on the cylindrical model with U-tube (L
=100 m) used D=0.2 m, 3 =12 m,p = 2050 kg/m, C, = 1840 J/kg-K, = 305.1 K, Tp =285
K, wall roughness (e) = 0 m, and turbulence (I) ediam intensity (5 %). Although some of the
results, including radial temperature distributiansl temperature of water at different depths, are
not discussed in detail here, bore hole exit wegerperature at different inlet velocities for
different earth thermal conductivities are discdssethis section. First, four runs were conducted
at four different thermal conductivities of the tBarwhile keeping the inlet velocity of water
constant and equal to 0.00621 m/s for a total #augal to 1038000 s (4 months) with time steps
given by EqQ. (4-4). Table 57 shows the area averdgee hole exit water temperatures for
different thermal conductivities of the earth whelet velocity equals 0.00621 m/s.

Table 57. Bore hole exit water temperature foredldht thermal conductivities of earth fop ¥
0.00621 m/s and L = 100 m (U-tube).

k (W/m-K) 0.52 2.4 4 5
Texit (K) 301.930 | 296.573 | 294.129 | 293.069

Values from Table 57 were used to derive an egunatialeterminine it for any value of
thermal conductivity of the earth ranging from 0\2m-K to 5 W/m-K, when the inlet velocity
is 0.00621 m/s and L =100 m.

Tea = (0.31736Z5) (k) - (3.7088°1) k + (303.746 K) (4-16)

For instance, for k = 3 W/m-K,i¥= 0.00621 m/s, and L = 100 m, the bore hole eaiew
temperature would be 295.4759 K. In Sections 414t8ough 4.4.8.4, results of three or four runs
(with different inlet velocities) are presented éarch of the four earth thermal conductivity values
listed in Table 57. These results helped in detamygithe flow rate required to reach 295 K at the
bore hole exit, and helped to determine instaltatiosts for different k values when L = 100 m
(Section 4.4.10).
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4.4.8.1 Results from Runs Conducted with k = 0.52 W/m-K at Different Inlet Velocities (U-
tube, L =100 m)

Table 58 shows the results from the runs condumtettie U-tube model (L = 100 m; B
0.2m, =12 m, and if = 305.1 K), at different inlet water velocitiesegeng the thermal
conductivity of the earth constant, and equal ®20W/m-K. Since Eq. (4-17) was used to
determine W, for which Texitwould be equal to 295 K, and 295 K was in betwegh 425 K and
294.458 K, the first set of values fogd and My, (i.e., 301.93, 0.00621) was not used in deriving
Eq. (4-17). (Also, if the first set of values wamneluded, the trend line would not accurately fit a

of the four sets of values.)
Text= (-3.677019 x 1@) (Vin)2+ (4.22169 x 1@%‘) Vin+ (289.881 K) (4-17)

Table 58. Bore hole exit water temperature at diffe values of inlet velocity for
k =0.52 W/m-K, D= 0.2 m, and L = 100 m (U-tube).

k=0.52 W/m-K
Texit (K) Vin (m/s)
301.930 0.00621
299.425 0.003145
296.502 0.001791
294.458 0.001258

Equation (4-17) was used to interpolate for thetinklocity at which the bore hole exit
water temperature was equal to 295 K at the maxirsunmulation time. It was determined that,
for Vin = 0.001378 m/s, the bore hole exit water tempegatit time 10368000 s, was equal to 295
K. For k = 0.52 W/m-K and L = 100 m (U-tube), a mélsw rate (Eq. (4-9)) of 0.04315859 kg/s
(density of water was found atE 305.1 K,pw = 997 kg/mi) would be required to maintain the
bore hole exit water temperature less than or epu2®5 K at all of the intermediate times up to
maximum simulation time. The number of bore hotgguired is summarized in Section 4.4.10.

4.4.8.2 Results from Runs Conducted with k = 2.4 W/m-K at Different Inlet Veocities (U-
tube, L =100 m)

Table 59 shows the results from the runs condumtettie U-tube model (L = 100 m; B
0.2 m, and = 12 m), at different inlet water velocities kesgpithe thermal conductivity of the
earth constant, and equal to 2.4 W/m-K. Values fii@hle 59 were used to develop an equation

for the bore hole exit water temperature versussier inlet velocity (for t = 10368000 s).



94

sK

Texit[K] = (1.044127x 19;) (Vin) + (290.108487& ) (4-18)

Table 59. Bore hole exit water temperature at diffe values of inlet velocity for
k=2.4W/m-K, P=0.2m,and L =100 m (U-tube).

k=2.4W/m-K
Texit (K) Vin (m/s)
296.573 0.00621
295.221 0.004838
294.445 0.004193

Equation (4-18) was used to interpolate for thetinklocity at which the bore hole exit
water temperature was equal to 295 K for maximumukation time. It was found that, forin=
0.00468337 m/s, the bore hole exit water tempegaturtime 10368000 s was equal to 295 K. For
k=2.4 W/m-K, and L =100 m (U-tube), a mass fiate (Eq. (4-9)) of 0.146691011 kg/s (density
of water was found ati= 305.1 K,pw = 997 kg/ni) would be required to maintain the bore hole
exit water temperature less than or equal to 285 &l of the intermediate times up to maximum

simulation time. The number of bore holes for eaclividual case is shown in Section 4.4.10.

4.4.8.3 Resultsfrom RunsConducted with k =4 W/m-K at Different Inlet Velocities (U- tube,
L =100 m)

Table 60 shows the results from the runs condumtettie U-tube model (L =100 m; B
0.2 m, and = 12 m), at different inlet water velocities kesgpithe thermal conductivity of the
earth constant, and equal to 4 W/m-K. Values frahl& 60 were used to develop an equation for

the bore hole exit water temperature versus thenialiet velocity (for t = 10368000 s).

Text[K] = (7.568807 x 18 ) (Vin) + (289.440%K) (4-19)
Table 60. Bore hole exit water temperature at diffé values of inlet velocity for k = 4 W/m-K,

Di=0.2 m, and L =100 m (U-tube).

k=4 W/m-K
Texit (K) Vin (m/s)
294.129 0.00621
295.381 0.0078625
294.752 0.00698889

Equation (4-19) was used to interpolate for thetinklocity at which the bore hole exit
water temperature was equal to 295 K for maximumukation time. It was found that, forine
0.00734548 m/s, the bore hole exit water tempegattrtime 10368000 s, was equal to 295 K.
For k =4 W/m-K and L = 100 m, a mass flow rate.(@g9),pw = 997 kg/ni) of 0.2300729 kg/s
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would be required to maintain the bore hole exitevéemperature less than or equal to 295 K at

all of the intermediate times. Number of bore haobzguired is shown in Section 4.4.10.

4.4.8.4 Resultsfrom Runs Conducted with k =5W/m-K at Different Inlet Velocities (U- tube,
L =100 m)

Table 61 shows the results from the runs condumtettie U-tube model (L = 100 m; B
0.2 m, and = 12 m) at different inlet water velocities kegpie earth’s thermal conductivity
constant and equal to 5 W/m-K. Values from Tablev@te used to develop an equation for the

bore hole exit water temperature versus the watet velocity (for t = 10368000 s).

sK

Texit[K] = (6.32186 x 1@;) (Vin) + (289.2017K (4-20)

Table 61. Bore hole exit water temperature aed#ht values of inlet velocity for k = 5 W/m-K,
Di=0.2m, and L = 100 m (U-tube).

k=5 W/m-K
Texit (K) Vin (m/s)
293.069 0.00621
294.268 0.0078625
295.792 0.010483

Equation (4-20) was used to interpolate for thetinklocity at which the bore hole exit
water temperature was equal to 295 K. Far % 0.00917169 m/s, the bore hole exit water
temperature, at time 10368000 s, was equal to 2FoKk =5 W/m-K and L = 100 m U-tube, a
mass flow rate (Eq. (4-9pw = 997 kg/ni) of 0.2872727 kg/s would be required to mainthie t
bore hole exit water temperature at the outlettless or equal to 295 K for all of the intermediate
times. The number of bore holes required for easle ¢s summarized in Section 4.4.10.

4485 Inlet Velocity of Water Required to Reach 295 K at the Bore Hole Exit for Different
Thermal Conductivities of the Earth (U-tube, L =100 m)

Table 62 summarizes the inlet velocities of watemg Sections 4.4.8.1-4.4.8.4) required
to reach the target bore hole exit water tempegadti95 K, at 103680000 s, for different values
of earth thermal conductivity when the depth of tleee hole is 100 m.

Table 62. Inlet velocities of the water for diffet¢hermal conductivities of earth to reach 295 K
at the bore hole exit fori> 0.2 m and L = 100 m (U-tube).

k (W/m-K) 0.52 2.4 4 5
Vin (mM/s) 0.001378 | 0.00468337 | 0.00734548 | 0.00917169
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Values from Table 62 were used to derive an egudtiowater inlet velocity as a function

of thermal conductivity of the earth.
Vin [m/s] = (0.0017302%) k + (0.00048852) (4-21)

For D = 0.2 mand L =100 m (U-tube), Eq. (4-21) carubed to interpolate for the water
inlet velocity required to reach the target boréehexit water temperature of 295 K at different
earth thermal conductivities. For instance, forEW/m-K and L = 100 m, a water inlet velocity
of 0.00567921 m/s would be required to maintainkibee hole exit water temperature equal to

295 K.

Figure 80 shows the thermal conductivity of thelepfotted, versus water inlet velocity
required to reach 295 K at the bore hole exitpfar different depths of the bore hole. As can be
seen from Fig. 80, for any k from 0.52 W/m-K to 3iivK, a lower inlet velocity is required to
achieve the target bore hole exit water temperati295 K when L = 100 m as compared to that
for L = 150 m. Therefore, a bore hole of greatgtdes suggested. On the other hand, the cost to
drill the bore hole should also be considered &aaion 4.4.9).

0.015
L =100 m
— 001 L=150m
S~
£
=" 0.005
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Figure 80. Inlet velocity of the water requiredreach the target 295 K at the bore hole exit
vs. thermal conductivity of the earth for two déf&t depths of the bore hole.

4.4.9 Cost to Install the Ground L oop Cooling System

The cost of installing a ground loop cooling systewolves various parameters such as
land acquisition, HDPE tubes, drilling bore holaad pumps. Assuming that the ground loop
cooling system would be installed in Kansas, am afrnon-irrigated land would cost $1200-
$4000/acre [25]. From all of the results producgdAblYS-CFX, the Finite Difference method,
and the closed form solution, it is clear that aimum spacing of 20 m (2 x 10 m) would be
needed between the bore holes. Therefore, a miniofl@825.44 acres (84230 bore holes) (k=5
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W/m-K, L = 150 m, spacing = 20 m) to a maximum &B83.58 acres (827824 bore holes) (k =
0.52 W/m-K, L = 100 m, spacing = 20 m) of land wbible required to install the ground loop
cooling system. Therefore, each bore hole wouldirega maximum of 400 f{0.0988422 acre)
of land. So, the land cost would range from $11806$395.37/bore hole (based on land cost).

Assuming all of the bore holes that should beettithre 150 m deep, and 0.6 m in diameter
(two 0.2 m diameter tubes with 0.2 m spacing betwtbe tubes), drilling would cost $360-410
/meter, which includes the U-tubes with U-bendsugrsand, and water to fill the bore hole [26].
Therefore, to drill a 150 m deep bore hole wouldtcapproximately $54000-$61500 [26].
Excluding the pump power required and the coshefHDPE tubing for completely installing a
bore hole, it would cost approximately $54310-$6¥Bare hole (cost to drill per bore hole
[$54000-$61500] + average land cost per bore #8&(.5]). The costs previously described are
approximate and may vary depending on the locdfreight considerations), drilling conditions,
and the contractor. Based on the volume of theeptoinimal mobility fees, and soil conditions,

the bore hole cost may have a 25% variance [26].
4.4.10 Summary of All Resultsfrom the Cylindrical Model with U-Tube

A typical fossil-fueled 1000 MW thermal power plaogerating at full capacity with =
40% would reject about 1500 MW at full load, whrelguires 35727.73 kg/s of circulating cooling
water, based on a 2Q difference in temperatures from the inlet todh#et of the cooling system
(with Cp waten= 4198.42 J/kg-K)pw = 997 kg/ni was used to convert gal/min to kg/s in Table 63
[6]. Table 63 shows cooling water flow required anéporation rate from wet cooling towers
serving a 1000 MW plant for two different cycle tmal efficiencies.

Table 63. Circulating cooling water flow requireddevaporation from wet cooling
towers serving a typical 1000 MW plant (reprodufrexin Ref. 6).

Circulating Water Flow (M) Evaporation Rate
n Qe (b5 gal/min kg/s Climate gal/min kg/s | m3/s
0.33 2000 757333.3 47636.97 Hot 10000 629.01 | 0.63
Cold 8000 503.21 | 0.5
0.4 1500 568000.0 35727.73 Hot 7500 471.76 | 0.47
Cold 6000 377.41 | 0.38

A ground loop cooling system substituting for thwet cooling system would require
35727.73h bore holes Eq. (4-8) (whenma is the mass flow rate of water through each tube
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required to reach 295 K at the bore hole exit, @e0). The number bore holes required for
different earth thermal conductivities, depths loé tore hole and water inlet velocities was
calculated using the mass flow rate required tolrélae different bore hole exit water temperatures
for each individual case (Sections 4.4.7.1-4.4.84¢ costs from Section 4.4.9 were used to find

the total cost.

Table 64 summarizes of all of the results from rines conducted using the cylindrical
model with a U-tube and L = 100 m. Since this thésiaimed at substituting for a wet cooling
system operating over a range of°0) the cost to install and the number of bore hodgsiired
for different thermal conductivities of the eartlilvenly be discussed for the case wheegt E
295 K. For k = 0.52 W/m-K and L = 100 m, 827824 ddbples are required, which would cost
34,111.82 million USD. For increased earth therm@hductivity, the number of bore holes
required decreases, because, lower water tempesatitithe bore hole exit can be achieved at
higher mass flow rates. For k = 2.4 W/m-K and L0O® In, 243558 bore holes are required, which
would cost 10,036.18 million USD.

Table 64. Summary of results from the runs condugseng the cylindrical model for L
=100 m (U-tube).

L=100 m
K(W/m-K) | Vi (m/s) 1 (ke/s) Teut (K) Bun | (onion s
0.52 0.00621 0.1945076 301.930 183683 $7,568.95
0.52 0.003145 0.0985067 299.425 362693 $14,945.36
0.52 0.001791 0.0560971 296.502 636891 $26,244.10
0.52 0.001258 0.0394027 294.458 906733 $37,363.38
0.52 0.001378 0.04315859 295.00 827824 $34,111.82
2.4 0.00621 0.1945076 296.573 183683 $7,568.95
2.4 0.004838 0.1515343 295.221 235773 $9,715.41
2.4 0.004193 0.1313318 294.445 272042 $11,209.91
2.4 0.00468337 0.146691011 295.00 243558 $10,036.18
4 0.00621 0.1945076 294.129 183683 $7,568.95
4 0.0078625 0.2462667 295.381 145077 $5,978.14
4 0.00698889 0.2189038 294.752 163212 $6,725.41
4 0.00734548 0.2300729 295.00 155289 $6,398.92
5 0.00621 0.1945076 293.069 183683 $7,568.95
5 0.0078625 0.2462667 294.268 145077 $5,978.14
5 0.010483 0.3283452 295.792 108811 $4,483.75
5 0.00917169 0.2872727 295.00 124369 $5,124.81
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Figure 81 shows the number of bore holes requo@ddintain the cycle thermal efficiency

at four different earth thermal conductivities, wHe= 100 m and D= 0.2 m (U-tube).
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Figure 81. Number of bore holes required to subtgifor a wet cooling system serving a 1000
MW power plant vs. thermal conductivity of the bddr L = 100 m (U-tube).

As can be seen from Fig. 81, the number bore helgsired decreases with increasing
thermal conductivity of the earth. This is due &tér heat transfer in the earth domain. In adadlitio
for higher earth thermal conductivity, the costirtetall the ground loop cooling system will
decrease. For instance, when the thermal condtycafthe earth is increased from 0.52 W/m-K
to 5 W/m-K, the total cost to install the groundpacooling system decreases by 28,987.01 million
USD (see Table 64).

Table 65 summarizes all of the results from thesreonducted with the cylindrical model
of a U-tube and L = 150 m. For k = 0.52 W/m-K and .50 m, 559296 bore holes are required,
which would cost 34,570.03 million USD as compai@ed4,111.82 million USD for L = 100 m.
So increasing the bore hole depth from 100 m to m5@vhile keeping all of the other inputs
constant) increases the total cost to install 8,25 million USD. On the other hand, for higher
earth thermal conductivity, the cost to install @ases. Comparing the cost to install the ground
loop cooling system for two different bore hole thegp L = 150 m and L = 100 m, while keeping
earth thermal conductivity constant, indicates ,tHat all of the values of earth thermal
conductivity, the difference between the costsitaall is within the range of 0.02 to 100@lion
USD. This effect of bore hole depth on the coshstall can be taken into consideration during
further development of the project by finding th@imum depth that minimizes the cost to install

the ground loop cooling system.
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Table 65. Summary of results from the runs condugseng the cylindrical model for L = 150 m

(U-tube).
L=150 m

Vin (m/s) 1i (ke/s) Tout (K) Boum f;i,t,;;n'ﬁ;g';
0.00621 0.194507625 300.620 183683 $11,353.41
0.01258 0.394026719 302.098 90673 $5,604.51
0.003145 0.09850668 297.407 362693 $22,418.02
0.001398 0.043780503 292.879 816065 $50,440.83
0.002039474 0.063879749 295.00 559296 $34,570.03
0.00621 0.194507625 294.407 183683 $11,353.41
0.006989 0.218907213 295.026 163209 $10,087.95
0.0077625 0.243134531 295.590 146946 $9,082.73
0.006977 0.218531353 295.00 163490 $10,105.30
0.00621 0.194507625 292.253 183683 $11,353.41
0.0077625 0.243134531 293.254 146946 $9,082.73
0.0104833 0.328354555 294.763 108808 $6,725.43
0.01258 0.394026719 295.957 90673 $5,604.51
0.010875 0.34062822 295.00 104888 $6,483.09
0.00621 0.194507625 291.428 183683 $11,353.41
0.00898571 0.281447522 292.950 126943 $7,846.31
0.01258 0.394026719 294.616 90673 $5,604.51
0.014615176 0.457771848 295.400 78047 $4,824.07
0.013542 0.424168616 295.00 84230 $5,206.24

Figure 82 shows the number bore holes requiret fot50 m while varying earth thermal
conductivity. For higher earth thermal conductiiky= 5 W/m-K), the cost to install the ground
loop cooling system decreases by approximatelyg307® million USD when compared to that
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Figure 82. Number of bore holes required to subtifor a wet cooling system serving a 1000
MW power plant vs. thermal conductivity of the bddr L = 150 m (U-tube)
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of k = 0.52 W/m-K. The total cost to install a gnabloop cooling system ranges from 34,570.03
million USD for k = 0.52 W/m-K to 5,206.24 milliodSD for k =5 W/m-K USD (see Table 65).

These costs, when compared to a wet cooling syst&® million USD) for the same 1000
MW thermal power plant, are between approximaté¥:.8 (k = 0.52 W/m-K) and 133:1 (k=5
W/m-K). Therefore, it is clear from these resuhatttotal cost to install a ground loop cooling
system is not yet reasonable and still needs tovsstigated for potential reduction.

4.4.11 Thermal Efficiency of the Power Plant

In all of the cases solved, water exits bore hoke temperature lower than 295 K during
the initial times and increases with increasingetifdvhen trying to achieve a bore hole exit
temperature of 295 K at the maximum time (i.e.,G8I®0 s or four months), the bore hole exit
water temperature during the initial time pericglkess than 295 K. Since the Carnot cycle thermal
efficiency (EQ. (2-1)) increases with decreasing(dold reservoir temperature), the cycle
efficiency of the power plant will be potentiallgrper initially, then decrease with increasing time
This higher initial cycle efficiency of the plarg desirable. An approximately constant thermal
efficiency could be achieved by making the watégtinelocity a time dependent variable, so that
bore hole exit water temperature remained nearhgtamt.

4.4.12 Extracting Thermal Energy from the Earth

After using ground loop cooling as a substituteviet cooling for four summer months of
the year, it is important to extract the heat epdingt has been rejected to the earth. This needs t
be done in order to reuse the earth for the nestedynext year). The winter season is the best
time to extract this heat from the earth domairer€fore, three different runs were conducted at
different inlet temperatures of water while keepihg inlet water velocity constant and equal to
0.00621 m/s. It was determined that all of the gpénat was rejected to the earth can be extracted.
The time to extract the stored energy was detemioedifferent inlet water temperaturess[¥
285 K, 283 K, and 275 K]. Forinl= 283 K, it would take approximately three month&xtract
all of the energy that is rejected to the eartimfiamoling the warm cooling water during the four
summer months. The results obtained from thesee thwas are presented and discussed in
Appendix G. This extracted energy can be usedse barming (low level warming) of residential

or commercial buildings or also could be used ittimgethe snow during the winter.
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CHAPTER S

CONCLUSIONSAND RECOMMENDATIONS

5.1 Conclusions

The primary objective of this thesis was to desigground loop cooling system as a
substitute for the wet cooling system of a therp@aker plant. In order to design a ground loop
cooling system, it was important to determine tbehber of bore holes required and the spacing
required between the bore holes. A ground looping@ystem has been modeled to substitute
for a wet cooling system of a 1000 MW thermal powkmt operating at full load with 40%
efficiency. The modelling of the ground loop cogliaystem was performed for different inputs
such as earth thermal conductivity, bore hole daptét water velocity, and inner diameter of the
tube. It was determined that installing a grourmpleooling system is currently too high in cost
(see Tables 64 and 65).

It was found that, to provide cooling for a 40%i@ént 1000 MW power plant operating
at full load, it would take a minimum of 84230 bdreles (0.6 m diameter) at a total installation
cost of 5,206.24 million USD for earth thermal caativity of 5 W/m-K and bore hole depth of
150 m (see Table 65). For that same plant, it weaké a maximum of 827824 bore holes at a
total installation cost of 34,111.82 million USDr farth thermal conductivity of 0.52 W/m-K and
bore hole depth of 100 m (see Table 64). The casstall a ground loop cooling system primarily

depends on bore hole drilling expenses.

The capital cost to install traditional cooling &ras for the same 1000 MW power plant
ranges from 19 million USD for once-through coolgygtems to 182 million USD for dry cooling
systems [27]. Although a ground loop cooling systeduces water consumption of thermal power
plants, the installation cost as compared to thattd cooling systems is very high, and is between
approximately 864:1 (k = 0.52 W/m-K) and 133:1 (l63V/m-K). Considering the scarcity of
fresh water and large amounts of water consumgtiogooling in thermal power plants, future
studies are needed to explore methods for redtleangnstallation cost of the ground loop cooling
systems. Future studies need to examine enhancemkast transfer from the cooling water to
the earth in order to reduce the number of boresh@quired. Some recommendations for future

work are discussed in Section 5.2.
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5.2 Recommendationsfor Future Work
As discussed in Section 4.4.9, bore hole drillingenses significantly affect the total cost of
installing a ground loop cooling system. Therefarés important to reduce the number of bore

holes required or reduce the cost per bore holeeSecommendations are:

» As can be seen from Tables 64 and 65, at highalueg, the cost to install the bore holes
(for Texit= 295 K) increases; therefore, future studies coawdstigate changing the bore
hole depth to analyze cost sensitivity.

* For all of the runs conducted using a cylindricaldal with U-tube, inner diameter was
kept constant and equal to 0.2 m. Thus, futureissughould examine decreasing the tube
diameter. Since the cost to drill a bore hole iedrined by the diameter and depth of the
bore hole, at smaller diameters, the total codtitbdecreases. For instance, it would cost
approximately 1/3 to drill a bore hole of 0.16 nardieter compared to 0.6 m diameter. On
the other hand, decreasing the diameter will dser¢he mass flow rate per bore hole,
which in turn increases the number of bore holgaired. Therefore, cost sensitivity to the
number of bore holes required for different diametan be studied.

» Since the bore hole exit water temperature inceeasth time, future studies could make
the inlet velocity a time-dependent variable, s the exit water temperature could remain
almost constant. Doing so, the number of bore helgsired during the initial time periods
could be reduced. However, the number of bore hwdesled during the later time periods
will increase to that shown in Tables 64 and 65ahse the mass flow rate of water has to
be reduced in order to reach the target bore halevater temperature.

* Studies could be done by decreasing the 0.2 mrepé#tat between the tubes. Decreasing
the spacing between the tubes would decreasetddaliameter of the bore hole (which is
0.6 m for all of the cases studied in this thesitjs in turn would decrease the total cost
of installation, because it costs less to drilireaber diameter bore hole.

* As can be seen from Figs. 74 and 78, for Runs dd24a3 with a U-tube (Sections 4.4.7),
water temperature at the top section of the risereases due to heat transfer from the
higher surrounding earth temperature, which istesirable. Therefore, future studies can
be done to help determine the length of the bote soch that the water is always at a

higher temperature than the earth temperature.
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Appendix A. Calculationsfor pmValues

Appendix A deals with calculations of til, values using Wolfram Alpha and MS

Excel.The first 83m values were calculated using Wolfram Alpha [21gufe A-1 shows how

o
-

Jo(Bx0) Yo(B0.1) _
Jo(B10)  Yo(Bx10)

solve

= Q 0]

B ~ 0.280092175514499...

B~ 0.601090069028622...

B~ 0.921416599095197...

B~ 1.24113645287754...

B~ 1.56043201411762...

B~ 1.87942141025132...

B ~ 2.19818064267982...

B~ 2.51676082881619...

Figure A-1. Calculation of the first 8 zeros of E8:10) using Wolfram Alpha.

Wolfram Alpha was used to calculate the firf.8values. Units of th@m values are 1/m.

The other 90 values ¢¥n were calculated using Microsoft Excel. Table A-bwhk the

results of the spreadsheet used to calculate liee 80 values dim (starting from m = 9) alongside

the first 8fmvalues (calculated using Wolfram Alpha).



Table A-1. Calculated pmvalues using MS Excel.

A B C D E

m Bmei- Bm(1/m) | Bm(1/m) | Eg.(3-10) with B
1 ri (m) 0.1 (Cell B1) 0.320998 0.280092 -7.58 x 103
2 ro (m) 10 (Cell B2) 0.320327 0.601090 2.05E-15
3 | Bm(guess) (1/m) Eqg. (3-10) 0.319720 0.921417 -1.12E-15
4 12.36748890 -2.22E-04 0.319296 1.241136 -5.42E-14
5 12.36748800 3.72E-05 0.318989 1.560432 -2.53E-13
6 12.36748810 8.42E-06 0.318759 1.879421 -2.58E-14
7 12.36748813 -1.44E-10 0.318580 2.198181 8.31E-15
8 12.36748813 -1.24E-13 0.318437 2.516761 6.27E-14
9 12.36748813 6.93E-13 0.318320 2.835198 9.07E-11
10 12.3674881 -1.2E-13 0.318223 3.153518 1.34E-14
11 0.318141 3.471741 3.76E-12
12 0.318070 3.789881 1.12E-11
13 0.318010 4,107952 -9.64E-15
14 0.317957 4.425961 3.52E-15
15 0.317910 4,743918 1.67E-14
16 0.317869 5.061828 2.70E-14
17 0.317832 5.379698 5.89E-12
18 0.317800 5.697530 2.37E-14
19 0.317770 6.015330 1.02E-10
20 0.317743 6.333100 1.61E-14
21 0.317719 6.650843 6.24E-14
22 0.317697 6.968563 1.45E-14
23 0.317677 7.286260 3.04E-14
24 0.317659 7.603937 1.04E-13
25 0.317642 7.921596 5.16E-12
26 0.317626 8.239237 2.83E-14
27 0.317611 8.556863 9.53E-12
28 0.317598 8.874474 1.85E-12
29 0.317586 9.192072 1.28E-13
30 0.317574 9.509658 7.03E-13
31 0.317563 9.827232 4.81E-14
32 0.317553 10.144795 2.70E-14
33 0.317544 10.462348 -1.91E-14
34 0.317535 10.779892 -5.45E-14
35 0.317527 11.097427 1.89E-14
36 0.317519 11.414953 -4.57E-14
37 0.317511 11.732472 1.75E-14
38 0.317505 12.049984 -4.56E-15
39 0.314498 12.367488 9.37E-13
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m C D E

40 | 0.317492 | 12.684986 3.56E-13
41 | 0.317486 | 13.002478 7.17E-14
42 | 0.317481 | 13.319964 -6.73E-15
43 | 0.317475 | 13.637445 5.78E-14
44 | 0.317470 | 13.954920 1.03E-14
45 | 0.317466 | 14.272390 -4.35E-15
46 | 0.317461 | 14.589856 2.52E-14
47 | 0.317457 | 14.907317 3.26E-15
48 | 0.317453 | 15.224775 2.19E-14
49 | 0.317449 | 15.542228 1.81E-15
50 | 0.317445 | 15.859677 1.18E-14
51| 0.317442 | 16.177122 5.62E-14
52 | 0.317439 | 16.494564 -4.97E-14
53 | 0.317435 | 16.812003 -1.23E-14
54 | 0.317432 | 17.129438 5.02E-14
55| 0.317430 | 17.446871 -1.79E-11
56 | 0.317427 | 17.764300 -2.52E-15
57 | 0.317424 | 18.081727 1.28E-14
58 | 0.317421 | 18.399151 6.14E-14
59 | 0.317419 | 18.716572 -1.31E-12
60 | 0.317417 | 19.033991 2.14E-14
61 | 0.317414 | 19.351408 1.69E-14
62 | 0.317412 | 19.668823 3.80E-14
63 | 0.317410 | 19.986235 2.52E-14
64 | 0.317408 | 20.303645 4.24E-14
65 | 0.317406 | 20.621053 -9.90E-14
66 | 0.317404 | 20.938459 -5.39E-14
67 | 0.317403 | 21.255863 -1.54E-13
68 | 0.317401 | 21.573266 -2.86E-14
69 | 0.317399 | 21.890667 -3.64E-14
70 | 0.317398 | 22.208066 -8.34E-13
71| 0.317396 | 22.525463 1.71E-13
72 | 0.317394 | 22.842859 -1.43E-13
73 | 0.317393 | 23.160254 3.03E-13
74 | 0.317392 | 23.477647 3.59E-13
75| 0.317390 | 23.795038 -5.65E-12
76 | 0.317389 | 24.112429 -1.39E-12
77 | 0.317388 | 24.429818 -5.59E-13
78 | 0.317386 | 24.747205 -5.17E-11
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79 | 0.317385 | 25.064592 -4.77E-13
80 | 0.317384 | 25.381977 -9.17E-14
81 | 0.317383 | 25.699361 -3.21E-11
82 | 0.317382 | 26.016745 -1.94E-13
83 | 0.317381 | 26.334127 -2.91E-11
84 | 0.317380 | 26.651507 -3.71E-12
85| 0.317379 | 26.968887 -1.34E-11
86 | 0.317378 | 27.286266 1.79E-14
87 | 0.317377 | 27.603644 8.91E-14
88 | 0.317376 | 27.921022 1.77E-14
89 | 0.317375 | 28.238398 -2.16E-14
90 | 0.317375 | 28.555773 -3.11E-14
91 | 0.317374 | 28.873148 9.65E-15
92 | 0.317373 | 29.190521 -2.63E-14
93 | 0.317372 | 29.507894 -6.17E-14
94 | 0.317371 | 29.825266 -7.33E-15
95 | 0.317371 | 30.142638 -2.75E-14
96 | 0.3173700 | 30.460008 -1.14E-14
97 | 0.317369 | 30.777378 1.13E-14
98 N/A 31.094746 2.14E-13
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Table A-1 shows the first 8 values @f calculated using Wolfram Alpha, and shows
calculations performed with MS Excel to find thexn80 values ofm. The Eq. (3-10) solution
with Excel does not exactly equal zero, and colrgmows how close that value is to zero when
Bm is substituted into the equation. Cells Bland B2the inner radius and outer radius of the
earth, respectively, for which the temperatureriistion is to be determined. In order to
determine thenext fm value, guesses were made for that fiaxtalue in cells A4, A5, and A6.
These guesses were made using the exigtingyalues calculated [21]. For eadln value
computed, guesses were made, based on the cumitien of knownm values. For instance,
shown in cells A4-A10 are the values used in detgng the 39 pmvalue. The previous 38
values were used to guess flaevalues which were input into cells A4, A5, and A@ith these
guesses in cells A4-A6 and the equations showrheridllowing page for cells A7-A10, values
were computed for cells A7-A10. Cells B7-B10 (E@®-10)) were computed using the
corresponding calculatgth values (cells A7-A10) from column A. Once one ell€ B7-B10 was

on the order of 1 or less, the corresponding row value from columnas placed in column D,
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which displays the finaBm values Next, for the 48 Bm value, the process was started over by

guessing the values for cells A4-A6.

Cell A7 = IF(B6*B5<0, (A6*ABS(B5/(B5-B6))+A5*ABS(B6/(B5-B))), (A6*ABS(B4/(B6-
B4))+A4*ABS(B6/(B6-B4)))

Cell A8 = IF(B7*B6<0, (A7*ABS(B6/(B6-B7))+A6*ABS(B7/(B6-
B7))),IF(B7*B5<0,(A7*ABS(B5/(B7-B5))+A5*ABS(B7/(B7B5))), (A7*ABS(B4/(B7-
B4))+A4*ABS(B7/(B7-B4)))))

Cell A9 = IF(B8*B7<0, (A8*ABS(B7/(B7-B8))+A7*ABS(B8/(B7-
B8))),IF(B8*B6<0,(A8*ABS(B6/(B8-B6))+A6*ABS(BS/(BSB6))), IF(B8*B5<0,(A8*ABS(B5/(BS-
B5))+A5*ABS(B8/(B8-B5))), (A8*ABS(B4/(B8-B4))+A4*ABS(B8/(B8-B4))))))

Cell A10 = IF(B9*B8<0,(A9*ABS(B8/(B8-B9))+A8*ABS(B9/(BS-
B9))),IF(B9*B7<0,(A9*ABS(B7/(B9-B7))+A7*ABS(B9/(BIB7))), IF(B9*B6<0,(A9*ABS(B6/(B9-
B6))+A6*ABS(B9/(B9-B6))),IF(B9*B5<0,(A9*ABS(B5/(B9B5))+A5*ABS(BY/(B9-B5))),
(A9*A4*ABS(B4/(B9-B4))+A4*ABS(B9/(B9-B4)))))))

Figure A-2 shows the difference between two conseeuerms ATe m(r, 1)) of the
summation series (Eq. (B-3)) plotted versus rirp¥alues forr =2 m, k = 4 W/m-K,iB 0.2 m,
and t = 10368000 s. It can be seen that, afteroappately 60 terms, the difference between two
consecutive terms was not significant and was erotder of + 0.04 K.

ATe, m(r, ) = Te, m+1(r, T) - Te, m(r, 1) (A-1)

2.5

1.5

m (6 1)

s 0.5

AT,

05 0 20 40 60 80 100 120

m of B, values

Figure A-2. Difference between two consecutive sesfrthe summation series vs. nfelalues
atr=2mfor k=4 W/m-K, b=0.2 m, and t = 10368000 s.
The 98 values dbm that were computed using Wolfram Alpha (m = 1 Y@8d Microsoft
Excel (m =9 to 98) are shown in Table A-2.



Table A-2. First 98 eigenvalues of Eq. (3-10).

Bm(1/m) m

Brm (1/m)

m

Bm (1/m)

m

Brm (1/m)

0.28009217% 29

9.192072474

57

18.08172694

85

26.96888747

0.601090069% 30

9.50965803§

58

18.39915094

86

27.28626639

0.921416599 31

9.827232018

59

18.71657241

87

27.60364447

1.241136453 32

10.1447952

6(

19.03399147%

88

27.92102153

1.560432014 33

10.4623483

61

19.35140813

89

28.23839775

1.879421411 3

N

110.77989198

62

19.66882253

90

28.55577311

2.198180642 35

11.09742684

63

19.98623473

91

28.87314767

2.516760829 36

11.41495331

64

20.3036448¢

92

29.19052137

OoloNo|u|A~AWIN|FL[3

2.835197876¢ 37

11.73247214

65

20.62105291

93

29.50789427

[EEN
o

3.15351795% 38

12.04998359

66

20.93845914

94

29.82526636

[EEN
=

3.471740724 39

12.36748813

67

21.25586345

95

30.14263775

[EEN
N

3.78988133% 40

12.68498614

68

21.57326591

96

30.4600084

[EEN
w

4.107951709 41

13.00247805

69

21.89066676

97

30.77737835

[EEN
~

4.4259614 | 472

13.31996414

70

22.2080658¢

98

31.0094746

[EEN
a1

4.743918184 43

13.6374447

71

22.5254634

[EEN
(e}

5.06182847| 44

} 13.954920064

12

22.84285931

[EEN
\‘

5.37969760¢ 45

14.27239044

73

23.16025384

[EEN
o

5.69753010% 46

14.5898562]

74

23.4776468¢

[EEN
O

6.015329781 47

14.90731749

75

23.7950384¢

N
o

6.33309995% 48

15.22477453

76

24.11242871

N
=

6.65084343% 49

15.54222753

77

24.42981774

N
N

6.968562704 50

15.85967669

78

24.74720544

N
w

7.28625991% 51

16.177122171

79

25.0645919¢

N
N

7.60393696§4 52

16.494564171

80

25.38197721

N
(63}

7.921595539 53

16.81200283

81

25.69936145

N
(o))

8.239237114¢ 54

17.1294383

82

L=

26.0167445]

N
~

8.556863027 55

17.44687073

83

26.3341265]

N
(o]

8.874474457 56

17.76430023

84
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Appendix B. Calculationsfor One-Dimensional Temperature Using Closed Form Solution

Appendix B shows the calculations for the earthgerature distribution for a sample case
with inputs from Table B-1 using the closed forntusion. All calculations were performed using
MS Excel, and the equations are given below.

Table B-1. Input values used in calculating thegerature distribution using the closed form
solution with MS Excel.

k (W/m-K) 0.5 r(m) 1

p (kg/m?3) 2050 r (m) 0.1

C, (J/kg-K) 1840 ro (M) 10
t(s) 10368000 a (m?/s) 1.33E-07

First, Egs. (3-1)-(3-10) were simplified, becaumétracting 285 K from each of the initial
and boundary conditions will make(flb=10 m,t>0) and TH0.1m <r < 10 m,t = 0) equal to
zero. Also A(B,, T) is independent of (Eqg. (B-2)), becaus&,(r;, 1) of Eq. (B-2) is constant and
equal to 20.1 K (Eg. (B-1A)). Therefore, the intwgm Eq. (B-1) can be simplified by just
integratinge®fm ™’

T

Te(r, ) = Sineq € PR, B, 1) [y €0 A(Brm, T)dT'] (K) (B-1)

T

which gives Eg. (B-3).

Subtracting 285 K from each boundary and initialdition (Egs. (3-2)-(3-4)), gives

Te(ri= 0.1 mr>0) =305.1K-285K=20.1K (B-1A)
Tlo=10m,1>0) =285K-285K=0K (B-1B)
T{0.Im<r<10m,t=0)=285K-285K=0K (B-1C)

With the simplified boundary and initial conditiqrisg. (3-6) reduces to

dKo(Bm.r =1y
A(Bm, ) = afry FERIZI (T, (1, 7)) (B-2)
Table B-1 values and Eq. (B-2) were substituted kq. (B-1); and the resulting equation

(Eq. (B-3)) was solved in an MS Excel spreadsheet

1—e_°‘BrZHT> . dKo(Bm,r =r1j)

Te(r,©) = Xm=1Ko(Bm, T) [( BZ. 1§ dr Te(ri, D] = Xm=1 Tem(r,T) (B-3)
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where K(Bm,r) is defined by Eq. (3-7),HBm,r) is defined by Eq. (3-8), N is defined by EG93

and

dKo (Bm,r =T134) — B_m [_ ]1(riﬁm) Yl(riﬁm)
dr VN [ Jp(reBy)  Yo(roBy,)

Table B-2 shows the spreadsheet’s results. THe&i8e from the column labelled(F,t)-

(1/n?) (B-4)

285 was added to 285 K, in order to determine #rtthéemperature at that location (r) and time
(7). These calculations were then used to deternm@ertinimum spacing required between the
bore holes for different times)(and radii (r). Radius (r) and time (t) valuesfrdable B-1 (values
from Table B-1 were used as inputs for Table B{2wations) were changed to different values
in order to determine the earth temperature aethadii and times.

Table B-2. Spreadsheet results showing the clased $olution for one-dimensional transient
temperature distribution using Table B-1 inputs amdl m and t = 10368000 s.

B | Ro(Bmt) | Ko(Bm) N | exp(opnin) |Eebmi= | T, (1) | TdOD-
m r 285

(1/m) @) (1/m) (m?) ) (1/n) (K) (K)
1 | 02801] -3327| -0.170 38223  B8.98E-OL  -0.7476  0.33 0.33
2 [ 0.6011] 4861] 0289 28303  6.09E-01 1.3230 083 17 L
3 | 09214 5821 0374 24219 311E-01  -18439 112 2.29
4 | 12411] 6316] 0426 21093  120E-01 2.3394 114 433
5 | 1.5604| -6.367| -0.442 20714  352E-0p  -2.8201  0.99 4.43
6 | 1.8794| 5988 0423 20018  7.79E-08  3.291B 0.79 215.
7 | 21082 5205 0370 19740  1.31E-08  -3.7558  0.58 5.79
8 | 25168 4.055| 0288] 19802  1.66E-04  4.215p 039 186.
9 | 2.8352] -2.508] -0.183 201.68  159E-06  -4.6718  0.21 6.39
10 | 31535| 0910] 0063 20837  116E-0p 51253 0.07 .46 6
11 | 34717 o0918] 0062 21817  6.40E-08  -55768  -0.06 6.40
12 | 3.7809] -2.780] -0.183 23145  2.67E-00  6.026f 500l 6.24
13 | 41080 4563] 0289 24895  847E-11  -6.47§3  -0.02 6.02
14 | 44260| -6.149] 0373 27155  203E-12 69220  7-02 576
15 | 47439| 7.417| 0428 30065  3.70E-14  -7.3697  -0.08 5.47
16 | 5.0618| -8252] -0.449 33829  5.00E-1p  7.8150  8-02 5.20
17 | 5.3797| 8546 0434 38744  532E-18 82617  -0.05 4.95
18 | 5.6975| -8.198] -0.385 45274  4.21E-2D0 87070  1-0p 474
19 | 6.0153] 7.117| 0306 54146  253E22  -9.15d1  -0.16 4.59
20 | 6.3331| -5.214] 0204 66567  1.15E-24 95960  0-0.1 4.49
21 | 6.6508| 2391 0082 84614  3.97E-27  -10.04l6 4-00 445
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M| Bn | ReBm) | KeBmd) | N | explopo) | Helmr=nd) | 1 g | T4HD-
(A/m) @) (A/m) (m?) ) (1/nP) (K) (K)
22 | 6.9686 | 1.485 | 0.044 | 1122.31 | 1.04E-29 | 104861 | 002 | 447
23 | 7.2863 | -6.642 | 0.167 | 157457 | 2.05E-32 | -10.9306 | 007 | 454
24 | 7.6039 | 13551 | 0.277 | 2390.18 | 3.08E35 | 113750 | 011 | 465
25 | 7.0216 | 23.346| -0.365 | 4092.00 | 351E-38 | -118194 | 014 | 4.79
26 | 8.2392| 39378 0424 863882  303E4L 122688 501 4.94
27 | 85560 76604 0449 2915009 198E-44  -12.70820.16 | 5.0
28 | 8.8745| 462.467 0438 | 11163369 9.84E-48] 131526 015 52
29 | 91921 99250 0392 64157.40 3.70E-1 135971 13 0] 537
30 | 95097| -35.730 -0.313 1289698  1056-84  -14.0417010 | 547
31 | 9.8272] 15509 0212 540268  2.28E-38 144863 600 553
32 | 10.1448 5064 | 0.093| 2077.81 3.74E6] 149310 003 54
33 | 104623 -1.486 | -0.034| 1899.16 4.64E-66 153758 041 54
34 | 107799 5766 | 0158 | 132721 437E7d 158207 004 54
35 | 11.0974 -8.481 | -0270| 987.99| 312674 162657 047 54
36 | 11.4150 9.986 | 0.360 | 77059| 169E-78  -167107  -009 54
37 | 11.7325 -10505| 0421 623.13| 6.93E-83  17.1558 041 51
38 | 120500 10207 | 0448| 518.72| 2.16E87  -17.6011 041 51
39 | 12.3675 9244 | 0440 44231| 500E-92 180464 0140 5
40 | 126850 7.761 | 0.396 | 384.91| 009E-97  -18.4918 049 44
41 | 130025 5906 | -0.320| 340.92| 123E-100 189374 047 44
42 | 133200 3.825 | 0.218| 306.69| 127E-106  -19.3830 005 44
43 | 136374 1663 | 0.099| 27976| 988E-11p  19.8287 002 41
44 | 139549 -0.443 | 0.028| 258.44| 584E-11] 202745 001 44
45 | 142724 2368 | 0152 | 241.53| 262E-12p 207204 003 44
46 | 145899 -4.002 | 0265 228.17| B888E-128  -21.1664 005 44
47 | 149073 5257 | 0356 | 217.76| 2.20E-133 216125 007 44
48 | 152248 6.067 | 0.419| 209.84| 447E-139 220585 008 54
49 | 155422 6397 | 0448 | 20410| 6.61E-145 225049 008 51
50 | 15.8507 -6.236 | -0.441| 200.30| 7.42E-150 229518 008 54
51 | 16.1771 5605 | 0398 | 198.30| 6.31E-15) 233977 007 52
52 | 164946 -4550 | -0.323| 198.03| 407E-163 238442 006 54
53 | 16.8120 3.144 | 0223 | 199.48| 199E-169 242008 004 5.
54 | 17.1204 -1480 | -0.104| 202.69| 7.39E-176 247375 002 53
55 | 17.4469 0333 | -0023| 207.76| 208E-182 251843 000 5.
56 | 17.7643 2174 | 0148 | 214.83| 443E-189 256311  -002 5.
57 | 18.0817 -3.917 | -0.262| 224.32| 7.16E-196 260780 004 53
56 | 18.3092 5439 | 0354 | 236.44| B8.78E208 265250 006 5.
59 | 18.7166 -6.623 | -0.417| 251.75| 8.16E210 269721 006 51
60 | 10.0340 7.365 | 0447 | 27096| 5756217  -27.4192 047 5.1

N O ORFR 0100000 WNONWOUWWO OROoOWWWwWHMDPPPAPREL oo
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M| Bn | ReBm) | KeBmd) | N | explopo) | Helmr=nd) | 1 g | T4HD-
(A/m) @) (A/m) (m?) ) (1/nP) (K) (K)

61 | 10.3514 7581 | -0.441| 29505 307E-224  27.8665  -007 506
62 | 19.6688 7.210 | 0400 | 32534| 124E231 283137 006 500
63 | 19.9862 6214 | -0.326| 363.77| 382E239 287611 005 495
64 | 203036 4586 | 0226 | 413.10| 8.89E247 292085  -0.03 492
65 | 20.6211 2.344 | -0.107| 477.45| 157E-258 296560 002 4.90
66 | 20.9385 -0.470 | -0020| 563.16| 210E-26f  -30.1035 000 491
67 | 21.2559 3.780 | 0.145| 680.40| 2.13E270 305511 002 493
68 | 215733 7534 | -0259| 84624 164E278  -30.9988 003 4.96
69 | 21.8907 11.623| 0352 | 109122 956E-287 314465  0.05 501
70 | 22.2081 -15.085| -0.416| 147433 423E295 318943 005 506
71 | 22.5255 20598| 0447 | 212208 1426303 323421 0d6 542
72 | 22.8429 25568 -0.442| 3347.66  0.00E+00  -32.7900 0.6 518
73 | 23.1603 31.354| 0401| 611445 000E+00 332380  0.45 523
74 | 234776 -39.755| -0.328| 1472005 000E+00  -33.6860 004 527
75 | 23.7950 62.209| 0.228| 7464118 0.00E+00 341040 003 529
76 | 24.1124 118.161] 0.110 | 11616556 0O00E+0d 345517  00L 531
77 | 244298 3.139 | 0017 | 3293659 O000E+00  -34.9994 040 530
78 | 24.7472 -14.187| -0.143| 9866.14  0.00E+00 354472  -0.02 529
79 | 25.0646 17.614| 0.257| 470329 0O00E+00  -35.8951  0.03 526
80 | 25.3820 -18.394| -0.350| 2760.55 0.00E+0) 363430  -0.04 522
81 | 256094 17.736| 0415| 182576  0.00E+00  -36.7909  -0.05 517
82 | 26.0167 -16.135| -0.447| 130564 0.00E+0)  37.238)  -0.05 512
83 | 26.3341 13.883| 0442 | 987.00] 0O00E+00  -37.6870 005 507
84 | 26.6515 -11.201| -0402| 777.98] O0O0E+00 381351  -004 503
85 | 26.9689 8.277 | 0329 | 633.72| 0O00E+00  -385832  -004 500
86 | 27.2863 5.283 | -0.229| 530.19| 000E+0)  39.0318  -002  4.97
87 | 27.6036 2.376 | 0.112 | 45358 000E+0)  -39.4795  -001 496
88 | 27.9210 0.305 | 0.015| 39550| 000E+0)  39.9278 000  4.96
89 | 28.2384 2.641 | -0.141| 350.64| 0O0E+0)  -403760 001  4.98
90 | 28.5558 4535 | 0.255| 31547| O000E+00 408244 003 500
o1 | 28.8731 5918 | -0.349| 287.60| O000E+00  -412727 003 504
92 [ 291905 6751 | 0414 | 26537 O000E+0) 417211 004 508
03 | 2905079 -7.023 | -0.446| 24759 000E+0)  -42.1695 004 512
o4 | 29.8253 6.756 | 0442 | 23341 000E+0) 426180 004 516
05 | 30.1426 5997 | -0.402| 222.18| O000E+0)  -43.0664 004 520
96 | 30.4600 4.820 | 0.330 | 213.47| O000E+0) 435150 003 543
o7 | 30.7774 3321 | -0231| 20694 O000E+00  -439635  00p 525
08 | 31.7209 -1.966 | -0.140| 198.36| 000E+00 453094  -0.01 524
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Appendix C. Comparing Temperature Distributions from Closed Form Solution for Di=
0.1mand 0.2m

Appendix C deals with the results obtained from ¢lesed form solution (Appendix B)
for temperature distribution when using0.1 m, @ = 20 m. In addition, to examine the effect
of inner diameter of the tube on the temperatuséridution, these results are compared to the

results obtained wheniB 0.2 m.

Table C-1 shows the one-dimensional temperaturegeap85 K ATe) for different times
and radii when using k = 0.5 W/m-K,= 2050 kg/m, and G = 1840 J/kg-K, wheraTe = Te(r,1)
- 285 [K].As can be seen from Table C-1, for the given boondad initial conditions (Egs. (B-
1A)-(B-1C)), initial earth temperature remained liaeged within an error of approximately 0.01
K, for radii greater than approximately 5 m for@fithe times studied. Therefore, a distance of 10
m (2 x 5 m) can be used as the minimum spacingeteketween the bore holes when the thermal
conductivity of the earth is assumed to be 0.5 W/@and D = 0.1 m.

Table C-1. Temperature risaTe) distribution for k = 0.5 W/m-K at different timés D
= 0.1 m (closed form).

F(m) AT. (K) at t = AT (K) at t= AT, (K) at t= AT. (K) at t =
2592000 s 5184000 s 7776000 s 10368000 s
1 2.19 3.68 4.55 5.14
2 0.12 0.61 1.12 1.56
3 0.00 0.06 0.21 0.39
a 0.00 0.00 0.02 0.07
5 0.00 0.00 0.00 0.01
6 0.00 0.00 0.00 0.00
7 0.00 0.00 0.00 0.00
8 0.00 0.00 0.00 0.00
9 0.00 0.00 0.00 0.00
10 0.00 0.00 0.00 0.00

Table C-2 shows the one-dimensional temperaturegeaP85 K ATe) for different times
and radii when usingi3= 0.1 m, = 20 m, k = 2 W/m-Kp = 2050 kg/m, and G = 1840 J/kg-
K, whereATe = T(r,7) - 285 [K].As can be seen from Table C-2, for the given boundad initial
conditions (Egs. (B-1A)-(B-1C)), the initial eatdmperature remained unchanged within an error
of 0.02 K, for radius greater than approximatelyndor all of the times studied. Therefore, a
distance of 18 m (2 x 9 m) can be used as the mimirspacing that is needed between the bore
holes when the thermal conductivity of the eartassumed to be 2 W/m-K and £0.1 m. Also,
note thatATevalues at all radii when k = 0.5 W/m-K, t = 1036809(Table C-1), are exactly the
same as those for k = 2 W/m-K, t = 2592000 s (T&B). This is becauses(f,t) depends on
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andr, as only the product of the two (Eq. (B-3)). THere, wher is halved and. is doubled, the

value of Tr,t) will be exactly the same.

Table C-2. Temperature risaTe) distribution for k = 2 W/m-K at different timesrfDi = 0.1 m
(closed form)

r(m) ATe (K) at t= AT (K) at t= ATe (K) at t= ATe (K) at t=
2592000 s 5184000 s 7776000 s 10368000 s
1 5.14 6.48 7.18 7.65
2 1.56 2.78 3.54 4.06
S 0.39 1.16 1.77 2.24
4 0.07 0.44 0.84 1.20
5 0.01 0.14 0.37 0.61
6 0.00 0.04 0.15 0.29
7 0.00 0.01 0.05 0.13
8 0.00 0.00 0.02 0.02
S 0.00 0.00 0.00 0.02
10 0.00 0.00 0.00 0.00

Table C-3 shows the one-dimensional temperaturegeaP85 K ATe) for different times
and radii when usingi3= 0.1 m, = 20 m, k = 4 W/m-Kp = 2050 kg/m, and G = 1840 J/kg-
K, whereATe = Te(r,7) - 285 [K].As can be seen from Table C-3, for the given boogndad initial
conditions (Egs. (B-1A)-(B-10C)), the initial eatdmperature remained unchanged within an error
of 0.13 K, at radius greater than approximately 9omall of the times studied. Therefore, a
distance of 18 m (2 x 9 m) can be used as the mimirspacing that is needed between the bore
holes when the thermal conductivity of the eartassumed to be 4 W/m-K and $£0.1 m. Also,
note thatATe values at all radii when k = 2 W/m-K, t = 518409@nd 10368000 s (Table C-2),
are exactly the same as those for k = 4 W/m-K, 2582000 s and 5184000 s (Table C-3),
respectively. This is becauseg(fTt) depends om andrt, as only the product of the two (Eq. (B-
3)). Therefore, whemis halved and is doubled, the value ofF,t) will be exactly the same.

Table C-3. Temperature risaTe) distribution for k = 4 W/m-K at different timesrfD; = 0.1 m
(closed form).

r (m) AT, (K) att = AT, (K) at t= AT, (K) at t= AT, (K) at t=
2592000 s 5184000 s 7776000 s 10368000 s
1.00 6.48 7.65 8.26 8.66
2.00 2.78 4.06 4.78 5.27
3.00 1.16 2.24 2.92 3.41
4.00 0.44 1.20 1.78 2.23
5.00 0.14 0.61 1.06 1.44
6.00 0.04 0.29 0.61 0.91
7.00 0.01 0.13 0.34 0.55
8.00 0.00 0.05 0.17 0.30
9.00 0.00 0.02 0.07 0.13
10.00 0.00 0.00 0.00 0.00
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Tables C-4 to C-6 show the differences between ¢eatpres (DY) from the closed form
solution for D= 0.2 m (Tables 8-10) versus 0.1 m (Tables C-1-8).C

DTe (K) =Te (closed form, p=0.2 m)- Te (closed form, b= 0.1 m) (C'l)

As can be seen from Tables C-4 to C-6, when theridiameter was changed from 0.2 m
to 0.1 m, the difference between temperaturesyatr@rmal conductivity for a given a radius and
time is the same; and, at most radii and timesdiifierence ranged from magnitudes of 0.01 K to
0.10 K. Taking into consideration these small clesnigp temperature, all of the runs conducted
for the cylindrical model of the earth with a U-&utvere performed with an inner diameter equal
to 0.2 m.

The inner diameter of the tube was chosen to benDand not 0.1 m because, with
decreasing inner diameter of the tube, the massrfite of warm cooling water through each bore
hole decreases (for the same inlet velocity of Wyatehich in turn leads to an increase in the total
number of bore holes required. Since the resuljgesst that the temperature distribution in the
earth domain remains approximately the same wheredsing inner diameter from 0.2 m to
Di =0.1 m, D=0.2 m was used for all of the runs conductedHercylindrical model of the earth
with a U-tube. However, the results studied is thesis do not provide enough evidence to choose
an optimum value for the inner diameter of the tubgure studies are needed, which vary the
inner diameter in order to produce the results eé¢d determine the diameters for which the cost
of installation decreases compared to thatiof D.2 m.

Table C-4. Difference between temperatures frorsetldorm solution at 3 0.2 m and 0.1 m
for k = 0.5 W/m-K and different times and radii.

£ (m) DT.att= DT. (K) at t= DTe (K) at t= DT (K) at t=

2592000 s 5184000 s 7776000 s 10368000 s
1 0.09 0.10 0.10 0.10
2 0.01 0.01 0.01 0.01
3 -0.01 -0.01 -0.01 -0.01
4 -0.02 -0.02 -0.02 -0.02
5 -0.02 -0.02 -0.02 -0.02
6 -0.02 -0.02 -0.02 -0.02
7 -0.02 -0.02 -0.02 -0.02
8 -0.01 -0.01 -0.01 -0.01
9 -0.01 -0.01 -0.01 -0.01
10 0.00 0.00 0.00 0.00
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Table C-5. Difference between temperatures fromezildrom solution at > 0.2 m and 0.1 m
for k = 2 W/m-K and different times and radii.

() DTeatt= DT. (K) at t= DT. (K) at t= DT. (K) at t=

2592000 s 5184000 s 7776000 s 10368000 s
1 0.10 0.10 0.10 0.10
2 0.01 0.01 0.01 0.01
3 -0.01 -0.01 -0.01 -0.01
4 -0.02 -0.02 -0.02 -0.02
5 -0.02 -0.02 -0.02 -0.02
6 -0.02 -0.02 -0.02 -0.02
7 -0.02 -0.02 -0.02 -0.02
8 -0.01 -0.01 -0.01 0.02
9 -0.01 -0.01 -0.01 -0.01
10 0.00 0.00 0.00 0.00

Table C-6. Difference between temperatures fromsezildorm solution at > 0.2 m and 0.1 m
for k = 4 W/m-K and different times and radii.

£ (m) DTeatt= DTe (K) at t= DTe (K) at t= DTe (K) at t=

2592000 s 5184000 s 7776000 s 10368000 s
1 0.10 0.10 0.10 0.10
2 0.01 0.01 0.01 0.01
3 -0.01 -0.01 -0.01 -0.01
4 -0.02 -0.02 -0.02 -0.02
5 -0.02 -0.02 -0.02 -0.02
6 -0.02 -0.02 -0.02 -0.02
7 -0.02 -0.02 -0.02 -0.02
8 -0.01 -0.01 -0.01 -0.01
9 -0.01 -0.01 -0.01 -0.01

It can be seen from Tables C-4 to C-6 that the gham the inner diameter from 0.2 m to
0.1 m does not have an appreciable effect on ttile Esmperatures calculated. However, the small
temperature changes, on the order of 0.10 K, caaxbenined for future development of the
project. Since it costs approximately 1/3 to drifl. 16 m diameter bore hole as compared to drilling
a 0.6 m diameter bore hole, therefore, studiesdcbeldone to determine the effect of bore hole
diameter on the earth temperature distribution lao@ hole exit water temperature in order to
reduce the installation cost.



121

Appendix D. Comparing Temperature Distribution Results from Finite Difference M ethod
and ANSY S-CFX
Appendix D shows the difference between radial heaeimperatures obtained using

ANSYS-CFX and the Finite Difference method.

Since all of the ANSYS-CFX runs on the 3véedge (D= 0.2 m) were performed using k
= 0.52 W/m-K, Finite Difference results were alsoguced using k = 0.52 W/m-K (not shown in
this thesis) and were compared. Table D-1 showsditierences, D¥, between radial earth
temperatures obtained using ANSYS-CFX (Run 8, 8ecti4.3.7) at d = 0.1 m and the Finite
Difference method (D= 0.2 m, k = 0.52 W/m-K) at four different times.

DTe=Te (ansvs-cF% — | e Finite Difference methad (D-1)

Table D-1. Difference between ANSYS-CFX and Fiviiference method temperatures for-D
0.2 m, k =0.52 W/m-K, and different times and iradi

Fim] DTe (K) at t= DTe (K) at t= DTe (K) at t= DTe (K) at t=

2592000 s 5184000 s 7776000 s 10368000 s
0.1 0.00 0.00 0.00 0.00
0.3 0.57 0.54 0.52 0.51
0.5 0.58 0.59 0.57 0.57
0.8 0.41 0.35 0.31 0.29
1.0 0.23 0.17 0.14 0.11
1.2 0.17 0.08 0.05 0.02
1.4 0.16 0.06 0.01 0.02
1.7 0.30 0.28 0.27 0.25
1.9 0.26 0.24 0.21 0.19
2.1 0.26 0.21 0.18 0.15

Using the results from this Appendix, it was cowldd that the earth temperature
distribution results obtained using the Finite Bifnce method are approximately equal to (within
a maximum error of 0.6 K) the results from ANSYS>CF herefore, the earth temperature
distribution results produced using the Finite Biénce method can be used in determining the
minimum spacing that is required between the booéesh The differences between the
temperatures calculated by ANSYS CFX and Finitdeb@nce methods are reasonable, but it is

unknown as to whether these differences incre&smedse or remain the same as k increases.
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Therefore, incorporating a safety factor of 2, bhgreasing the spacing to approximately 16 m or
18 m, can address this issue. Also, it can be wbdahat the temperature differences are not
always decreasing as radius increases. For instBXeéor t = 2592000 s decreases from 0.57 K
(r=0.3m)to 0.16 K (r = 1.4 m) and then increat®e 0.26 K (r = 2.1 m). This is because the
ANSYS-CFX mesh size was not constant, neither atbeglepth nor along the radius. The mesh
size was increased, in order to reduce the compirteration times. Reduction in the number of
elements was possible, because the temperaturgehanlarger radii and depths were not as large
as those at smaller radii and depths. Therefor@edsing the number of elements at larger radii
(greater than r = ~ 1.5 m) and depths (greater than- 20 m), as compared to smaller radii and

depths, did not affect the results significantly ¢buch). On the other hand, radius steps for the
Finite Difference method were constant.
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Appendix E. Steps Performed in SolidWorksto Createthe Three-Dimensional M odels of
the Earth and Water Domains

Appendix E shows the steps performed in SolidWddksreate the three-dimensional
models of the earth and water domains.

First, SolidWorks was started and “New” from theltbar was selected to “Create a New
Part”. Units were set to MKS by going to “Options’ “Units” and selecting “MKS".

StepsInvolved in Creating a Three-Dimensional 3.6°Wedgefor Initial Runs

1. The front plane was selected to draw a sketch. hsve in Fig. E-1, a two-dimensional
rectangle was drawn about the origin with dimensiofy = 0.1 m and L = 500 m. The values
of ri, ro and L were changed for different runs, dependipgnuthe flow rate and thermal
conductivity (k) of the earth in order to reduce gimulation time.

b

S

Figure E-1. Two-dimensional drawing of the Buwedge model of the water domain in
the front plane (vertical plane).

2. The two-dimensional drawing was converted intoragkdimensional wedge by selecting the
“Revolve Boss/Base” option from the “Features” talgure E-2 shows the inputs, including
“Axis of Revolution”, “Direction”, and “Angle”, gien to the “Revolve Boss/Base” feature and
the three-dimensional image of the water model. @kis of revolution was chosen as the

vertical line passing through the origin, and & 2uwgle was given for “Angle to Revolve”.
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The green check mark was clicked to accept thetsnpand complete the three-dimensional

model of the water domain.

@ B R[&[S]

@ Revolve @
v X
Axis of Revolution ~

',/'. [ Line7 @Sketch3 |

Directionl ~
¥ [Bling ~ | e
1 =
[«$ [3.60deq =]
[7] Direction2 i
[C] Thin Feature v
\L
Selected Contours N

Figure E-2. Creating a three-dimensional wedge rhofléhe water domain from the
two-dimensional sketch using the “Revolve” feature.

3. For creating a three-dimensional model of the edwiinain, a rectangle was created with the
origin located at a distance offrom the inside edge of the rectangle (edge ofréugangle
closer to the origin). The three-dimensional maxfehe earth domain was then created using
the same steps carried out in creating thé \8eglge model of the water domain (Steps 1 and
2). Figure E-3 shows both the two-dimensional dedthree-dimensional models of the water

domain created.

Front Plane
o
|
i [ |
I
i ] "<
L
|

Figure E-3. Creating a three-dimensional wedge nhofléhe earth domain in SolidWorks.
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4. Both three-dimensional models were then saved amigk wnported into the “Assembly”
feature of SolidWorks and were connected to formsirgyle part using “Coincident” and
“Parallel” mates. The assembly was then saved and$olid x_t*” format to be imported into
ANSYS-CFX for performing simulations.

Steps Involved in Creating a Complete Three-Dimensional Model of the Earth and Water
Domains.

A complete 360three-dimensional model of the earth and wateradosis different from the
3.6° wedge model in terms of the U-bend for the conepB&® model as opposed to one straight
tube without any bends for the 3vBedge model. Therefore, the steps involved intargdhe two
models are different. The steps involved in cregtite complete 36@hree-dimensional model of

the earth and water domains are discussed in Hosvfog pages.

1. First, the top plane was selected to draw a skétslshown in Fig E-4, a circle of diameter r

was drawn.

Top Plane

D>

ot e

Figure E-4. Two-dimensional sketch of the tubénetop plane.

2. Exiting from the previous sketch, the front plangswthen chosen to sketch the path for the U-
tube. A line was started from the center of theleidrawn previously in the top plane and was
then continued to form a U-shape when in the fpdae. Dimensions for L (depth of the bore
hole) and the distance between the tubes were ¢seenFig. E-5). Figure Edhows how the

sketch of the path for the U-tube was drawn inftbet plane.
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<Spacing between.
the pipes>

Y o

Figure E-5. Two-dimensional sketch of the U-tubthpa the front plane (vertical plane)

3. Exiting the previous sketch, the “Sweep” boss featuas selected from the “Features” tab to
sweep the circle along the U-shape created in rivat fplane to form a U-shaped three-
dimensional water model. The circle drawn in theptane was given as an input to the sketch
profile, the U-shape created in the front plane giasn as an input to the sketch path, and the
green check mark was clicked to complete and crig&tehree-dimensional water domain.
Figure E-6shows the inputs (sketch profile and path) thaevggven to the “Sweep” feature.

The part was then saved as water.SLDPRT.

@ B[R O[S]

@ Sweepl (GNO)]
v X
Profile and Path A

©) Sketch Profile

Circular Profile
0 H[sketcn1

C IEEE
Guide Curves b
Options v
Start and End Tangency N
Curvature Display v

Figure E-6. “Sweep” feature to create the three-dmsional model of the U-tube.

4. To create the earth domain, a two-dimensional sketrs made in the top plane. Figure E-7

shows how the two-dimensional sketch of the eadmaln was made in the top plane.
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Dimensions such as, I, and the distance between the tubes were giveahdaketch to match

the previous two-dimensional sketch drawn for tlaéenvdomain (Steps 1 and 2).

Top Plane

0.40

?0.20
$0.20

Figure E-7. Two-dimensional sketch of the earth dionm the top plane.

5. The sketch was then “Extruded” to length "L” foreating a three-dimensional model of the
earth domain. Figure E-8 shows the three-dimenkiomalel of the earth domain and the
inputs including direction and length that weneegi to the “Boss-Extrude” feature. The values
of L and r must be equal to the values of L andiven in creating the water domain. After
giving the inputs (Steps 2 and 3), the green cheaik was clicked to complete and create the
three-dimensional model of the earth domain. Thewas then saved as earth.SLDPRT.

® 2B R[S
@) Boss-Extrude @
v X @&

From

[Sketch Plane S

Direction 1 ~

2| [Blina ~

251 |100.00m =

Draft outward

[[] Direction 2 ~

[T} Thin Feature N~
< ,

Selected Contours N /
f 7

Figure E-8. Three-dimensional model of the eartmdm
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6. Both the water and earth domains, which were sageESLDPRT were imported into the
“Assembly” feature of the SolidWorks. The importéds were then connected using different
SolidWorks mates such as “Coincident” and “ConaehtiThe assembly file was then saved
as one single body in “parasolid x_t*” format to ibgported into ANSYS-CFX to perform

simulations.
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Appendix F. Comparing Temperature Distribution Results from Finite Difference Method
using At = 18000 sversus At = 600 s

Appendix F shows the difference between radialhetaiperatures obtained using the
Finite Difference method with time steps/af = 18000 s andt = 600 s.

As discussed in Section 4.2, the Finite Differepceblem was solved using different
values ofAr andArt, while satisfying the stability criterion (Eq. (&)). This was done in order to
check for the consistency of the results. It waemeined that, for k = 2 W/m-K, whetr =1 m
and At = 18000 s were reduced to = 0.1 m andAt = 600 s, there were earth temperature
differences from approximately 1.691 K (max) atk.£ m, t = 10368000 s to approximately 0.001
K (min) at r = 9.1 m, t = 5184000 s. For k = 2 WKknwhenAr = 0.1 m andAt = 600 s were
changed tar = 0.05 m andt = 300 s, there were earth temperature differeatapproximately
0.081 K (max) at r = 0.5 m, t = 2592000 s, and D.BO(min) at r = 5 W/m-K, t = 5184000 s
(comparison results are not presented in thissheSbnsidering these small changes in the earth

temperatures calculateslr = 0.05 m and\t = 300 s were used to perform all of the calcutetio

Table F-1 show the difference between Finite Défere method temperatures when=
600 s and\t = 18000 s for b= 0.2 m, k = 2 W/m-K and different times (t) andirdr).

DTe = Te (Finite Difference methodzt = 18000 sy Te (Finite Difference methodyz = 600 s) (F'l)

Table F-1. Difference between Finite Differencehndttemperatures whexr = 600 s and\z =
18000 s for = 0.2 m, k = 2 W/m-K, and different times and radii

- (m) DT (K) at t= DT (K) at t= DT.(K) at t= DT (K) at t=

259200 s 5184000 s 7776000 s 10368000 s
1.1 1.423 1.584 1.661 1.691
2.1 0.569 0.796 0.943 1.025
3.1 0.213 0.380 0.519 0.611
4.1 0.071 0.173 0.276 0.354
5.1 0.019 0.074 0.140 0.199
6.1 0.004 0.030 0.067 0.108
7.1 0.001 0.011 0.031 0.055
8.1 0.000 0.003 0.013 0.027
9.1 0.000 0.001 0.004 0.012
10 0.000 0.000 0.000 0.000
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Appendix G. Extracting Energy from the Earth Domain

Appendix G deals with the results obtained fromrines conducted to examine the time

required to extract the stored thermal energyllgyground source system] from the earth domain.

For the runs conducted to extract thermal eneitgy,résult file from Run 4-3 (Section
4.4.7.3) was given as an input in the CFX Solutitemager. This result file acted as an initial
condition for the earth domain. Inlet water velgdibr the water domain was given as 0.00621
m/s, which was the same as the inlet velocity dewtom Run 4-3; and the water temperature at

the inlet, was changed to 285 K, 283 K, and 27&eKpectively, for three different runs conducted.

Figure G-1 shows the energy stored in the eanthadio at different times for a total time
of 20736000 s (8 months).

Cooling water [T;, = 305.1 K]

9.00E+10 o
7.00E+10 o Heating water [T;, = 285 K]
£ 5.00E+10 )
5 Heating water [T;, = 283 K]
(]
< 3.00E+10
.c -
S Heating water [T, = 275 K]
2 1.00E+10
]
1 &
>
'qif -1.00E+10 O 5000000 10000000 15000000 20000000 25000000
=
- T(s)
-3.00E+10
-5.00E+10

Figure G-1. Energy stored in the earth domain dttedent times for a maximum time of
20736000 s at different inlet water temperatureth Wi, = 0.00621 m/s.

As can be seen from Fig. G-1, thermal energy storé¢de earth domain starts increasing
with increasing time wheniil= 305.1 K. This is due to the heat transfer fréw® warm cooling
water exiting the condenser to enter the earth domhich is initially at 285 K (see Section
4.4.7.3). The total thermal energy stored in thehedomain at a time of 10368000 s can be
extracted by pumping lower temperature water iheoground source cooling system. The total
time required to extract the thermal energy stangtle earth (which has been rejected to the earth
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domain by warm cooling water during the initial 58800 s) depends on the water temperature
at the inlet for the next 10368000 s or more. Asloa seen from Fig. G-1, foi = 275 Kand T

= 283 K, the total energy that has been rejectatidcearth (from warm cooling water) can be
extracted in the given time of 4 months (103680D0CGn the other hand, for inlet water
temperature of if = 285 K, all of the energy that was rejected ®eharth could not be extracted
in the given time of 4 months (10368000 s), and iedjuire more time to extract all of the energy.
The negative values for the energy stored in thhea Fig G-1 represent the additional energy
that would be extracted by the ground source sysieyond the energy that was rejected to the
earth domain during the initial 10368000 s. Itisar from the runs conducted that all of the
energy that is rejected to the earth by the povantcan be extracted. However, although the
total energy extracted from the earth is larges ibw temperature energy and cannot be applied
to heating situations requiring significant tempera differences. Therefore, this extracted energy
might be used in base (low level) warming of restde or commercial buildings or also could be

used for melting snow during the winter.
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Appendix H. CFX Command L anguage

This appendix shows the CFX command language fexample case with k = 0.52
W/m-K, L =500 m, D= 0.2 m, \lh = 0.015525 m/s (3%wedge).

CFX Command Languagefor Run

LI BRARY:
CEL:
EXPRESSI ONS:
dt = 0.1[s]+(1-e~((-0.00005[s"-1])*t))*3599. 9[s]
END
END

MATERI AL: Earth
Material Goup = User
Option = Pure Substance
Ther nodynamic State = Solid
PROPERTI ES:
Option = CGeneral Materi al
EQUATI ON OF STATE:
Density = 2050 [kg mt- 3]
Mol ar Mass = 1.0 [kg knol ~-1]
Option = Val ue
END
SPECI FI C HEAT CAPACI TY:
Option = Val ue
Specific Heat Capacity = 1840 [J kg"-1 Kr-1]
END
THERMAL CONDUCTI VI TY:
Option = Val ue
Thermal Conductivity = 0.52 [Wm-1 Kr-1]
END
END
END
MATERI AL: Wat er
Mat eri al Description = Water (liquid)
Material Group = Water Data, Constant Property Liquids
Option = Pure Substance
Ther nodynanmic State = Liquid
PROPERTI ES:
Option = CGeneral Materi al
EQUATI ON OF STATE:
Density = 997.0 [ kg m‘- 3]
Mol ar Mass = 18.02 [kg knol ~-1]
Option = Val ue
END
SPECI FI C HEAT CAPACI TY:
Option = Val ue
Specific Heat Capacity = 4181.7 [J kg™-1 K~-1]
Speci fic Heat Type = Constant Pressure
END
REFERENCE STATE:
Option = Specified Point
Ref erence Pressure = 1 [atn]
Ref erence Specific Enthal py = 0.0 [J/kg]
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Ref erence Specific Entropy = 0.0 [J/ kg/K]
Ref erence Tenperature = 25 [ (]
END
DYNAM C VI SCOSI TY:
Dynam c Viscosity = 8.899E-4 [kg nmt-1 s”-1]
Option = Val ue
END
THERMAL CONDUCTI VI TY
Option = Val ue
Thermal Conductivity = 0.6069 [Wn-1 Kr-1]
END
ABSORPTI ON COEFFI Cl ENT:
Absorption Coefficient = 1.0 [m-1]
Option = Val ue
END
SCATTERI NG COEFFI Cl ENT:
Option = Val ue
Scattering Coefficient = 0.0 [nt-1]
END
REFRACTI VE | NDEX:
Option = Val ue
Refractive Index = 1.0 [m n- 1]
END
THERVAL EXPANSI VI TY:
Option = Val ue
Thermal Expansivity = 2.57E-04 [K~-1]
END
END
END
END
FLOWN Flow Analysis 1
SCLUTI ON UNI TS:
Angle Units = [rad]
Length Units = [n]
Mass Units = [kg]
Solid Angle Units
Tenperature Units
Time Units = [s]
END
ANALYSI S TYPE
Option = Transi ent
EXTERNAL SCOLVER COUPLI NG
Option = None

[sr]
K]

END

INITIAL TI ME
Option = Automatic with Val ue
Time = 0 [s]

END

TI ME DURATI ON
Option = Total Tine
Total Tinme = 2592000 [s]
END
TI ME STEPS:
Option = Timesteps
Ti mesteps = dt
END
END



DOVAI N: Earth
Coord Frame = Coord O
Domain Type = Solid
Location = B26
BOUNDARY: Default Fluid Solid Interface Side 1
Boundary Type = | NTERFACE
Locati on = F32.26
BOUNDARY CONDI TI ONS:
HEAT TRANSFER:
Option = Conservative Interface Flux
END
END
END
BOUNDARY: Earth Default
Boundary Type = WALL
Locati on = F30. 26, F31. 26
BOUNDARY CONDI TI ONS:
HEAT TRANSFER:
Option = Adiabatic
END
END
END
BOUNDARY: Sym wal | s
Boundary Type = SYMMETRY
Locati on = F28. 26, F29. 26
END
BOUNDARY: wal | tenp
Boundary Type = WALL
Location = F27.26
BOUNDARY CONDI TI ONS:
HEAT TRANSFER
Fi xed Tenmperature = 285 [K]
Option = Fixed Tenperature
END
END
END
DOVAI N MODELS:
DOVAI N MOTI ON:
Option = Stationary
END
VESH DEFORVATI ON:
Option = None
END
END
I NI TI ALI SATI ON:
Option = Automatic
I NI TI AL CONDI Tl ONS:
TEMPERATURE:
Option = Automatic with Val ue
Tenperature = 285 [K]
END
END
END
SCOLID DEFINITION: Solid 1
Material = Earth
Option = Material Library
MORPHOLOGY:

134
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Option = Continuous Solid
END
END
SCLI D MODELS:
HEAT TRANSFER MODEL:
Option = Thermal Energy
END
THERVAL RADI ATI ON MODEL:
Option = None
END
END
END
DOVAI N wat er
Coord Frane = Coord O
Domain Type = Fluid
Location = B21
BOUNDARY: Default Fluid Solid Interface Side 2
Boundary Type = | NTERFACE
Location = F32.21
BOUNDARY CONDI TI ONS:
HEAT TRANSFER:
Option = Conservative Interface Flux
END
MASS AND MOVENTUM
Option = No Slip wall
END
WALL ROUGHNESS:
Option = Smooth Wl |
END
END
END
BOUNDARY: | nl et
Boundary Type = I NLET
Location = F23.21
BOUNDARY CONDI TI ONS:
FLOW REGQ ME:
Option = Subsonic
END
HEAT TRANSFER:
Option = Static Tenperature
Static Tenperature = 368 [K]
END
MASS AND MOVENTUM
Nor mal Speed = 0.015525 [m s”-1]
Option = Nornal Speed
END
TURBULENCE:
Option = Mediumintensity and Eddy Viscosity Ratio
END
END
END
BOUNDARY: CQut| et
Boundary Type = OPENI NG
Location = F22.21
BOUNDARY CONDI TI ONS:
FLOW DI RECTI ON:
Option = Nornmal to Boundary Condition



END
FLOW REGQ ME:
Option = Subsonic
END
HEAT TRANSFER
Qpening Tenperature = 285 [K]
Option = Opening Tenperature
END
MASS AND MOVENTUM

Option = Opening Pressure and Direction

Rel ati ve Pressure = 0.5
END
TURBULENCE:

Option = Mediumintensity and Eddy Viscosity Ratio

END

END

END

BOUNDARY: wat er sym
Boundary Type = SYMMETRY
Locati on = F24.21, F25.21

END

DOVAI N MODELS:
BUOYANCY MODEL:

Option = Non Buoyant

END
DOVAI N MOTI ON:

Option = Stationary

END
MESH DEFORMATI ON:

Option = None

END
REFERENCE PRESSURE:

Ref erence Pressure = 1 [atn]

END

END

FLU D DEFINITION: Fluid 1
Material = Water
Option = Material Library
MORPHOL OGY:

Option = Continuous Fluid

END

END

FLU D MODELS:
COVBUSTI ON MODEL:

Option = None

END
HEAT TRANSFER MODEL:

Option = Thermal Energy

END
THERVAL RADI ATI ON MODEL:

Option = None

END

TURBULENCE MODEL:
Option = SST

END

TURBULENT WALL FUNCTI ONS:

Option = Automatic

136



137

END
END
I NI TI ALI SATI ON:
Option = Automatic
I NI TI AL CONDI Tl ONS:
Vel ocity Type = Cartesian
CARTESI AN VELOCI TY COMPONENTS:
Option = Automatic with Val ue

U=20 [ms"-1]

V =0 [msn-1]

W= 0 [ms”-1]
END

STATI C PRESSURE:
Option = Automatic with Val ue
Rel ative Pressure = 0.5
END
TEMPERATURE:
Option = Automatic with Val ue
Tenmperature = 285 [K]
END
TURBULENCE | NI TI AL CONDI Tl ONS:
Option = Mediumintensity and Eddy Viscosity Ratio
END
END
END
END
DOVAI N | NTERFACE: Default Fluid Solid Interface
Boundary Listl Default Fluid Solid Interface Side 1
Boundary List2 Default Fluid Solid Interface Side 2
Interface Type Fluid Solid
| NTERFACE MODELS:
Option = General Connection

FRAME CHANGCE:
Option = None
END
Pl TCH CHANGCE:
Option = None
END
END

MESH CONNECTI ON:
Option = Automatic
END
END
QUTPUT CONTROL:
RESULTS:
File Conpression Level = Default
Option = Standard
END
TRANSI ENT RESULTS: Transient Results 1
Fil e Conpression Level = Default
Option = Standard
OUTPUT FREQUENCY:
Option = Every Tinestep
END
END
END
SCLVER CONTROL:



Tur bul ence Nunmerics = First Order
ADVECTI ON SCHEME:
Option = Hi gh Resolution
END
CONVERGENCE CONTROL:

Maxi mum Nunber of Coefficient Loops = 10

M ni mum Nunber of Coefficient Loops =1

Ti mescal e Control = Coefficient Loops
END

CONVERGENCE CRI TERI A:
Resi dual Target = 0.000001
Resi dual Type = RMB
END
TRANSI ENT SCHEME:
Option = Second Order Backward Eul er
TI MESTEP | NI TI ALI SATI ON:
Option = Automatic
END
END
END
END
COWAND FI LE:
Version = 15.0
Results Version = 15.0.7
END
S| MULATI ON CONTROL:
EXECUTI ON CONTROL:
EXECUTABLE SELECTI ON:
Doubl e Precision = On
END
| NTERPOLATOR STEP CONTROL:
Runtine Priority = Standard
DOVAI N SEARCH CONTROL:
Boundi ng Box Tol erance = 0.01
END
| NTERPOLATI ON MODEL CONTROL:
Enforce Strict Name Mapping for Phases = Of
Mesh Deformation Option = Automatic
Particle Rel ocalisation Tolerance = 0.01
END
MEMORY CONTROL:
Menory Allocation Factor = 1.0
END
END
PARALLEL HOST LI BRARY:
HOST DEFI NI TI ON: engdwybbgl
Renot e Host Name = ENG DWYBBGL
Host Architecture String = w nnt-and64
Installati on Root = C\Program Fil es\ ANSYS | nc\ viv\ CFX
END
END
PARTI TI ONER STEP CONTROL:
Mul ti domain Option = I ndependent Partitioning
Runtinme Priority = Standard
EXECUTABLE SELECTI ON:
Use Large Problem Partitioner = Of
END
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MEMORY CONTROL:
Menory Allocation Factor = 1.0
END
PARTI TI ONI NG TYPE
MeTi S Type = k-way
Option = MeTi S
Partition Size Rule = Automatic
END
END
RUN DEFI NI TI ON
Run Mbde = Ful
Sol ver | nput
END
SOLVER STEP CONTROL:
Runtine Priority = High
MEMORY CONTROL:
Menory Allocation Factor = 1.0
END
PARALLEL ENVI RONMENT:

Nurmmber of Processes =1
Start Method = Seri al
END
END
END
END
o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e m e e e e m e e m e e m = =
ANSYS(R) CFX(R) Solver 15.0.7
Ver si on 2014. 04. 10-23. 00- 131675 Thu Apr 10 23:42:43 GWMIDT 2014

(O 2014 ANSYS, Inc.

Al rights reserved. Unauthorized use,
is prohibited. This product

is subject to U S
Not i ce,

File = Fluid Fl ow CFX. def

Executabl e Attri butes

doubl e- 64bi t-i nt 32- supfort-optim sed-noprof-I|conp

di stribution or duplication
| aws governi ng
see docunent ati on.

export and re-export. For full Lega
| Job Information at Start of Run

Run node: serial run
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e oo o S R S N +
| Host | Msh | PID | Job Started
| | Part | | DD MM YY | hh:nmss |
o Fommm o - Fommm e o - Fomm e e o - Fomm e o - +
| ENG DWYBBGL | 1| 4688 | 14/07/16 | 13:04:02
e oo o S R S S +
o +
| Mesh Statistics |
e +
| Dommi n Nane | Orthog. Angle | Exp. Factor | Aspect Ratio
Fom e e e e o Fom e e e e oo o e o Fom e e o +
| | M ninmm][deg] | Maxi mum | Maxi mum |
oo oo oo oo +
| water | 7.2 1| 3 XK | 968 K
| Earth | 2.7 V| 1 K| 221 XK
| 4G obal | 2.7 '] 3 XK | 968 K
Fom e e e e o Fom e e e e oo o e o Fom e e o +
| | 9% %k Y%K | B Y%k YUK | B Y%k %K |
oo oo oo oo +
| water | 1 3 96| O 0 100| O 0 100
Earth | 74 24 21 O 0 100] O 0 100
| 4G obal | 36 13 51 ] O 0 100] O 0 100
oo oo oo oo +

Domai n Nane : water

Total Nunmber of Nodes = 280112
Tot al Nunber of Elenments = 205000
Tot al Nunber of Prisns = 7500
Total Number of Hexahedrons = 197500
Tot al Nunber of Faces = 152664
Domain Nane : Earth
Total Nunmber of Nodes = 255102
Tot al Nunber of Elenments = 125000
Tot al Nunber of Hexahedrons = 125000
Total Nunmber of Faces = 255100
d obal Statistics :
d obal Nunber of Nodes = 535214
d obal Number of El enents = 330000
Tot al Nunber of Prisns = 7500
Tot al Nunber of Hexahedrons = 322500
d obal Nunber of Faces = 407764

Domain Interface Nane : Default Fluid Solid Interface



Di scretization type
Intersection type
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e
Topol ogi ca

o +
| Average Scal e Information |
i +
Domai n Nane : water
A obal Length = 5. 3944E- 01
M ni mum Ext ent = 6.2791E- 03
Maxi mum Ext ent = 5. 0000E+02
Density = 9. 9700E+02
Dynam ¢ Vi scosity = 8. 8990E- 04
Vel ocity = 0. 0000E+00
Thermal Conductivity = 6. 0690E- 01
Specific Heat Capacity at Constant Pressure = 4. 1817E+03
Prandt| Numnber = 6. 1316E+00
Domain Nane : Earth
d obal Length = 1. 1622E+01
M ni mum Ext ent = 6.2791E-01
Maxi mum Ext ent = 5. 0000E+02
Density = 2. 0500E+03
Thermal Conductivity = 5. 2000E- 01
Specific Heat Capacity at Constant Pressure = 1. 8400E+03
Thermal Diffusivity = 1. 3786E-07
Average Diffusion Tinescale = 9.7971E+08
M ni mum Di f fusi on Ti mescal e = 2. 8599E+06
Maxi mum Di f f usi on Ti mescal e = 1.8135E+12
o o o oo +
| Checking for Isolated Fluid Regions
o +
No i solated fluid regions were found.
o o o oo +
| The Equations Solved in This Cal cul ation
o +

Equations are given two | abels:
for conbining residuals together

t he indivi dua
Resi dual s for

name and a conbi ned nane used
nmul ti domain problens are

conbi ned provi ded the domai ns are connected together and have the same domain

type (solid or fluid/porous).
domain type, then the group residua
domain in the connected group

The indivi dua
Subsystem : Wall Scal e
Wal | scal e-wat er

Subsystem : Mmentum and Mass

U- Mom wat er
V- Mom wat er

If there are nultiple groups of the same

is identified by the nane of the first

and conbi ned equati on names are given bel ow.

--> Wl l scal e

--> U Mom
--> V-Mom



W Mom wat er
P- Mass- wat er

Subsystem : Heat Transfer

H- Ener gy- wat er
T-Energy-Earth

Subsystem : Tur bKE and Tur bFreq

K- Tur bKE- wat er
O Tur bFr eq- wat er

W Mom
P- Mbss

H- Ener gy
T- Ener gy

K- Tur bKE
O Tur bFreq
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