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Background — GW-filled boreholes

* Lund University - Claesson & Hellstrom (1988)
showed effects of natural convection in boreholes.

* Lund — Kjellsson & Hellstrom (1997) — laboratory
measurements

* Luled Univ. Technology — Gehlin, et al. (2003) —
thermosiphon effect

* Luled — Gustafsson, et al. (2008-2010) — natural
convection in boreholes — simulation and
experiment

« Still no way to quantify effects for design purposes.

Experimental facility at Chalmers

Series of injection and
extraction TRTs over 27 months.
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Results

Effective Borehole Resistance
(K/(W/m))
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Correlations

For the resistance across the annulus:

Nu
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For resistance at the outer pipe wall:
Nu,, =030(Ra, ) 4.1E7>Ra), >1.8E6

For resistance at the borehole wall:
Nitgyyy =020(Rayy ™ 2.9E7> Ra,, >5.4E5
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Other Boreholes at Chalmers
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Norwegian Boreholes
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Swedish Boreholes

0.35
0.30 AUT OUHF
0.25
0.20

0.15

Rb* (model), K/(W/m)

0.10

0.05

0.00
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

Rb* (experimental), K/(W/m)

2016-09-19



Application: Sensitivity to Annulus Temperature

Rb, Rb* (K/(W/m])
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Application: Sensitivity to Heat Rejection Rate
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Conclusions — GW-filled Boreholes

* Correlations for natural convection in boreholes
with single U-tubes give reasonable performance.

* Gives “conservative” prediction of resistance for design
purposes.

* Implemented in GLHEPRO.
* Effect of height on scaling?

* Average uncertainty, annulus Nusselt #: £29%
* Better controlled experiments: nice, but expensive.

* Correlations for double U-tubes, co-axial heat
exchangers are needed.

Grouted Boreholes

* Many simplified methods for predicting borehole
thermal resistance. (Few for internal thermal
resistance.)

* Multipole algorithm — Lund University (1987); later
refinement Claesson and Hellstrém (2011)
* 2-dimensional conduction heat transfer calculation
* Variable-order: 10t order gives accuracy to 8 significant
digits
* Verified against detailed numerical models
Difficult to implement
* Hence, simpler methods are desirable
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Parametric Study: 216 Cases

6, - The ratio of the borehole radius to outer pipe
radius. Since pipe outer diameter is always fixed at
32 mm, borehole diameters are 96 mm, 192 mm,
and 288 mm.

Shank spacing configuration; corresponds to Paul’s
(1996) A, B, C configurations

A-the ground thermal conductivity (W/m-K)

A, — the ground thermal conductivity (W/m-K)

3,6,9 3

Close, Moderate, Wide 3
For 6, =3, 6,=0.333, 0.555, 0.667
For 6,=6, 6,=0.167, 0.389, 0.833
For 6,=9, 6,=0.111,0.370,0.889

1,234 4
0.6,1.2,1.8,24,3.0,3.6 6
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030 = . Baueretal.(2011)

--Liao et al. (2012)
-~- Abd Elatty et al. (2012)

o Oth-order Multipole
o 1st-order Multipole
—Multipole (2011)
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Sample Results (A=3)
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Best methods

Grout Thermal

€9

(1.2 - 2.4 W/mK)

- Liao et al. (2012)
- Zeroth-order Multipole
- First-order Multipole

- First-order Multipole

Conductivity (Ag)
Low - Sharqawy et al. (2009) . . . ) .
0.6 12 WimK) _ First-order Mulfipole - First-order Multipole - First-order Multipole
- Shonder & Beck (2000)
. - Kavanaugh. (1985)
Medium - Gu & O'Neal (1998) - Zeroth-order Multipole - Liao etal. (2012)

- First-order Multipole

High
(2.4 -3.6 WimK)

- Shonder & Beck (2000)
- Kavanaugh (1985)

- Gu & O'Neal (1998)

- Liao et al. (2012)

- Zeroth-order Multipole
- First-order Multipole

- Zeroth-order Multipole
- First-order Multipole

- Liao et

- First-order Multipole

al. (2012)

*  Methods here have mean absolute percentage error lower than 3% and maximum absolute

percentage error less than 10%.
+ Italics indicate maximum absolute percentage error lower than 5 %.

« Ttalics + Bold indicate maximum absolute error smaller than 1 %.

Implications for Design

* 1st-order multipole expressions give excellent
accuracy over entire range.
(MAPE=0.2%, Max. APE=2%)

* Nothing else comes close.

* Easy to implement, e.g.:
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Implications for Design

* Similar study for internal thermal resistance.
* MAPE=0.2%, Max. APE < 6%
* Still easy to implement.
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* Affected by:
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* Ground thermal conductivity
0.20 e 6 —Borehole wall - Turbulent
- -Borehole wall - Lami
= 0.15 F7 “ = 5 |Eﬂ_‘mm“—0|m._.:2_‘ﬂ:_m:w3_3mq
M \ \ % 4 T - -Pipe 1 - Laminar \\y
KMO.S \ \ m ,
< 0.05 \ \ m 2
[
0.00 “ & g1
' g 2|l sg| €| g|5g| e 2 o
S8|8e|lsg| 58 58|28
L5 LS5 |5 e L5 TS| 5 @
£ S ] ey < S ] S -1 I
s=lA=]= s M. 212 F 180 -90 0 90 180
Turbulent (Rp=0.05) Laminar (Rp=0.185) @[Degrees]

2016-09-19

13



Sensitivity to Ground Conductivity
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