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Abstract

The objective of present work is to performed leagn analysis of the BHE focus on
the effect of the underground water flow on theehote heat exchangers performance. The
mathematical model of the flow and heat transfdvarehole heat exchanger and surrounding
area has been constructed. For present study terground water flow has been model in
10 or more meter thick horizontal layer locatedeat tested levels under surface. Four flow
speeds has been considered. Flow speé&=#,0; 20,0 and 200,0-year’, and 2.67 nuay*
which represents all range types of flow diffusidominated, mixed flow and convective
dominated flow. In presented paper different buwlisic scenario possible to occur and
taking in the account most important and typicabpeeters like rock formation, construction
of the borehole heat exchangers, heat pump modeking parameters (circulation rates),
and thermal load will be presented. Experimental TRta versus numerical data will be also
presented.
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INTRODUCTION

One of the important issue in the designing boreti@at exchangers (BHE) is the
long-term performance of the system. The perforreadoectly reflect the economical
profitability and depend on large number of condian and working parameters.

The objective of present work is to performed ldaegn analysis of the BHE focus on
the effect of the underground water flow on thddfiemperature which is linked to the
borehole heat exchangers performance. The mathehatodel of the flow and heat transfer
in borehole heat exchanger and surrounding are®d®s constructed. For present study the
underground water flow has been model in the iatebetween 3-15 [m] under the top
surface. Four flow speeds has been considered. $pjeed otJ,=2,0; 20,0 and 200,0 year
! and 2.67 mlay® which represents all range types of flow diffustmminated, mixed flow
and convective dominated flow. Typically BHE systesepend on large number of
parameters like rock formation, construction of th@ehole heat exchangers, heat pump
model, working parameters (circulation rates), tedrload will be but here the focus is on
the ground water flow mainly. In soils in areasgsbundwater flow, the thermal energy
transport due to convection as well as their imtisva with the solid material has to be
consider in numerical modelling of borehole heathengers system. Even for the cases of
small interval and very low velocity of groundwafeasw of about 1,0 nyear’, the role of
convective heat transport cannot be completelyentgdl. An increase of the BHE system
performance due underground water flow can be large



In any that type geothermal system independenbosteuction and deep of BHE the
amount of heat possible to transferred from thetedieat pump system need to be carefully
analyzed. Otherwise efficiency of the system wiité time may be seriously decreased due to
not completely system regeneration. Degradatiopdrformance may occur temporary or
permanently and results in total efficiency of #estem much lower in comparison when
system was new and the soil has original tempexaitofile. Possible ground freezing can be
So serious that can damage outer tube permanentgroincrease thermal contact (micro-
space) which increases thermal resistance betwesshdie tubes and soil. In that cases
underground water flow can usually guarantee ggieneration and prevent lost of efficiency
with the time. In present paper analysis has beestudy heat transfer in the field consist of
five borehole heat exchangers and the surroundithgF®cus is on the long-term temperature
distribution in the soil containing underground aratow.

NUMERICAL MODEL

The governing energy equation for the three dinmradi unsteady heat transport in
geothermal system consist of five borehole heahaxgers presented in Figure 1 are solved
for the soil (consider as a domain 1) and in bdehteat exchangers (domains 2). The
details about of BHE tubes construction and din@msiluid properties and soil properties

are presented in table 1.
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Figure 1:Experimental test field at AGH University Campus

The governing energy balance equation for the thdeeensional unsteady heat
transport in geothermal system takes for the soihf

ey =53 () 5 (o 55) +55 (k) -5 @

where: p, G, kare the physical properties of the soil formatiodensity, specific heat and
heat conductivity. Source termallow to take into consideration other effectsswil like
underground water flow, natural heat sources os@lthanges.

Assuming no chemical reaction and phase changeoirkimg fluid energy balance
equation for first sub-domain (borehole with heathengers) can be described as:

pcf(;—: + pcpv - VT =V - (k;VT) + s (2)

With the mathematical model and numerical procesluve study the system performance
depended on soil formation properties, heat exatr@ntype (Coaxial, single U-tube and
double U-tube) and total power. The temperaturéhefsurface has been varying with time



according to realistic weather condition. Heat exaer tubes (H=78 m) were initially filled
with water with thermal equilibrium of the soil foation. The working fluid was 30% water
solution of glycol. Simulation time was set up 1l€ags. The variance of the thermal power
per borehole has been presents in figure 2. Aialniime t soil has a temperature profile
presented in figure 3 (right) and then desired polags been applied and every year has
identical thermal power distribution. Total amouwft energy transferred from soil to the
surface ground pump system was 17,5 MWh/year /loteeh

Table 1. Dimensions of BHE tubes, fluid properaesl soil properties

Construction of Parameter Value |
BHE D Borehole diameter 0.143 n
H, | Borehole depth 78.0 M
ke Fluid heat conductivity 0.7 W/(mK
Cof Fluid specific heat 3906 J/(kgK
v Viscosity 4.16*10° m¥s
formation type Thermal Heat
Coaxial D, Outer tube outer diamete 0.0582|m conductivity | capacity
(BHE1) Dy, Outer tube inner diamete 0.053m
d, Inner tube outer diameter 0.04|m
d, | Inner tube inner diameter 0.0348 W/(mK) MJ/(nTK)
Single u-tube | d, u-tube outer diameter 0.04 fn  Soiltypel 1,373 2.33
(BHEZ2, 3, 4) | d, u-tube inner diameter 0.0352n  Soil type II 2,025 2,29
Double u-tube | d, u-tube outer diameter 0.032 -
BHES dy u-tube inner diameter 0.0272 Soil type Il 5132 259

For the pipe following material properties have rbeset 912 kg, 1200 J/(kgK), 0.45
WI/(mK) as density, specific heat and conductivitile space between outer tube and soil has
been fully filed with cement with the thermal projes: densityo.=2180 kg/m, specific heat
Coc=1130 J/(kgK) and conductivity k=1.2 W/(mK) (2.0 BHE3 and 1.8 for BHE4)Vorking
fluid flow rate wasg=20 I/min (per borehole). All properties are assdne be constant
(except for soil for cases when water friezing @scin soil and properties of ice are
introduce). The presented system cold fluid withgeratureT;, was injected down the BHE
(inner tube in coaxial heat exchangers, U-tube, alvb-tubes) and leave tubes (hotter) with
outlet temperaturd,,. For condition presented here soil is consideoms or two phase
porous material (30% saturation) in which undergobtiow at interval from 3-15 m under
top surface may occur. The details about mathealadiescription and numerical procedure
can be found in [5].
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Figure 2: Power profile of BHE load per each BHE



To solve model equations (1)-(2) control volumetimod has been used on cartesian
grid. For approximation of the unsteady terms tewel method has been used. For the
convective/diffusive terms central difference CD:$hgbrid method has been used. Time step
was not constant during computations but variedaimge fromAt,;;=60 to Atma=7200 s to
performed optimal accuracy at any time. Grid sizeduihere was 200x200x100 control
volumes (Nx*Ny*Nz) for domain of size 130x130x13Q ifhe borehole heat exchange and
near borehole area (up to 50D) was locally muchkrfigrid (up to 50 times) to accurately
approximate heat exchangers. This was realizedyusaal grid refinementechnique with
iterative convergence procedure. Validation was$opered for several cases. For the test case
with unsteady infinite linear source the tempemducompare to analytical solutions differs
less than 0.1%. Experimental validation has beso pérformed and the results are presented
in next section.

EXPERIMENTAL AND NUMERICAL RESULTS

With the mathematical model and numerical procesldescribed in previous section the
parametric study of soil formation properties amaver consumption influence on the
effluent temperature has been preformed. Inlet &xatpreT;, is calculated as a results of
desired power at any time (negative power meanthi@heat is transfered from the soil to
heat pomp and the outlet temperatligg is a results of inlet temperature and heat exalang
with the soil. The boundary conditions on the siddls of domain are adiabatic, top surface
has realistic weather condition and bottom hasrahthe Earth heat flux 10 mW/mThe
initial temperatureli,; was obtain from the measurement of the soil andl presented in
figure 3(right). Heat exchanger tubes were ingidilled with water with thermal equilibrium
of the soil formation. At initial timé=0 pomp start working with flow rate 20.0 I/min. tine
case of double U-tube (BHE no. 5) flow rate was twoes smaller and total power was
distributer over two U-tubes). Simulation time vea$ upt=10 years.

Validation

In figure 3 (right) comparisons between experimeni@a and numerical simulation for

thermal response test (TRT) performed on the BHEAno Geoenergetics Laboratory of

Drilling and Geoengineering Department of AGH Umsigy of Science and Technology in

Krakow has been presented. Taking in account largeunt of important parameters (not
easy to determined) comparisons shows that alhpetexs as well and mathematical model
and numerical procedures has been set up properly.
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Figure 3: Numerical and experimental data for TB3t(left) and T, initial profile (right)



Before the full log term soil exploration was penfed test similar to TRT has been

Heating soil
done. In this case the inlet temperatlifewas constant and equal°82 Results after 100
days of continuous work for BHEL are presentedigaré 4 and 5. In figure 4 temperature
profile inside of heat exchangers tubes is ploftedsoil | and soil Ill. The hot fluid with
temperaturdj, is injected down the annulus of the heat exchaagédret it flow up in central
tube with outlet temperaturé,,. When working fluid starts flowing down it decreas
temperature until bottom part of BHE. Then whenwilty up small increase in its
temperature due to contact with hotter externaletulan be seen. Depending on soall
parameters outlet temperature is around@6or soil | and 23C for soil Ill. In both cases
increase in temperature in reference to bottom égatpre e, is around 2C. In this figure
two notation for soil can been seen — soil | (Ilayaodel is constructed [5] as a multi layer
model where each layer was certain size and theproglerties. Soilzle model has only one
layer of the mean properties of multi laver moérel presented cases both models gives very

similar results unless small difference can beaeoti
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Figure 4: Temperature of the fluid inside BHE tsila¢ time t=100 days, for soil | and 11l
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Figure 5: Temperature of the fluid inside BHE aigit=100 days, soil formation type |
and for three speeds of underground water flow



In figure 5 similar temperature profile across hexathangers has been shown for case of soill
| and underground water flow in occurring in smiaterval of soil (3-15m). Effect for
velocity higher than 20.0 m/year (6.3*10n/s) can be notice and for 200 m/year is quite
large. Almost the same effect will give computatiormuch better conducted soil Il. It has to
be notice that interval of flow is only 11m anddamparison to length of BHE this is only
14%. For the first two values of speed of undergbwaterUy=2,0 and 20,0 mpear’
differences in outlet temperature is very smallffusion in soil has strong effect. For the
speedUy=200,0 myear’ results differ reasonable in reference to casowit underground
flow. For soil with low conductivity flow effect ikarger than for the soil with higher one.

Soil Exploration

In figure 6 and 7 contour of temperature in the isgpresented in vertical cross-section
containing three of five borehole heat exchangeos 1, 3and 5). Influence of underground
flow in relatively short interval on temperaturesde seen. The results of the simulation
show that borehole heat exchangers are influengegdlogical conditions as well as heat
exchanger type.

On the figures 7-12 there are temperature distobataround of boreholes no. 1, 3 and 5. The
crossection is at a depth of 9 m. The two caspeesented on every figure, in case of no
underground flow (right) and with underground fl¢@eft) after 2, 4, 6, 8 and 10 years of
operation.
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Figure 6: The temperature distribution of the ratkss in the vertical plane passing through
the axis of borehole heat exchangers (1, 3, 5) afiears of operation without water flow in
the aquifer
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Figure 7: The temperature distribution of the ratkss in the vertical plane passing through
the axis of borehole heat exchangers (1, 3, 5) afiears of operation with water flow in the
aquifer

Figure 8: Temperature distributions around of bole# (section at a depth of 9 m) in
case of no underground flow (right) and with undeund flow (left) after 2 years of
operation
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Figure 9: Temperature distributions around of boles (section at a depth of 9 m) in
case of no underground flow (right) and with undeuomd flow (left) after 4 years of
operation
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Figure 10: Té(mperature distributions around of boles (section at a depth of 9 m) in
case of no underground flow (right) and with undeund flow (left) after 6 years of
oper1a40tion
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Figure 11: Témperature distributions around of botes (section at a depth of 9 m) in
case of no underground flow (right) and with undeuomd flow (left) after 8 years of
operation




Figure 12: Temperature distributions around of bokes (section at a depth of 9 m) in
case of no underground flow (right) and with undeuad flow (left) after 10 years of
operation

CONCLUSION

In the present paper numerical model has been @gs@lto study heat transport in the
geothermal system consist of five borehole heahaxgers and the surrounding soil. Focus
was placed on the long-term temperature distributicthe soil containing underground water
flow and understanding of its importance in thetgeomal system.

Maximum thermal power or energy extracted from #od depends on the type of soil
formation. Formation with larger thermal condudinvand larger thermal diffusivity results in
higher power and larger amount energy can be d@gttagithout lost in heat pump efficiency.
But in similar way as increase in soil conductiwtprks flow of water in hydrogeological
layer results. It also results in increasing perfance of BHE (Fig. 4 and 5). This effect is
very strong and results in much slower decreasintgimperature of the soil around BHE.
Here underground flow area directly cover only 14o%«computational tube and in many
cases this effect can be more pronounces. Thiscteffeay be primary effect in soil
regeneration after heating season. The undergnwatet flow in occurring only in interval 3-
15m and for soil with 30% saturation but effect f@locity higher than 6.3*I10 m/s was
already seen. Soil conductivity is important fond period but for soil regeneration this
parameter is less important than the undergrouridnilaw.

In many cases phase change (freezing water) may g important role and allow to
transfer additional heat from the ground withowt lm efficiency. This additionally increases
conductivity of the soil but at the same time ttigps underground water flow which as was
shown is very welcome for performance and for regation of geothermal system and more
important than just increase in conductivity.
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