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An Influence of Groundwater Flow on Performance
of Closed Borehole Heat Exchangers (Part-1)
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ABSTRACT

To analyze the influence of various groundwater flow rates (specific discharge) on BHE system with balanced and
unbalanced energy loads under assuming same initial temperature (15°C) of ground and groundwater, numerical modeling
using FEFLOW was used for this study. When groundwater flow is increased from 1 x 107 to 4 x 10~ m/s under balanced
energy load, the performance of BHE system is improved about 26.7% in summer and 22.7% at winter time in a single
BHE case as well as about 12.0~18.6% in summer and 7.6~8.7% in winter time depending on the number of boreholes in
the grid, their array type, and bore hole separation in multiple BHE system case. In other words, the performance of BHE
system is improved due to lower avT in summer and higher avT in winter time when groundwater flow becomes larger.
On the contrary it is decreased owing to higher avT in summer and lower avT in winter time when the numbers of BHEs
in an array are increased, Geothermal plume created at down-gradient area by groundwater flow is relatively small in
balanced load condition while quite large in unbalanced load condition. Groundwater flow enhances in general the
thermal efficiency by transferring heat away from the BHEs. Therefore it is highly required to obtain and to use
adequate informations on hydrogeologic characterristics (K, S, hydraulic gradient, seasonal variation of groundwater
temperature and water level) along with integrating groundwater flow and also hydrogeothermal properties (thermal
conductivity, seasonal variation of ground temperatures etc.) of the relevant area for achieving the optimal design of
BHE system.

Key words : BHE (borehole heat exchanger), Balanced energy load, Unbalanced energy load, avT (average geofluid or
loop temperature), locT (local ground temperature)
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Fig. 1. The balanced and unbalanced energy loads applied to
BHE field in the simulations.
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Table 1. Values of BHE and ground material properties used in all models
Parameter Unit Value Remarks
Depth m 100
Bore hole . .
Diameter m 0.15 6 in.
Configuration type B
. Spacing m 0.075 Distance of BHE : 3 inch.
o Ry Diameter (OD) m 0.0334 SDR-11 dia. : 1%/ inch.
Thickness m 0.003 pipe (In)="Pipe (Out)
Thermal K J(m -s - k) 0.39
Dynamic viscosity kg/(m - s) 0.52x 1073
Geofluid Thermal K J(m sk 0.48
(circulation loop Volumetric heat capacity J(m3 - k) 4.0x 10°
fluid) Density kg/m’ 1,052
Flow rate m’/d 25
Thermal K J/(m - sk) 0.65 0.55 kecal/(mhk)
Ambient groundwater Volumetric heat capacity J/(m? - k) 4.2x10° 602 keal/(m?k)
Temperature °C 15 Annual mean
K J(m - s - k) 3 Fissured crystalline rocks
Ground materials Porosity 02 ) )
a L m 5 Fissured crystalline rocks
aT m 0.5 "
Grout Thermal K J(m -s - k) 1.5 20% +40% qtz, Tgrout Lite
Volumetric heat capacity J(m? - k) 2.52 % 10°
Initial ground temperature °C 15
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Table 2. Summary of simulation combinations (array type, specific discharge, spacing of BHE, direction of BHE array to ambient
groundwater flow)

BHE array . . . Thermal energy Array direction No. of

type Specific discharge  BHE spacing load to groundwater flow scenarios Symbols
a3fb-60-

(3x3) 5 3 2 par. 30 (3x3)6
anfb-60-

5 3 2 par. 30 3 x 1)-12

@x1) a2fub-60
5 1 2 per. 10 (3 x L9

(D 5 - 2 par. 10 anfub-1

0, 1x107, 6m, . .

4x107m/s 12m ~petp e 0

Note : a2fub-60-(3 x 1)L-9 means 2 x 107" m/s of specific discharge of groundwater (a2f) under unbalanced load (ub), with 60 W/m of ther-
mal energy load (60) applied to (3 x 1) BHE array with 9 m spacing between BHEs. L indicates that BHE array is right angle to ambient
groundwater flow direction.

anfb-1 alfb-1 a2fb-1 ——a3fh-1 =———adfb-1

118 |
(a) 1
ouc. smge | Bus. A
BHE() ® llll|lllllllllllllllllllll!lllll!llllll
T zo'm w‘m so'oo 8000
Time(day)
16
(b) Unbalanced s anfub-1 ==—alfub-1 ==—ga2fub-1 ==—3a3fub-1 =——adfub-1
load, single ~ g n
BHE(1) %
z 13
12 “v

11 T T T 1
0 2000 4000 6000 8000

Time(day)

Fig. 2. Average geofluid (loop) temperatures of single BHE (1) in balanced energy load (a) and unbalanced energy load (b) under various
specific discharge conditions (0, 1 x 107, 2 x 107, 3 x 10~ and 4 x 107" m/s).
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Table 3. Mean values of avT in summer and winter time of
balanced energy load and in winter time of unbalanced energy
load under various specific discharges in case of single (1) BHE
system

q b-sum-avT b-win-avT ub-win-avT
(107" m/s) °0) °C) O

0 18.13 11.83 11.48

1 18.10 11.84 11.37

2 17.88 11.85 11.50

3 17.47 12.50 11.60

4 17.36 12.58 11.62
AT (°C) —-0.83 0.72 0.14
IP (%) 26.7 22.7 4.0

* IP : Increament of BHE performance
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Fig. 3. Average geofluid temperatures (avT) in summer time (b-
sum-avT) and winter time (b-win-avT) of balanced energy load
and avT in winter season (ub-win-avT) of unbalanced energy
load under various specific discharges.
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Fig. 4. Average geofluid temperatures (avT) of (3 x 1)-BHE array with 6 m separation in the balanced (a) and unbalanced energy load (b)

under various specific discharge conditions (0, 1 x 107, 2 x 1077,

3x 107, and 4 x 107 m/s).
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Fig. 5. Average geofluid temperatures (avT) of (3 x 3)-BHE array with 9 m spacing in the balanced (a) and unbalanced energy load (b)

under various specific discharge conditions (0, 1 x 107, 2 x 107,

0% 2 Ewq oA Fele 2033t Aol Tkshs 7
%, BlEjEo] 42t 0, 1x107, 2x107, 3x107 %

4x 107" ms2 7K W, AekrY] 5% SV oet
(3 x3)-9 BHEG®] F4loll A3k A3o] A|FFZ Yo
A w8tk Aewdre] A avTelth

Fig. 5914 (a)2 @& oUA F3l9l Agelal (b=
Etd oA F8l 7-5olth, Fig. 4(a)et Fig. 5(apl
A T8 oA B3] Zale] vluliERke] F7vehd st
A719] avTe= sPdsta, 54719 avTe A3ttt

B3 duyA] Hsle dF Aeds FE5e AY

J. Soil Groundw. Environ. Vol. 21(3), p. 64~81, 2016

3x 107, and 4 x 107 m/s).

2 737 wEe] 2719 avT= Fig. 4(b)?t Fig.
5(b)ellA R vle) o] HpjEo] SIS avTe
53}, o]9} o] ths BHE wde] Z$ol= H&3h
©A(1) BHES} vRRZIAIE Alekre] vl S7ts)
W BHE A=) e et

Table 4= HEjEo] 004 1x107, 2x107, 3x 107
D 4x 107 m/7HA] SRR F71EE uf, WY ouR]
F3lA] sFd7Ie} 579 Hit avTet B0 oluR] F
A B8719] Bt avTS Fig. 49 (3 x 1)-6-BHEHC]
ANE AAE avTZHE] 2Hsle] g0kt o))



A5)57} 8o

@ HE A dugy] Aol vixl= dEH(1)

71

Table 4. Mean values of avT in summer and winter time of balanced energy load and in winter time of unbalanced energy load under

various specific discharges

Specific discharge (1077 m/s)

Load type Array Time AT (°C) TP (%)
0 1 2 3
Gx 116 Summer 19.06 18.98 18.93 18.87 18.3 -0.76 18.7
x 1)-
Bal d Winter 11.00 11.15 11.25 11.30 11.35 0.35 8.7
alance ‘3o Summer 19.21 18.95 18.84 18.8 18.7 -0.51 12.1
(3 3) Winter 10.7 10.88 10.87 11.03 11.07 0.33 7.6
Unbal d (Bx1)-6 Winter 11.10 11.15 11.50 11.20 11.30 0.20 5.1
fbatance (3 x3)9 Winter 10.57 10.68 10.80 10.95 11.05 0.48 1.1
i (3x1)-6-b-sum == 3x3)-9-b-sum == (3x1}-6-b-win == (3x3)-9-b-win
185 (3x1)-6-ub-win s (3%3)-9-ub-win
115
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Fig. 6. avT in summer (b-sum) and winter time (b-win) of balanced energy load and one in winter time (ub-win) of unbalanced energy

load under various specific discharges.
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Fig. 7. Average geofluid temperatures (avT) in single (1), (3 x 1) and (3 x 3)-BHE array with 6 m BHE separation, under the balanced
energy load (a) and the unbalanced energy load (b) and no groundwater flow (g=0).

Table 5. Mean avT in summer and winter season of balanced energy load and in winter season of unbalanced energy load under 3 array
types along with differences of avT between multiple BHE array to single BHE array

Array type and avT (°C) Difference between
Energy load Season
Single (1) (3 x 1)-6 (3 % 3)-6 array (1) & others
Summer 18.13 19.06 19.15 0.93/1.12
Balanced .
Winter 11.83 11.0 11.28 -0.83/-0.55
Unbalanced Winter 11.48 11.10 10.29 -0.38/-1.19
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Fig. 8. Average geofluid temperatures (avT) in 3 types of BHE array, under the balanced energy load with 9 m BHE separation and

various specific discharges.

TollA AR A3 frerdake A ulEll Agol
© A5E sk, agla AAE wiEll At A
A e EEle SdsAl sl I IS R B
o] Wk= o] AelE 7Pttt 1eu Ak e
W&ol BHE sl @wadad A7R1 ZA-gole A8l fal
o3 ¥ E(geothermal plume, FiZE)ol| <J3H
BHE7R] g7 #/d2 2R efett. A8k st
Wb F3b Alole] BAIE golry] I3l BlHjEEo]
1 x 107 m/s¥ 7350l 48 oUR] B3} Bdd oyx
F3} AdlellA @l BHES H|Al= 98 5ot &, H]
HiEEo] 0d wie] Az} Hlwsl] BHE wide] 72}
G x D 3x3)@2Q1 A9l rXe FEs HESN
o] ZAPol= 3l et AAISIA BHE vllgm2]o] Al
2®o] Aol vA= JIe vlwg w ©d BHES &
o] AYE var|FEo R AMESIGTh B RS 93
BHEAR]2] 7 Al (dye 9 mE ARE3Ion, ©d(1),
G x ) Bx3pIY & 37FA19] vigollA] HujEfo] 2}
ZF 0ollM 4x 107 m/s2 59| F7hs 735l #9
B4 o] Hapaz molEl ZAAE avT FAolA
A9} FA710 FH TS F8le] =R Aye
Table 67} 2}, 23&3St 71| vlullEw 7R tiaEd]
ol HEjEHOCE 1x 10" m/s? 2x 107 m/sS AElo]
T8 oUA Hale} Bdd olux] F3lr)e] BAY avT
E T3 Z23i= 242} Fig. 99} Fig. 108 2t} Fig.
112 Table 6] AAE avTS o|-835}] HE|EH =71
W2 7E g Bty YA F3A] A avTe] ¥E
B4 Al2E] Al 98l e dAl=el.

{ >{E

O
el

J. Soil Groundw. Environ. Vol. 21(3), p. 64~81, 2016

33.1. T oA 2a}

Fig. 8& &A1), B3x1) 2 (3 x3)pigolx BHE 7t
Zo] 9mol™, @7} 2t 1x107m/s E 2x107m/s &
uj, 78 oy Fsl5 Azl 71t 75 BHEY F4
Fof| 2A)gk BHE-2014 E.oJ¥ avTolt}.

Fig. 8= ¢/F 1x107m/is¥ 74$-°]a, Fig. 8(b)=
ot 2x107m/se H2A 7El 2HELS 25 g7}
1 x107m/se] 7399} L3 =0t} Table 6= T
AuA] Faprle] BAE avT 4191 Fig. 89] AEE 3
T avTe Ead oUA] FetAlel AAPE avT 490
Fig. 99 AEYE i avTES FE3l Q9K ko).
1] Aol oJshd AT E& Wske 7]
HlE3o] 1x107m/s & ol @A BHES} (3 x DHE
(B x3pge] SAHL] avTE= Table 63 Fig. 8(a)ell
Ehd mpe} o] Zkz} 18.1°C, 18.82°C & 18.95°CE
bt H4719 avTe ZH2E 11.84°C, 11.15°C
10.88°CE 7rAstc}. vujEH©] 2x 107 m/se] A9+
Table 63} Fig. 8(by2} #o] @ BHE, 3 x DHIE H
G x g - 719 avT= 242 17.88°C,
18.80°CT} 18.84°CE Z7}alal, TA7|9] avT 247}
11.85°C, 11.17°C 2 10.89°CE 7+A&3lc}. BHES 7H
7} 7P Be 3 x3piEe] avyt e F uide) avT

of nigl spd7ldl= a1 FA7]oe Yol Al2H] e
7P =it ol BHEF7F 7k Al 52
2 A= 93 1" BHEZ] Ak 37 Id7hd &
Fog QI3 BHE Al&El A5 AXSAE dds &
A@stal Jrk(Table 6). T3 oA FslA], 4719

N2 oo LowE &



ARt 2 2 A%

W37 A v)xj= ogﬁk(l) 75

Table 6. Simulated avT (°C) relevent to types of BHE array with 9 m BHE separation under balanced and unbalanced load conditions

and various specific discharges after 20 years operation

Specific discharge (1077 m/s)
Load Array Season AOT
0 1 2 3 4 O
(D) Summer 18.13 18.10 17.88 17.47 17.36 -0.77
) Winter 11.83 11.84 11.85 12.53 12.58 0.75
Bx1)-9 Summer 19.00 18.82 18.80 18.71 18.60 -0.40
Balanced -
(B x1)9 Winter 11.10 11.15 11.17 11.30 11.41 0.31
(B3 x3)9 Summer 19.21 18.95 18.84 18.80 18.70 -0.51
(Bx3)9 Winter 10.70 10.88 10.89 11.03 11.07 0.37
¢ Summer 14.88 14.87 14.96 14.98 14.99 -
Q)] Winter 11.48 11.37 11.50 11.60 11.66 0.18
Un-balanced Bx1)-9 Summer 14.65 14.60 14.96 14.74 14.46 -
fbatatice G x 19 Winter 11.20 11.30 11.15 11.20 10.93 027
(B3 x3)9 Summer 14.56 14.60 14.75 14.68 14.74 -
(B3 x3)9 Winter 10.57 10.68 10.80 10.85 11.05 0.48
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Fig. 9. Average geofluid temperatures (avT) in various BHE array types with 9 m BHE separation under the unbalanced energy load and

various groundwater flow.
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Fig. 10. Average geofluid temperatures (avT) at summer time (b-sum) and winter time (b-win) in balanced energy load
and avT at winter time (ub-win) in unbalanced energy load under various specific discharges.
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710 e avTe] W ol ool <Jhd HlujEF
o] Z7IsIA a7l o R avTe skl B4
71l dssiriuel] sk wuiEe] Frlshd
BHE 4358 34T} Fig. 10(b)s © BHER}F (3 x 1)-
o F (3 x3)-MiEolAN B oA FalA] TE7]
9] avT(ub-win)& E=AISF Z18o|t}

Table 69} Fig. 10(a)¢} (bl &J3ta © & wjd
1 A, V1Y T elUA] FskA] BlujETFe] 0ol
A 4x107mis2E Z7FFE avT(b-sum)s 18.13°Col A
17.36°CE °F 0.77°C 7Hdkal, 54719 avT(b-winye=
11.83°CollA] 12.58°CZ ©F 0.75°C 531, &3k B
U] {3IA FA719] avT(ub-win)e 11.48°ColA]
11.66°CE 2F 0.18°C ‘g5t o]} o] Al -5
o] HujEo] Z71shA BHEA|ZEY] A% 3RtEth
@ (@ x1)-9ER]l A5, 3d71e] #d AR FalA|
HEEaFo] 004 4x 107 m/sZ F718PA avT(b-sum)=
19.0°Col A 18.6°CE °F 04°C ZAsta, FH7]9
avT(b-winy= 11.1°CollA 11.41°CE °F 0.31°C A=531H,
w3 B4 oyR] BshA] 54719 avT (ub-winye o
2 BrEsH wisshg 11.2°ColA 11.3°CE ¢F 0.1°C
‘Fesitt, ole} o] Al fraEll HnjEEe] S8t
W BHEAIZEQ] A5 ETh @ (3 x3)-9mlde] 7
Soll, 3719 T8 oA F3MA] HluiEFo] 004
4x107m/sZ S7FFA  avT(b-sum)y= 3.1.2004 SAgFsH
npel o] oF 0.51°C #Aa3dtaL, 54719 avI(b-win)=
oF 0.37°C &3, T8k E4td oyA] FelA] 547
o] avT(ub-winye °F 0.48°C 453t} o]9} o] Hluj
3] 7R & A8l fre@del 718 BHE Al
2Hlo] A5l )

HEjEEo] 09l 4x 107 m/sE 71 o, 379
3PSt avTe} 570l /g5t avTE ©]831] BHE 4]
2Hlo] A3 A58 ARRIAE AMESHE vinE
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Fig. 11. Average local ground temperatures (locT) in (3 x 1)-6 BHE array with 6 m separation, under specific discharge of 1 x 10~ m/s(a)

and 3 x 1077 m/s(b) at the time of the balanced energy load condition.

<712 1% BHEY 52 @Y BHER 75 w8
M= FshA] kA7)0l oF 24.6%(0.77/(18.13-15)), 54
719l oF 23.6%(0.75/(15-11.83)), B oA] 31|
FA710 2F 5%(0.18/(15-11.48)) A=, (3 x 1)-98]<E
%l Beelle dF oA FatA] 71l oF 10%, 54
710l <F 8%, Bvtd oluA] RatA] F&7l 9 7.1%
PIEE AR oASHT (3 x3)-HIEA A= 3.1.2
oA At ule} o] 7 A RapA] 7)o oF
7.6%, 587100 °F 5.1%, B8 Uz F3pA] 5@
oF 1.1% Y= Aoz FET

3.4. BHEZ L{2|F T0M X[t RSOl 2} Hat
= XB2E(locT)e| HESMI W20 2ff 2= ZhySiY

AF ATy EoJ(Borechole heat exchanger
simulationy& ¥7|A= AFBner] o A3 F= A
wl ZdA|77 (adjacent flux- occupied boundary section)
oA Ae<eRg o Bt 2= (avT)e} st AAZRA
TS ¥k ASAR NN Hit AFLEE ARt sk
7} 550l Aok A7IN FA) Sk Hd AT
=5 IR AF2%E (local ground temperature)2} 3}
OFALZ locTE} €Tt BHE WlollA E2& AFwde
P71 AEeA FE3 28-S BHE TR £X
AR = Fgstar, Fd7]olls vidE A28 AT
TG HuA w2 55 fXEAL e AHiAIR]

LS (g, aestifer)?] AFES {317] Wil A
Fwkre] B el avTet BHESF QP71 2%

N e
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t orfr &

FZ9] IA|ZQ AFLE (locT)h= ta =7} ok,
Table 49 AAE (3 x 1)-681E] BHEOAM 8 & &
w3 Uz B3] spd7]el s-7e Ask
avT9} Table 73} 8l AA] & nle} o] FA3 3 x1)-
6 EelA FLgE BHE FHY A% (locT)E A= H]
W SEE, gHFeZ 78 dyA] HakA] s A
F2E(locT)e A3k @l Wt avTRT) oF 0.84~
1.40°C srom w2 5487)oE <F 0.55~1.20°C =t}
B8 A Fatrlel] sF719] avTe locTS} HISTS}
2k 548719 locTs A3l 530l W} avrac oF
1°C =t} o]yd @A 78 oluR] HalA] k7)ol
BHE ¢129] AF L% (locT)E TA7|S AvbdA] tha
&3] wiEo] AFE BHER FYEE Ak & 2
T9] avTol| HIs) #2dHjo|al Ri= 547 BHE <1
2] AT L5 (locTy= 3F715 ZsPaA Assied 4l
T2 BHEZ frYs= #2¢] avTel vls) tha w2 2
5 A8 "ol

3.4.1. 3 x 1)-68lEolM 78 olUR] ¥3kx] BHER 5
H AFEe] 3 54

Fig. 118 HujEEo] Z12F 1 x 107 m/sT 3 x 107 m/s
o] Aol 6m 9] BHES (3 x 1)-62] vjgdd 2o
2 42 F, 2047 78 ouR] Hss BHER 718
< o, BHE-1AHAA 4F 6m A 248 OBS-1
ZH3} BHE-3A-OA aFF77E] 6m Ao AAlgh
OBS-2 A3 % BHE%Y Wil AAjs= BHE-2%}

J. Soil Groundw. Environ. Vol. 21(3), p. 64~81, 2016



G I

78

ok

Table 7. Simulated locTs at BHE-2 and BHE-3 point located within (3 x 1) BHE array with 6 m separation and other 2 observation points
situated 6 m up and down stream when specific discharges are 1 x 107 m/s and 3 x 107 m/s respectively

Simulated locT at the designated observation points when g=1 x 10~ m/s, balanced load

Summer Winter
OB.point AT (°C)
Max. Min. Mean Max. Min. Mean
OBS-1 15.46 15.18 15.20 14.60 14.46 14.53 0.77
BHE-2 18.41 17.86 18.14 11.90 11.50 11.70
BHE-3 18.05 17.47 17.76 12.25 11.86 12.06
OBS-2 16.12 13.96 15.50 14.25 13.95 14.10 1.40
AT=0BS1-OBS2 0.30 043
Simulated locT at the designated observation points when g=3 x 107" m/s, balanced load
Summer Winter
OB.point AT (°C)
Max. Min. Mean Max. Min. Mean
OBS-1 15.30 15.11 15.26 14.73 14.38 14.70 0.56
BHE-2 17.66 17.27 17.46 12.62 12.14 12.40
BHE-3 17.50 17.10 17.30 12.71 12.25 12.50
OBS-2 16.10 15.90 15.95 13.90 13.50 13.82 2.13
AT=0BS1-OBS2 0.69 0.88
———0BS-1 ——BHE-2 ——BHE-3 —— OBS-2
15
(a) q=1x10"m/s, _1a \A A [\
(3x1)-6. VAT v AvAT VAT VAT AV AV VAvA VAV AvAT
unbalanced load £ 12 V v V V V
11 r : . )
o 2000 4000 65000 8000
Time(day)
~———(0BS5-1 ——BHE-2 BHE-3 ——0BS-2
(b) q=4%10"m/s, —_
(31)-6, =
unbalanced load =
11 T T T 1
o] 2000 4000 6000 8000
Time(day)

Fig. 12. Average local ground temperatures(locT) in (3 x 1)-6 BHE
specific discharge of 1 x 107" m/s(a) and specific discharge of 4 x 10

BHE-3¢] 9 AFuljAlolA &gt 221 B A%
2% (locT)°]t}. Fig. 119 (a)= HM|EHo] 1><10’7m/s
o o, BHE “&Fet sk 71l &A1 27 A5A3
(OBS-13%} OBS-2)¥} BHER®| AA|3F BHE-2 ¢} BHE-
3 A AFujAle] AAE locTelal (by= HIE|Eo]
3x 107 m/sd 7352 FUgH Sl FAME locT
ot}

Table 78 wlHjEEo] Z42F 1x 1079 3x 107 m/s &

J. Soil Groundw. Environ. Vol. 21(3), p. 64~81, 2016

array with 6 m separation under the unbalanced energy load with

7 m/s(b).

u], 78 oA F3LE 2033 ATl 7tk Al
=5+ ) ARellA «1% ska719) 54719 FHo & H
A locTe} 2037 3719} 52719 H locTE K{9F
gk Zlolot.

7 oA F3A] vEjEFo] 1 x 107 m/so]al 31
71l BHEZOIAN AFHEE she 750l “dF71tl &
AN OBS-1A-ol|A &H 3719 HT locTe 54

719] Hi locTE 27+ 15.2°C8} 14.53°CS1H] w3l 3}
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Table 8. Simulated locTs at BHE-2 and BHE-3 located within (3 x 1) array with 6 m separation and other 2 observation points situated at
6 m up and down stream when specific discharges are 1 x 107 m/s and 4 x 1077 m/s respectively under unbalanced load condition

Simulated locT at the designated observation points when g=1 x 10~ m/s, unbalanced load

Summer Winter
Ob. point AT (°C)
Max. Min. Mean Max. Min. Mean
OBS-1 14.88 14.67 14.70 14.27 14.08 14.16 0.54
BHE-2 14.90 14.32 14.55 12.46 11.90 12.18
BHE-3 14.86 14.26 14.56 12.39 11.80 12.12
OBS-2 14.62 14.20 14.40 13.60 13.08 13.34 1.06
AT=0OBS1-OBS2 0.30 0.82
Simulated locT at the designated observation points when g=4 x 10~ m/s, unbalanced load
Summer Winter
Ob.point AT (°C)
Max. Min. Mean Max. Min. Mean
OBS-1 15.00 14.78 14.91 14.68 14.45 14.64 0.27
BHE-2 14.88 14.40 14.70 12.60 12.00 12.30
BHE-3 14.99 14.50 14.73 12.71 12.15 12.45
OBS-2 14.93 14.64 14.79 13.74 13.37 13.55 1.09
AT=0BS1-OBS2) 0.12 1.09

Fl 2A1%E OBS-2A130 A 31719 Hit locTe
OBS-1XT} 0.3°C =& 15.5°Co|aL, 58719 Hit locT
£ OBS-1HT} 0.43°C B2 14.1°C ©|th(Table 7).

T3 Fig. 11(a)2} 20] OBS-11133} OBS-2 A3 olA
sFd719F 58719] locT WEF-2 247} 0.77°CS} 1.4°C2
Ay BRI X8 OBS-2A174 9] locT Bi5-Zo] A
TRl AA8E OBS-1A139] locT WEEH}H oF 28] &
= At ol Y ¥ AFEnE|(BHEZ 739
(3 x )-6-BHERS 53l 2097 A&8 02 #8 ouy=A|
3l Azl 7ItezA AZE 7S] 2=5EA R
Faamel 58719 WSEAE Syt &, SRR
s2e AA ARl o8l skl 2Algh OBS-24]
A 72 Q1T EFol| E7H FFS doFl7] wiFolt

T oUA] F3lA] vlEjEEe] 3 x 107 m/sel 735l
= BHERIA AdE & 2 WSaAE 5 sq+<t
o2 {53k A Akl ols) ka7l 0BS-2 A
Aol Bt locT= OBS-1 Aol BI&| 0.69°C =oAL,
BA710l= 0.88°C SOt (Fig. 11(b)).

Fig. 119] (a), (b)2} 2ol BlEIET©] 1 x 107 m/sollA]
3x 107 m/sCE Z713PA OBS-1 X33} OBS-2 A% 9|
Al Bt locTe] ¥IEZIFS 7o) 202 F718ith. BHE
Z ol &Allsh= BHE-29] 7Z3-9l= vluiEo] 1x 107
ANA 3x107m/isl2 Z7Fsha 8719 HEF locTe
18.14°CollA 17.46°COE °F 0.68°C A% 7+A3dlal, 54
7191 11.70°CoNA 12.4°CE ¢F 0.7°C Z7V3c}). =3t

3Fd719 BHE-39] Hi locTE 17.76°COlA 17.30°CE
ok 0.46°C A% 73kl Fd710E 12.06°ColA 12.5°C
2 044°C A= 53t o= 15°CY] YA Ed87FS
B Aekr] fede] S7ie Warkiel skdr)el
= freske AT locTE A7 e 93 sfal
g2 4 FZ271701 FA7E locTS AsAl7le 98
< 3t BHES] AlI85-S @ 7RI

342. 3x1)-6HiLollN BHE ovA] ¥&}A] BHER
FH AFeLo E¥ EA

Fig. 129] (2%} (by= HIEZol ZH2} 1 x 107 m/s7
4x107m/s20 Aol 6m 7HAS] BHES (3 x 1)-69]
vk o g A3 ohe, 2097 B d U] ReE
Aol 718S v, BHE-29} BHE-30 %3+ AZwjle}
BHERS] 773 6 m Xl 2413 OBS-12143} 3}
F 6moll A2AZ OBS-2A1H oA &3 HAE
locTolt}. Fig. 129 (a2} (b)ell AAE BAIE locTS
7y FEAGNA sF719F 58719 HA locTZ THE3f
o] A2)sld Table 87 2t} olo) oJ&bd Ed oy
Rl Aoz 207 XFS FE3h= A9l 370l
V) B=A37} 20 BHEQ] locTes B5 29] x]9o] 3
T AT} Al == 15°C vy},

HPEjEEo] 1 x 107 m/solH Edd olUA] Fsh4] st
A7)0 Al 2ASE OBS-1 AolA dlSd Hi
locT= 14.7°C 1d] v, a1t &A1 OBS-2 A
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Aol W locTE OBS-1 BT} 0.3°C 2 14.4°Co|aL,
FA7) F700] A% OBS-1A1-0lA of|lSE et
locTE 14.16°CRIH| WY, a3t 2Agk OBS-2A1%
o] Bt locT= OBS-1AA HrOh 0.82°C 2 13.34°C
O|tK(Table 8). B=gh BIHlEEC] 4 x 107 m/so|H B3
ANAR] F3HA] FA71el ARl Al OBS-12139)
A &8 Hi locTE 14.64°CIH) vl slF77100 &
A3t OBS-2X|%olA Hit locTE OBS-1XT} 1.09°C7}
o 13.55°Co]th o] (3 x 1)&2le] BHEZAIA 204
F AEHOZ Bt dUA] Halg ATl 7HEeEA
A7 (1228 £0.16)°C AT W& 255 fA5k=
Ae] WA A3 ol BRI A Aske
Foll sl d-o] sF1eRE ofFsle] STt &
Ag OBS-2 A 1 QI el Ei a4 o
SO F7] wiEolrt.

HlEo] 1x 107 m/soA 4x 107 msE S718kE
749-0l|, 4710l BHE-2 FHAIHC] locT= 12.18°CollA]
1230°CE2 Z=7}3bH 3 BHE-3 FHAAY locTE
12.12°ColA] 1245°CE 713t} & Aok 599 &
7Fe 54719 BHE A=Hle] oS FHATIe 9T
SIth(Fig. 129 (a)2} (b) 2 Table 8).

4.4 B
1) T8 oA Fapr] Askre] BlEiEe] 1x 107
A 4x107m/sZ F7FFE ©(1) BHES] 79 BHE
Alz=Fle] ee R 26.7%, TS 22.7% 8%
FdHm, 5 BHES| 7-¢-oll BHEAIZHS] A
BHE®] 2|3} ol w2} 7]l 12.1~18.7%, &
A7lolke 7.6-8.7% FIHT. S Aslre] viEgo] v
1x107m/s¥ S7ke ) vithk BHE Al2H] s spd
710l Hx 3~6.7%, FA7I Ha 1.9-5.7% T
2) &5 AR (@=00I TE oA Raprlels
BHE 47} Wobds5 Q14 BHEZFS] A4S wrt 4
Sl o} BHE “d52 Asieith. BHEYSE @
BHEZ} 7P¢ <3kl BHES] 477} Bolds5 A3}t
£ oA Faplells AT FE= <3l Ht AT
T8 25 (avT)= QT AF2= (To) olslZ sMds
™, BHE 47} Boldas wjdE avTe sPdsie] Al
5 Aeol Aslitt. BHE deAlste Aard o e
YRk 2= BHE o9k v d2s WA 7 IAY, ezt
7 274 9 BHE AARES S7H171E Wie] ok
3) BHE Wj@@43} A[elrfi-go] ARl Adsol wA|
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