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Executive Summary

This report discusses the work of the ASHRAE research project ‘R&D studies applied to
ganding column wdl desgn (1119-RP)’. The work has conssted of three maor
eements

1. Survey and charecterization of danding column wdl technology. This has
included,
- Survey and characterization of exiding danding column wel technology
and ingalation practice
Collection and data from exising well indalations
Characterization of geologicd and hydrological conditions in  regions
where standing column wells have been gpplied.

2. Devedopment of a detaled modd of a standing column wedl and surrounding
geologica formation.

3. A Sudy of the effects of and dgnificance of danding column wel desgn
paameters. This has entaled usng the modd to caculate annud fluid
temperatures driven by characterigtic building loads.

Geotherma heat pump systems that use ground-water drawvn from wels in an open loop
arangement ae commonly known as Standing Column Wel (SCW) sysems. The
ground heat exchanger in such systems consgs of a verticd borehole that is filled with
ground-water up to the level of the water table. Water is circulated from the well through
the hest pump in an open loop pipe circuit. Standing column wells have been in use in
limited numbers since the advent of geotherma heat pump systems and are recently
recelving much more attention because of ther improved overdl performance in the
regions with suitable geologica conditions.

Sanding column wel sysems share the same advantages, in terms of energy efficiency,
environmenta  benefits, low maintenance etc. as other forms of geothermd heat pump
sysem. The heat exchange rate in a sanding column wel is enhanced by the pumping
action, which promotes movement of ground-water to and from the borehole. The higher
heat exchange rate and the fact that such systems are open loop means that the fluid
flowing through the heat pump sysem is cdoser to the mean ground temperature
compared to systems with closed loop U-tube heat exchangers.

Mog sanding column wel geothermd heat pump systems to date have been resdentid
goplications. A number of smdl commercid gpplications with multiple wells are known
to exid. In oder for a danding column well to be feasble the geologicd and
hydrological conditions have to be such tha a ggnificant flow of water can be
continudly pumped from the wdl This redricts the geogragphica locations where
gdanding column wells are feasble (this is discussed in detal in Section 2 and 3 of this
report). Historically most applications of SCWs in North America (for geological and
hydrologica reasons) have been in the Northeast and Pecific Northwest of the United
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States in addition to pats of Canada These regions have lower mean ground
temperatures and higher heating loads than other areas. Consequently the SCW design is
focused on hest extraction capacity.

Data from 34 wdls a 21 loceations have been collected and are believed to be
representative of current ingdlation practice and geographicd digribution. These
indalations adl have heating dominated loads. Heat extraction has accordingly been the
man focus of these wdl and sysem desgns. Bleeding of the wdl to induce flow of
ground-water a more moderate temperatures into the well is a key feature of the well and
system designs.

Condruction differences existing in the reported standing column wels relate in part to
the depth of the wel rather than any other influencing parameter. The location and
hydraulic properties of the different ‘ground-water regions of North America have been
presented. The regions where sanding column well ingdlations have been identified are
dl in the Northeest of North America These regions are the (i) Northeastern
Appaachians, (ii) Appdachian Plateaus and Vadley and Ridge and, (iii) Piedmont and
Blue Ridge regions. Each of these regions has igneous or metamorphic rock where
relatively high well capacities and good water quality is available,

Previous moddls of standing column wells (Mikler 1993, Oliver and Braud 1981) have
made a number of assumptions about the heat transfer between the different components
of the well. The numericd modd developed in this work is composed of two pats a
noda modd of the borehole components and a finite volume modd of the ground-water
flow and heat transfer in the surrounding rock. The modd alows the explicit trestment of
the advective heat trandfer induced by the ground-water flow. This is of particular
importance for the redistic treatment of bleed operation

The numericd modd has been employed in a parametric sudy of standing column well
performance. A base case design was developed with parameter values representetive of
common ganding column wdl inddlation conditions. Severa cdculations were made,
over a one-year operating period, where a sngle desgn parameter vaue is varied redive
to the base case. This has enabled the effect of, and sgnificance of each desgn parameter
to be sudied. Because of the highly intendve computationa nature of the caculaions
(dx computers were employed continuoudy over a 24 week period) only a limited
number of cases coud be considered.

The wdl peformance has been characterized by minimum and maximum exiting fluid
temperature and equivalent desgn borehole length. The performance was found to be
mogt sengitive to the following parameters:

Bleed rate

Borehole length

Rock thermd conductivity

Hydraulic conductivity
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A number of other parameters affect the convective heat transfer in the borehole but were
found in themsdlves to have only a secondary effect on well performance,

Performance was found to vary with bleed rate in a highly nonlinear manner and a
number of interesting characteristics have been identified.

Performance can be improved dramaticaly by introducing bleed.
However, a higher bleed rates (greater than 10% in this study) there is
litle further gan in performance. (In certain ingdlations, low borehole
temperaures in pesk heating conditions may ill require bleed rates
higher than 10%).

With increasing bleed rate sengtivity to borehole length decreases. This is
thought to be because with shorter borehole lengths ground-weter flow
veocity would theoreticaly increese — increesng the dgnificance of the
advective heat transfer — for the same bleed flow rate. In practice it may
not be possble to maintain higher bleed flows a shorter borehole depths
as the flow is limited by the hydrologicd conditions i.e wdl flow
capacity.

As hydraulic conductivity increases there is a trade-off between
convective and advective heat transfer a the borehole wal — incressng
advection through the wall reduces convection adong the wal. This means
that very high hydraulic conductivities do not necessarily result in better
performance than moderate va ues.

Annua energy consumption has been estimated for each case. Results show that poorest
energy peformance occus in cases with the least favorable therma and hydraulic
conductivities. As may be expected, energy peformance is not sendtive to the
parameters that have dready been noted to have little effect on standing column well
therema performance. The lowest energy cods are found in cases where bleed is
introduced and heat pump efficiency is improved. Where the water table is high the
incressed pump power when bleeding is not ggnificant and the greatest efficiencies are
when bleed rate is maximized. However, when the water table is lower, pump power
requirements increase more sgnificantly when bleed is introduced. The benefits of higher
rates of bleed (> 10% in this sudy) are then outweighed by the increased pumping costs.
This dtudion is probably different a higher raies of bleed where variable frequency
drives are used (a case was not studied in this work).

The study has confirmed many of the standing column well performance characterigtics
found in practice Better peformance is possble where thermal and hydraulic
conductivities are higher and the water table is higher. Indeed these are the characterigtics
of the regions in which current ingdlations are found. In practice the designer, for a
given location, has no control over the therma and hydraulic properties the geologica
formation. The designer does have control however, over the main borehole parameters
such as length, diameter, dip tube Sze and materid, in addition to the sysem bleed rate
and controls. Of these parameters the length and bleed have been shown to affect
performance mogt dgnificantly — other parameters relate to only secondary effects. The
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results of the study show that higher bleed rates (cdculations were made with bleed rates
up to 20%) can ggnificantly improve overdl energy performance and can endble the
borehole length to be reduced sgnificantly. In practice however, there maybe a number
of limitations on the amount of bleed that can be achieved, such as, limited wel pumping
capacity and practicd difficultiesin digposing of the bleed water.

Due to the computationaly intensve naure of the cdculations required for a detalled
dudy of ganding column wel peformance such as this it is unlikdy that the modes
developed in this work would be directly suitable for use in desgn tools. The non-linear
characteridtics of the heat trandfer performance of standing column wels dso means that
amplified andyticd methods are difficult to apply. However, in the future it may prove
possible to deveop smpler desgn methods by reference to the detailed results of this
work.

Following this project, what remains to be done? There are two fundamentd arees of
investigation necessary to provide desgn methodologies and tools for desgnes  Fird,
some experimental vaidation of the detalled smulaion tool developed for this project
needs to be done. Second, once the detailled smulation tool has been vaidated, it may be
used to investigate various procedures for smplified smulations.

Such smulations might be as smple as using the line source andyss with an “enhanced”
therma conductivity. If o, the detailed smulation procedure could be used to determine
an appropriate method for modifying the therma conductivity. More sophidticated, but
dill much fagter, smulaions which combine a line source with water dtorage in the
borehole and where bleed is trested as some combination of groundwater flowing directly
to the borehole and an enhanced thermd conductivity may aso be imagined. Findly, a
numericd modd might be used if some pre-computed groundwater flows were used
whenever bleed occurred. A variety of smple smulation modes could be compared to
detailed smulation results to identify the best procedure.

Once a amplified smulation tool has been developed, it will dso be desirable to develop
more thorough design guiddines These may include recommended in-Stu tests, eg.
thermd conductivity and well draw-down tests;, recommended design detals, eg. sysem
configuration and materid specifications; acceptable water quality, etc.
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1.0 Introduction

This report discusses the work of the ASHRAE research project ‘R&D studies applied to
ganding column well design (1119-RP)".

Geothermd heat pump systems that use ground-water drawvn from wells in an open loop
arangement are commonly known as Standing Column Wel (SCW) sysems The
ground heat exchanger in such systems condds of a verticd borehole (typicdly 150
200mm diameter [6-8 ins]) which is filled with ground-water up to the level of the water
table. Water is circulated from the wel through the hest pump in an open loop pipe
circuit (Figure 1.1). SCW sysems are dso referred to in the literature as “ turbulent
wels’, “Eneagy Wdls’, “Concentric wdls’, “Redrculating wdls’, “Geo-wdls,
“Theema wdls’, and “Closed-loop, openpipe sysems’. Standing column wells have
been in use in limited numbers since the advent of geotherma heat pump systems and are
recently receiving much more attention because of their improved overdl performance in
the regions with suitable geologicad conditions.

Standing column well sysems share the same advantages, in terms of energy efficiency,
environmental  benefits, low mantenance etc. as other forms of geotherma heat pump
gystem. The heat exchange rate in a danding column wel is enhanced by the pumping
action, which promotes movement of ground-water to and from the borehole.
Consequently heat transfer with the surrounding rock takes place by advection in addition
to conduction. The higher hest exchange rate and the fact that such systems are open loop
means tha the fluid flowing through the heat pump system is closer to the mean ground
temperature compared to systems with closed loop U-tube heat exchangers.

Mogt ganding column wel geothermd heat pump systems to date have been residentid
goplications. In resdentid systems usudly only one wel is required and aso can be used
for domegtic water purposes. A number of smdl commercid applications with multiple
wells are known to exist. In order for a $anding column wel to be feasble the geologicd
and hydrologica conditions have to be such that a dgnificant flow of waer can be
continudly pumped from the wdl (typicdly severd kg/s [gpm] from a single wdl). This
redricts the geographical locations where sanding column wels are feasble (this is
discussed in detail in Section 2 and 3 of this report). Mot SCW inddlations have been in
regions that aso have good water quaity. This has enabled the ground-water to be
directly crculated through the heat pump. Applications dso exist in areas with poorer
water qudity. In such gtuations it is common practice to use an intermediate hest
exchanger between the well and the hest pump in order to avoid heat exchanger fouling
problems.

Higoricaly most applications of SCWsin North America (for geological and
hydrologica reasons) have been in the northeast and Pacific Northwest of the United
States in addition to parts of Canada. These regions have lower mean ground
temperatures and higher heating loads than other areas. Consequently the SCW design is
focused on heat extraction capacity. In the case of heat extraction from the well
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If freezing of the well isaconcern then ‘bleeding’ the well can be used to moderate peak
temperature swings. In the bleeding process some fraction of the system flow is diverted
to another heat sink (or just digposed of) and the flow returning to the well is reduced.
This has the effect of drawing more ground-water into the well from further away to
make up the flow. This dways has the effect of moderating the well temperature. Bleed
can smilarly be used to lower the pesk temperature in heet rgjection mode if necessary. If
the well is aso used for domestic purposes (purely weter extraction) this effectively
bleeds the system.

The combination of reatively shdlow water table and a degp wdl (some times greater
than 1000ft or 300m) means tha the well has a large water volume, about 150 ga per
100ft (1800 L/100m) for a 6 in. (0.1524m) nomina diameter well (Sachs & Dinse 2000).
Based on experience by the Water and Energy Systems Corporation (Orio, 1994), 50 to
60 feet of water column is needed per ton of building load (4.3m/kW to 5.3m/kW [4.2 to
5.0 ft/(kBtuw/hr)]).

1.1 Previous Work

Although there are hundreds (possbly thousands) of standing column wdl ingdldions in
North America there has been relatively little research into their desgn and performance
and only a smdl amount of literature is avalable. In this section of the report the
ggnificant previous reating to sanding column welsis reviewed.

Oliver and Braud (1981) made a steady-date andyss of heat exchange in a wdl with
concentric pipes and derived governing equations for fluid temperature distribution. They
derived a closed-form andytica solution for the concentric vertical, ground-coupled hest
exchanger under steady-dtate operation by assuming an isothermd ground surface 10 m
[33 ft] away from the center of the heat exchanger. Temperaure difference between fluid
in the annular area and the earth is the driving force for the heat transfer to the earth mass
and the temperature difference in the two pipes is the driving force for the crossover heet
flow. The heat exchanger arrangement used by Oliver and Braud is illustrated in Figure
1.2.

Oliver and Braund's andyss assumed sSteady-date radid heat flow only. They didn't
account for the effect of ground water or verticad heet trandfer in the rock. Their andyss
is based on the following assumptions:

? dl phydcd parameters are independent of time, location, pressure and
temperature

?dl heat flow isradid in the heat exchanger;

? the only mechaniam for heat transfer is conduction

? temperature in the flowing fluid is constant at each cross section

1119-RP DRAFT FINAL REPORT 1
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HEAT PUMP

—

SR || B2
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CONCENTRIC PIPE
‘ IN WELL

J

Figure 1.2: Concentric well pipes for therma exchange to earth with liquid source heat
pump (Oliver and Braud 1981)

They derived differentid equations from the standpoint of conservetion of energy for a

control volume of fluid and solved them by andyticd methods. The generd solution is
given by:

|
(I, +Depfl ,Z}- 201, +Depf{l ,Z}
TR(Z) - qZ(Z) — I 2

0.@) P —
9(p{| 1Z} B |_9(p{| 2Z}
where, 2
q, =T, - Ty,
q, =T,- Tp;
Z= E;
mC
b :ﬁ;
U,
X

the coordinate of podtion adong axis of heat exchanger wel, x=0 at the
bottom of wdl; (m [ft]);
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T, isearth temperature (°C [F]),

T, istemperature of fluid in inner return pipe a posgtion x (°C [F]);

T, istemperature of fluid in annular areaat postion x (°C [F);

m isfluid circulation rate (kg/s [lbrm/hr]);

C isspecific heat (Jkg-K [Btw/lbm-F]);

U, isfluid to fluid conductance of inner pipe(W/m-K [Btu/hr-ft-F]);

U,,is conductance of wel casng plus earth cylinder, includes film coefficient if
appropriate (W/m-K [Btu/hr-ft-F]);

|, .l ,aefunctionsof b .

In resdentid heeting and cooling use, the operation of hest pump is cyclic;, the energy
exchange to earth is highly trandent rather than steady state. The dteady dtate vaue from
Oliver and Braud's model (1981) underestimates the heat transfer during the whole year
cyclic operation. Moreover, the modd does not take into account the beneficid effect of
the ground-water flow and the effects of bleed cannot be considered. The modd is
therefore inadequate for the purposes of this study.

Braud et d. (1983) measured the heat exchange rate of earth-coupled concentric pipe hesat
exchangers a Louisana State Univerdity. They noted grester conductance vaues of the
concentric pipes over the single U-tubes when concentric heat exchanger was conssted
of a ded outer casng (raher than PVC) and PVC inner pipes. Some therma *“short-
circuiting” could occur between the inner and outer flow channe, but this can be reduced
with use of alow thermd conductivity inner pipe.

Tan and Kush (1986) used a 152 mm (6 in.) diameter, 189 m (620ft) deep standing
column well located a Westchester County, NY, in ther study. They cadled the SCW a
“semi-closed loop” because of the influx/outflow of ground water at fissures in the rock.
Water was withdrawn a a depth of 12.2 m (40 ft) and the return water from the heet
pump was re-injected at a depth of 183 m (600 ft). The fluid water flow rate was 0.6935
kg/s (11 gpm) with a 0.25kW (1/3 hp) circulating pump & the ground level outsde the
well. The datic water table level was at a depth of 1.52 m (5 ft). Water was discharged to
the bottom of the well, thus the water supplied to the heat pump does not pass through the
region of discharge. So some insulation on the tubes can be avoided in this case. The
parameters about well, heat pump and system were thoroughly measured and documented
for acontinuous 22-month period in thisfield test project.

Tan and Kush (1986) measured the entering water temperature to the heat pump and
found it ranged from 6.9°C (44.5°F) in early January to dightly over 15.6°C (60°F) in
mid-July of the second cooling season. According to their fidd test, Tan and Kush (1986)
concluded that SCW systems could give very sable EWT to the heat pump even in
severe winter or summer. In ther test, the lower limit for the heat pump operation, which
was st at leaving water temperature of 38°F (3.33°C), was never reached.

Regarding the influence of ground water, if the well is uncased, the locd hydrology will
affect the peformance of the well. Although in ther tedt, this effect was not quantified,
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Tan and Kush(1986) pointed out that subgtantid infiltration/exfiltration can enhance the
sysem peformance greatly. No information about bleed was found in Tan and Kush's
research.

Yuill and Mikler (Mikler, 1993; Yuill and Mikler,1995) used a well a Penn State
Universty to research the performance of standing column well systems. They referred
the sanding column wel as a “themd wdl”’. The therma wel serves as a circulation,
withdrawa and injection well a the same time. The system is shown in Figure 1.3. They
developed a smplified mathematicad modd to describe the coupled thermo-hydraulic
energy transfer by conduction and convection in an aquifer surrounding a thermd well. A
schematic of the wel system is shown in Figure 1.3.

ground EwW |
RW
I _
water table /_ steelcasing
| 7] /—» PVC pipe
i /’ submersible
return water N /N | water pump
lossto theground —=—— ? _— -
? /— borehole wall
\ /)//_ PVC perforated
ground water — } Ir end section
gain to the system /’ [ \—-—

Figure 1.3: Schematic of the ‘therma wel’ studied by Y uill and Mikler (1995).
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To smpllfy the andyss, Y uill and Mikler used the following assumptions.
homogeneous and isotropic aguifer
cylindrica symmetry of the coupled flow around the axis of the borehole
no heat or ground water flow in the verticd direction
laminar ground water
no dispersion (no groundwater diverted to other places)
theemd wdl is in the dynamic hydraulic eguilibrium with the surrounding
groundwaeter aquifer

naturd hydraulic gradients in the aguifer are neglected; hydraulic gradients
caused by pumping are dominant.
Based on these assumptions and by introduction of “groundwater factor” (G, ), which is
the ratio of convection to conduction, the governing patid differentid equation was
derived from energy conservation smplified and solved numericaly.

17, &G afr _ 19T

e e—u ohllg Ta (12

Where G, isgroundwater factor,

MCoy
2p :k:dz’
m,, isgroundwater mass flow rate, either discharge groundwater or suction
groundwater flow.( kg/s [Ilbnvhr]);
C,., isspecific heat of water (Jkg.K [Btwlbm.’F]);
k istherma conductivity of the ground(W/m.K [Btwhr.ft.°F]);
a isThermd diffusivity of the ground (/s [ft*/hr]);
2z isverticd coordinate(m [ft]).

G, =

The governing equations are converted into explicit forms of finite difference equaions
by usng centrd difference gpproximations. Also, Yuill and Mikler (1995) introduced a
new term, equivalent therma conductivity (keq), to account for the improved heat transfer
due to the induced groundwater flow in the aquifer. In order to get the value of Keq, they
let heat trander rates dong the borehole wal for the case of coupled thermo-hydraulic
flow congdering the red ground thermd conductivity k) equa to the ones for the case of
pure heat conduction. They suggested this equivaent therma conductivity could be used
in the exiging pure heat conduction desgn modes to determine the depth of the thermd
wdll.

Yuill and Mikler (1995) used a steady-date solution of the hydraulic head didribution in
the theema wel modd. They assumed tha the hydraulic gradients caused by pumping
are dominant with respect to naturd hydraulic gradients in the aguifers. Therefore, during
ther andyds, they neglected the naturd hydraulic gradients. The equilibrium  well
equation relating the groundwater flow raes to the hydraulic gradients in the wel was
given by:
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2p :K:Dh:dz

Qu=- I(R/1,)

(1.4)

where, Q,, iswater flow rate (/s [gpm]);
K isthe hydraulic conductivity of the ground(m/s [gpd/ft?]);
R isradius of influence (m [ft]);
r, isborehole radius(m [ft]).

This congant head didribution was then used in the therma modd. The finite difference
modd alowed cdculation of the radid heat trander a a particular depth but was not
truly two-dimensond. Consequently verticd heat transfer, end effects and bleed
operation could not be considered.

According to their research, the required drilled depth of a 6in thermd wel is about 60%
of the depth of the 12-in, U-tube earth-coupled borehole, assuming that both are properly
desgned and are inddled in the same geologicd formation. Yuill and Mikler concluded
that properly desgned and ingaled “therma wels’ could compete with any of the
closed-loop sysems based on ther high sysem peformance with smdlest borehole
depth and lowest combination of ingtalation and operating costs.

Orio (1994,1995) has used the Kevin line theorem to andyze the heat trandfer in
standing column well wstems

T- 2pk O—d ——I(X) (15)

_2J§

where, T issoil temperature (F [°C]);
T, isinitial temperature of the sail (F [°C));
Q is heat trandfer rate, negative for heat extraction and positive for heat rejection
(Btufft-hr [W/im));
r isradid digance from ling(ft [m]);
K, isthermal conductivity of soil (Btu/hr-ft-F [W/m:C]);
a isthemad diffusivity (ft%/hr [n/9));
t isheat pump runtime-hours,
B isintegretion variable.

According to Orio (1995) research, the results of the Kelvin line theorem provide a good
corrdaion between the theory and some practicd field experience. The results of this
modd were dso compared with the modd developed by Braud (1983). The correlation
between these two models was within one degree Cesius for the evaluated examples.
Clearly this modd does not dlow for condderation of any ground-water flow directly
and can not be used to calculate the effects of bleed.
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Orio dso gives some practica data on SCW systems and bleed practices. It is reported
that in the severity of winter or summer, a rdaivdy smdl, eg. 10% bleed, can
reestablish water temperature in the well of SCW system at a rapid rate. According to
their observations the bleed can make the effective theema conductivity incresse by
factors of 3 to 5. The homogeneity of the geologic formation, the characteridtics of the
aquifer and the densty of the fractures affect the performance of the SCW systems with
bleed. Usudly, 80-90% of the water is returned to the standing column wel and the
balance is returned to earth some distance away or disposed of. National Ground Water
Asociation (NGWA) provides the following formula to cdculate the optimum returned
well distance:

D=,02"Q (1.6)

Where D isthedigance in feet to the recharge well (ft [m]);
Qisdesign heat transfer rate (Btwhr [W]) .

Orio (1999) discussed the placement of pumps and the depth of the boreholes. The
boreholes could be one-haf the depth of the closed loop earth coupling methods. When
boreholes get deeper than 150m (500 ft), there is subgantia increase in hedting energy
because the earth temperature increases with the increasing depth. But, placing the pump
a the bottom of the borehole has some disadvantages such as future service and
ingdlaion cost. To diminae these disadvantages, Orio (1999) proposed that the
submersible pump should be placed a the top of the borehole, but with a lightweight
plastic tube inserted to the bottom of the borehole (Figure 1.4 b). Thus, the most stable
water temperature is achieved, and shorter pipes and wires are required and the initid
investment can be reduced. Deeper wells (depth >150m [500 ft]) mostly use dip tubes
congtructed of 100mm (4in) diameter PVC pipe to the bottom of the well. The dip tube
has a minimum of 120 one-inch perforationsin the lowest 12m (40 ft).

An open loop concentric well heat exchanger cdled a “Geohill” has been developed by
Geocdor A.G (Hopkirk & Burkart 1990). The system schematic is shown in figure 1.5.

The borehole is 250mm (10in) in diameter up to 300m (1000ft) deep and it remains open
gpart from a sted casing in the upper part. A central PVC tube is surrounded by graded
gravd filling and contains a down-hole pump feeding water via an insulated tube to the
hest pump. The fluid return is through the grave-filled annulus. According to this
configuration, the gravel filling can increase friction ressance for the return water
flowing down and therefore more groundwater is sucked into the system, especidly if the
wdl isdrilled in ahighly permeable rock formation.

According to Hopkirk & Burkart ‘s research (1990) , the “GEOHILL” system shows
much promise, especidly in larger commercid inddlations requiring both heating and
cooling.
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Standing Column Well
Small Scale
—p4—m—
|| E?wer ency

Geothermal Heat Pump

oy

Domestic Use Water

Typically 250-500 ft
3-8 tons/bore

|:| Submersible Pump

@
Standing Column Well
Commercial
E
tH S
Y Submersible Pump
Tail Pipe Geothermal Heat Pump
Typically 500-1500ft
30-40 tong/bore(Max)
(b)

Figure 1.4. Schematics of standing column well from description of Orio (1999).
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Insulated delivery tube

Return tubes

/

Steel casing through
" unstaurated soil and
sensitive aquifers

S
NN

NN

/Gravel filling

-}

%¢

Filter section

Downhole pump
/
/

\
MO asS

Figure 1.5: Diagram of a‘GEOHILL’ open hole coaxid therma well
(Hopkirk & Burkart 1990).

1.2 Objectives and Approach

The application of Geothermd heat pumps has been growing a a rapid pace for the last
severd decades due to the systems economic, environmenta, aesthetic and comfort
advantages over other HVAC systems. This trend is expected to continue in the future as
a result of strong support by governmenta agencies a dl levels as a reflection of wide
community support and acceptance. Although it has been sated that over one thousand
inddlations exid, these have mostly been designed on a heuridic bass usng knowledge
of what hasworked in smilar geologica and load conditions.

From the review of the literature discussed in Section 1.1 it is clear that research into the
operation and design of standing column well sysems has been very limited. To date no
modes have been developed that have come into common use in design procedures for
such systems. Attempts have been made to adapt conduction heet transfer models to
include effects of ground-water flow. However, these models and more sophigticated
modes (eg. Yuill and Mikler, 1995) do not dlow the representation of bleed from the
well. As this is common practice and can have a sgnificant effect on the design and cost
of thewell there is a clear need to be able to modd this effect.
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The overdl objective of this project was given as ‘to systematicaly study the
characterigtics of standing column wellsin order to establish firm guiddinesfor Ste
selection, necessary well length per given load, and preferred designs and Strategies .

Our approach can be defined in terms of four main tasks. These have been:

Task1l: Compile and andyzefidd data

Task?2: Develop anumerica modd of a anding column wdl system

Task3: Conduct a parametric sudy using the numerical modd and examine the
effects of key design parameters on SCW performance

Task4: Documentation and report writing

The tasks are each discussed in the following subsections.

1.2.1 Task 1: Compilation and Analysis of Field Data

This task has been primarily conducted by Water and Energy Systems Corporation.
Thistask hasinvolved collecting data on exiging inddlations by a process of examining
well logs, sending questionnaires to drillers and contractors and making persona
contacts. The objective has been to collect the following types of data
Standing column wdll congtruction
= Wel depth and diameter
= Dirilling conditions
= Pump and pipe arrangement
Locd climate and hydrologica and geologica conditions
Operating strategies and characterigtics
Recorded operating data for moded validation and case study.

In addition to collecting field data of this type existing sources have been used to collect
information regarding North American geologica and Hydrogeologica conditions,
particularly for regions known to include SCW ingdlations.

1.2.2 Task 2: Mathematical and Computer Modeling

The heat transfer and hydrological boundary conditions in this type of problem vay in
both time and space and adso depend on the mode of operation of the well. The full
complexity of the boundary conditions associated with standing column well operation
can only be dedt with by a ground-water flow and heat transfer numerica modd.
Sophigticated numericadl models of ground-water flow and contaminant transport in both
the saturated zones (rock) and unsaturated zones (soil) have been developed over the last
two decades. These modds have been gpplied by practicing hydrogeologists to study
large-scale water supply and contaminant transport problems. The project team has
recently reviewed many of the avalable commercid ground-water flow modding codes
in sudying the effects of ground water flow on closed-loop heat exchangers (Chiasson et
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a., 2000). This showed that dthough such codes ded effectivdy with modding the
pumping process and caculaion of ground-water flow, they are not adapted to enable the
complex time vaying therma boundary conditions required to modd a SCW sysem
over an extended simulation period.

The approach to developing a suitable numerical modd has been to use an existing finite
volume code (developed a OSU) and couple this to a detalled theema modd of the
borehole. This enables the coupling of the ground-water flow and heat trandfer around the
well to be accounted for. Modding the coupled flow and heet transfer processes in this
way alows bleed processes to be included in the study. Using a detailed therma model of
the borehole dlows study of the associated design parameters such as dip tube size,
insulation, borehole surface roughness etc. The flexible structure of the code dlows time
varying bleed rates and building loads to be included in the modd!.

1.2.3 Task 3: Parametric Study

Task 3isaparametric sudy to determine the effect of key parameters on the performance
of SCW sysems. To accomplish thistask, one or more years of hourly building loads
from a prototype building have been used to provide thermal boundary conditions for the
model () developed in Task 2. Smulations have been made using awhole year of load
data Thisdlowsthe highly transent nature of the SCW system to be examined,

especidly during “bleed-off” times.

The parametric sudy has been organized using a ‘base case’ and caculating the system
performance for this and other cases where a single parameter variaionis varied in each
case. (It was shown infeasible to consider dl possible parameter combinations due to the
intensve nature of each caculation). Variaionsin the following parameters have been
studied:

Rock thermd conductivity

Rock specific heat capacity
Ground Thermd gradient

Borehole surface roughness
Borehole diameter

Borehole casing depth

Dip tube diameter and conductivity
System bleed

Borehole depth

Rock hydraulic conductivity

Reaults of the parametric study have been used to examine which are the most significant
parameters affecting the SCW design. Cdculations with differing well depths enable each
parameter variation to be correlated with potential reduction/extension of borehole depth.
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2.0 Survey of Standing Column Well Installations

The objective of this study has been to catdog a representative group of SCW locations,
designs and operating practices. Severd stes were to be identified for insrumentation to
vdidate computer modds. This information could be used to ad in sdting direction for
developing formal design procedures to be published in the ASHRAE Handbook.

The objective has been to collect the following types of data:
Standing column well condruction
=  Waell depth and diameter
= Drilling conditions
= Pump and pipe arrangement
Locd climate and hydrological and geologica conditions
Operating strategies and characteristics
Recorded operating data for modd validation and case study.

The findings reported in this section ae manly from the results of a questionnaire sent
out to contractors and drillers by Water Energy Systems Corp. The letter sent out, and an
example of the questionnaire is given in Appendix A.

In the Northeast hesting requirements generaly dominate resdentid applications while
some commercid office buildings might approach cooling dominant conditions.  As a
reult the discusson that follows will assume a hedting load in dl cases with the
redization that cooling isdso afactor.

2.1 SCW Installation Survey Findings

2.1.1 Local Climate

All of the stes surveyed in this report are in New England /New York and have hesting
dominated loads. Typicaly 2200-2500 hours of heating and 600-800 hours of cooling
are required annualy

2.1.2 Well Data

Data from 34 wdls a 21 locations have been collected and are beieved to be
representative of current indtdlation practice and geographica digtribution.  Eleven
resdences and ten commercid/school buildings are included in the study. Samples are
located in New England and New York. Massachusetts leads the lig with 10 Stes. A
summary of the data is given in Table 2.1. The raw data collected is shown in Tables 2.2-
2.6.
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Table 2.1
Summary of collected Well Data

Residential Commercial
Range Mean Range Mean
Installed Capacity (Tons) 5-15 7.7 10-100 57
Well Depth (Ft) 240-900 518 600-1500 1238
Depth/Capacity (Ft/Ton) 32.2-85 59 30-65.5 49
Static Water Level. (Ft.) 3-120 48 16-40 20
Table 2.2

Standing column well field data

Site New England Hastings Sherwood Halibut
Quilt Museum School Forest Apts |Point State Park

Units |Lowell, MA  |Westborough, MA|Saugus, MA| Rockport, MA

System Capacity Tons 60 200 63 6.5

No. of Wells 2 6 4 1

Depth Feet 1040/855 1500 3@1100,650 480

Location of Pump Feet 50 110 50 100

Length/Capacity Feet/Ton 30 44 59.5 65.5

Diameter of Wells Inches 6 6 6

Static Water Level Feet 20 6-10 20/25 29

TTL Yield/Drawdown | GPM/Ft 75 7-100 1.5/4

Depth to Bedrock Feet 25-28 82 -85 10/31

Depth/Type of Rock Lt/Dk Grey

Depth/Type of Rock Bedrock

\Well Pump Mfr. Meyers Meyers Goulds Goulds

\Well Pump Model J5080 J5080 35LD20 18GS07

\Well Pump HP 5 HP 5HP 2 HP 3/4 HP

\Well HP/Ton 0.167 0.15 0.095 0.11

\Well Log? yes Yes yes
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Table 2.3
Standing column well field data

Blackpoint Haverhill Maine Hanscom

Site Inn Main #2 Library Audubon AFB

Units |Scarborough, ME| Haverhill, MA | Falmouth, ME [ Bedford, MA
System Capacity Tons 38.5 110 15 10
No. of Wells 1 4 1 1
Depth Feet 1500 1500 600 650
Location of Pump Feet 120 100 50
Length/Capacity Feet/Ton 37.9 53.3 36.7 59.5
Diameter of Wells Inches 6 6 6 6
Static Water Level Feet 10 40 25 10
TTL Yield/Drawdown GPM/Ft 15 7/15 30
Depth to Bedrock Feet 11 22/23 30
Depth/Type of Rock <11, clay, gravel clay 20/30
Depth/Type of Rock >9, bedrock >30 med gray
Well Pump Mfr.. 3/5 HP Meyers Webtrol Goulds
\Well Pump Model J5090 35252012 25GS10
\Well Pump HP 5 HP 2 HP 1 HP
\Well HP/Ton 0.08 0.18 0.13 0.1
\Well Log? yes yes no yes
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Table 2.4
Summary of standing column well field data

Appleton St
Apartments Residence Residence Residence
Site Units |Cambridge, MA] Raymond, ME |Uxbridge, MA| Raymond, ME
System Capacity Tons 10 7 5 10
No. of Wells 1 1 1 1
Depth Feet 650 750 240 520
Location of Pump Feet 50 100 220 60
Length/Capacity Feet/Ton 59.5 85 39 50.5
Diameter of Wells Inches 6 6 6 6
Static Water Level Feet 30 20 15
TTL Yield/Drawdown GPM/Ft 6 8 5 50
Depth to Bedrock Feet 70
Depth/Type of Rock
Depth/Type of Rock >70 med gray
\Well Pump(s) Descr. Grundfos Goulds Goulds
\Well Pump Model 25GS10-7 13GS10 40GS30
\Well Pump HP 1HP 1HP 3HP
\Well HP/Ton 0.1 0.2 0.3
\Well Log? yes no yes
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Table 2.5
Summary of standing column well field data
Residence | Residence Residence Residence
Site Units | Carlisle, MA [Okimo Mt VT| N. Easton, MA |Windham, NH
System Capacity Tons 6 15 5 7.5
No. of Wells 1 1 1 1
Depth Feet 425 900 460 545
Location of Pump Feet 75 75 420 525
Length/Capacity Feet/Ton 60.8 55 77 54.8
Diameter of Wells Inches 6 6 6 6
Static Water Level Feet 35 50 50 109
TTL Yield/Drawdown GPM/Ft 27/122
Depth to Bedrock Feet
Depth/Type of Rock
Depth/Type of Rock
\Well Pump(s) Descr. Goulds Grundfos Goulds
\Well Pump Model 25GS20 40GS20432 118G507
\Well Pump HP 2 HP 2HP 3/4 HP
\Well HP/Ton 0.33 0.13 0.15
\Well Log? no no yes’
no Porter no Porter
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Table 2.6
Standing column well field data
Blackpoint Inn Blackpoint
Site Cottages Inn Main #1 Residence Res.
Units |Scarborough, ME| Scarborough, ME Rye, NH |Tapsham, ME
System Capacity Tons 26.5 200 10 5
No. of Wells 1 4 1 1
Depth Feet 1500 1500 350 510
Location of Pump Feet 220 120 25 490
Length/Capacity Feet/Ton 55.0 37.5 32.2 73
Diameter of Wells Inches 6 6 6 6
Static Water Level Feet 15 15 3 120
TTL Yield/Drawdown GPM/Ft 12 30 30/0 1/120
Depth to Bedrock Feet 11 9
Depth/Type of Rock <11, clay, gravel <9, clay, gravel
Depth/Type of Rock >11, bedrock >9, bedrock
\Well Pump Mfr.. 5/5 HP 3/5 HP
\Well Pump Model
\Well Pump HP
\Well HP/Ton 0.19 0.08
\Well Log? yes yes no

2.1.3 SCW Construction

Wel dianeters are generdly 6 inches in bedrock with 8 inch sed casing trangtioning
from the surface into the bedrock. Condruction differences exiding in the reported
danding column wels rdae in pat to the depth of the wdl rather than any other
influendng parameter. Shallower wells (i.e. depths less than 150m [500 ft.]) tend to be
dominated by placement of the pump near the bottom of the well with the return located
near the top. Deeper wdls (depth greater than 150m [500 ft.]) mostly use dip tubes
(Porter Shroud) constructed of 100mm (4 in.) diameter PVC pipe to the bottom of the
well. These dip tubes have a minimum of 120 one inch perforations a 6 to 12m (20 to
40 f.) from the bottom. The pump and return pipe end are located near the top of the well
taking into account draw-down depths at bleed flow rates of from 5% to 25% of total heat
pump flow depending on the application. The return pipe end is postioned to be beow
the dtatic level a dl operating conditions. The pump is postioned to have the required
NSPH at al operating conditionsincluding at higher temperatures in cooling.

Supply and return lines are Szed to gpproximatey 1.5m/s (5 ft/s) to minimize flow noise
and friction pressure drop. It is cusomary practice to insulate the supply and return lines
with a sngle layer of polystyrene foam between them and the par buried in 125-150mm
(5-6 in) of sand. A double pit-less adapter is employed to dlow easy removd of the

pump for periodic inspection.
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A conventiona submersble wel pump of sufficient capacity to provide the water source
heat pumps 3 GPM/Ton a a head that encompasses the satic head under operating
conditions, pipe vave and fitting losses and the pressure provided to the hest pumps
(usudly 135kPa[20 psig)).

Many resdentid gpplications utilize the standing column wel for domestic water supply
purposes as well as geo source water for heat pump operation. This generdly involves
the management of a two-pressure system and is often equipped with a variable speed
driven submersible well pump.

2.1.4 Operating Strategies and Characteristics

An open wel desgn requires careful andyss and management of the water flow from
the pump through the heat pump and back to the well. Pumping energy is minimized if
water fow and pressure are managed to the lowest vaues required. Sdf regulating flow
control vaves are recommended and used on most Stes minimizing the requirement for
individualy flow baancing the equipment.

Especidly important for automatic operation of the sysem is the correct specification of
bleed flow. Blead flow is used in cases of maximum heating load for those wells
identified with higher yidds permitting lower fird cost by reducing wel length per ton.
Models are used to predict the safe amount of bleed flow to prevent equipment freeze-up
but often depend on estimated geologica parameters. Measuring the well temperature
drop while running continuoudy for an extended period of time with a specific bleed rate
yields useful datato back up the modd.

2.1.5 Bleed Flow

In colder climates such as New England, where hegting represents the dominant comfort
conditioning load, and lower groundwater temperatures preval, the use of a
predetermined small bleed flow (over flow) rate to increese wel water temperature on
command by convective groundweater flow is often essentid and can save the owner
drilling cogs. On design or near design days the heat pumps can run at full capacity for
as much as 20-24 hours continuoudy. To prevent extreme water temperature depression
and consequent heat exchanger freezing, a bleed flow of wel water can be cdled into
function to re-dtabilize the source water to a higher temperature.  Heretofore the
determination of bleed rates has been empirica but effective. The results of the survey
point to the fact that these smal bleed rates can be more accurately set by design based
on well yidd and depth/capacity ratio. The vdidaion of that adgorithm would dlow a
more accurate estimate of the beneficid effect of higher or lower bleed rates.

2.1.6 Multiple Standing Column Well Systems

Some large systems, greater than 30 Tons, require more than one standing column well to
achieve the required ground heat exchange. These larger systems will employ multiple
hest pumps, zoned or daged in a diversfied manner. The mog efficient design of geo
water supply employs varigble speed technology to control the pressure at the inlet of the
heat pumps.
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Sngle well sysems return the water to the wel a the same volume pumped out thus
mantaning the water level in the well congant. Not 0 in multiple wdl sysems. Even
caeful desgn and baancing will not return precisdy the same volume as was removed.
Mogt multiple well sysems are now aranged so that the pumps are powered from
individua Varidble Speed Drives in Mager/Save arangement to drive dl pumps with
the same frequency and nearly the same flow. Returning equd flow volumes requires
measuring supply and return flows a N-1 wdls, where N is the tota number of wdls,
and caefully throttling individud returns. With automatic flow control vaves on the
hesat pumps, their nameplate control settings can be used to estimate the total flow.

However most wells will absorb some overflow so a minor mismaich will not be a
problem especidly with deeper wells.

If it were not for the dgnificant unequa return flow volumes, multiple well sysems
could easly be operated with one well driven from a VSD while the others cut in and out
usng inexpensve pressure switches. This problem can be overcome by the use of a
crossover pipe connecting the wells if the wells are a the same devation within one foot
and the crossover islocated at a depth of 6 feet or more.

2.2 Installations with detailed operating data

2.2.1 Maine Audubon Visitor’s Center

Installed in 1996, this 520n? (5400 sq. ft.) building has 52.8kW (15 Tons) of water to
water hest pumps delivering to radiant floors and fan coils throughout the building. The
three heat pumps source from a sngle 180m (600 ft) danding column wel. At it's
inception the well pump was controlled by a pressure switch and fed a par of large
accumulator tanks to minimize cyding. A condant (with HP's running) bleed to a duck
pond of unknown quantity was used.

In the winter of 1999/2000 the system was upgraded to incorporate a VSD on the well
pump, building water temperature reset, and an automatic bleed sysem in an effort to
increase efficiency. The automatic bleed system ingdled was found to be inadequate due
to excessve resgance to flow caused by an overly redrictive solenoid vave and spring
loaded flowmeter. The constant bleed was restored and set at about 33% flow (0.85L/s
[13.5 gpm] under max load conditions). No problems have been reported relating to
dangeroudy low wel waer temperaures. In mid-March, 2001 after a full season, the
well water temperature was 9.4-10°C (49°F -50°F) while in January readings of 6.1-
7.8°C (43°F — 46°F) were recorded indicating the bleed could have been set somewhat
lower but a this gte it is not a problem snce water run off promotes wildlife activity in
the immediate area, a desirable side benefit.

2.2.2 Residence Raymond, ME

This building is a 370n? (4000 sq. ft.) residence with seven tons of heast pump capacity
(Logan, 2001). The resdent is on a time of day dectric utility rate sysem $0.26/KWh
weekdays from 7 am to Noon and 4pm to 8pm and al other times at $.05/KWh. A timer
locks out the heat pumps during peek rate times. This is possble due to the higher
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theemd mass of the floor radiant heating sysem. A schematic diagram of the system is
shown in Figure 2.2.

The ganding column well is 213m (700 ft) degp with an effective length of 180m (600
ft.) or approximately 7.4m/kW (85 ft./ton.) The bleed is set to 4.8% (0.063 L/s [1 GPM])
and is operated by a thermodtat with a setting of 5.6°C (42°F) open 8.3 °C (47°F) close.
Figure 2.1 shows the wdl water temperature, outsde air temperature and bleed time
expressed as a percentage of running time. Data was collected by the resdent every
Sunday a 7am and 8pm and averaged. Totd running time for the sysem annudly in
heating is 1800 hours and comparing to norma expected heating hours (2600), the
gystem is about 25% overszed. As can be seen in the figure the heaviest bleed occurs in
the three months of January, February and March shouldered by steep ramps of 1.5
months in the fal and 2 months in spring. Totd annud bleed flow was cdculated to be
340m® (63,500 gal.) — or about 47m° (12,500 gal.) per year per load ton
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Figure 2.1: Wdl and air temperatures plotted with percentage time bleed for the
resdentia ingalation a Raymond, ME.

2.2.3 Hotel, Scarborough, ME

Three buildings containing 150 guest rooms, kitchen, dining rooms and conference
meeting rooms with a mixture console and unitary ground source heat pumps. No centra
DDC control/monitoring system is inddled as each unit has it's own thermostat and
overdl water-flow is regulated on demand by varidble speed drives powering the well
pumps under PID control a 20 psg pressure. When origindly ingaled the control
method sequenced the wells on and off as the demand varied. Difficulty was encountered
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managing the return flow to the proper wel and some wdls were getting more operating
time than others. The owner asked to change the control strategy to master-dave — dave
driving dl wells a the same frequency and nearly the same flows. Once the return flows
are balanced they ddiver nearly equa flows to each well.

(Open-loop) Geothermal Heat Pump System
supplying hydronic radiant floor heating
& fan-coil units.

fan-coil units

Insulated
“butier tank g

geothemnal
‘water-to-
water”
——heat pump—
! — L 5 radiant Roor
1 manifold locations |
= €£ g.i?a‘?:rr_';g?' Buffer tank temperature is contralled
j— water® by a 2-stage aquastat with a setpoint
heat pum of 110 £. One heat pump turns on
pump when tank tamparatura drops to 105
F. The second heat pump comes
‘%%'8% on when tark drops to 100F.
pump
@poa fi.
drilled well

heat source

return
@700 ft.

Figure 2.2 A schematic diagram of the standing column well and radiant floor heeting
system for the resdentid ingalation a Raymond, ME.
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2.3 Future Installation Monitoring and Characterization

Standing column well performance depends on many factors, some of which ae
unknown a the time of inddlation. A suggested test protocol for comparison purposes
congsts of extracting heet a the design rate for a specific length of time and bleed rate.

The well supply water temperature drop is then recorded. After the well is dlowed to
recover the test is repeated at another bleed rate. Perhgps a third run is made to get a
picture of the capability to be compared with computer models and other well data

The following parameters should become pat of any sdected resdence or commercid
goplication for future monitoring to evaluate desgn effectiveness.

Wdl water temperature — continuoudy monitor with daily average as wel as pesk
high and lows.

Wel bleed flow — continuoudy monitor with daly totad. Measure initid bleed
percentage rate and note any changes in rate.

Equipment run hours — continuoudy monitor with daily tota. Edtimate match to
actua load.

Rock conductivity — Perform during congtruction phase or etimate from type of
rock.

From Nationd Weather Service obtain data of daily heating and cooling degree-
days.
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3.0 Geological and Hydrogeological Characteristics of
Standing Column Well Installations

In this section, the geologic and Hydrogeologica conditions of current and potentid
SCW ingdlaions are described. This section is divided into three subsections. Firdt, an
overview of the hydraulic and thermal properties of soils and rocks is presented. Second,
the ground-water regions of North America are briefly described, and third, a more
detailled discusson of the geologic and Hydrogeological characteristics of the regions
where SCWs exist is presented.

3.1 Hydraulic And Thermal Properties Of Soils And Rocks

Underground water occurs in two zones. the unsaturated zone and the saturated zone.
The term “ground water” refers to water in the saturated zone. The surface separating the
saturated zone from the unsaturated zone is known as the “water table’. At the water
table, water in soil or rock openings is @ amospheric pressure. In the saturated zone
(below the water table), openings are fully saturated and water exists at pressures greater
than atmospheric. In the unsaturated zone, the openings are only patidly saturated and
the water exists under tension at pressures |ess than atmaospheric.

In the context of SCWSs, it is useful to identify the types of openings in geologic
materids, as these have an important impact on the heat trandfer and fluid flow in the
materid. Openings formed at the same time the rock or soil is formed are referred to as
primary porodty. These include pore spaces in sedimentary deposits as well as lava tubes
in volcanic rocks. Openings that develop after a soil or rock is formed are referred to as
secondary porodty. These include fractures, joints, and faults in igneous, metamorphic,
and sedimentary porosity, and solution cavities in carbonate or other soluble rocks. The
types of openingsin geologic materids are shown in Figure 3.1.

Ground water is present nearly everywhere, but it is only available in usable quantities in
aquifers. An “aguifer” is defined by Driscoll (1986) as a formation, group of formations,
or pat of a formation that contans sufficient saturated permesble materid to yied
economica quantities of water to wdls and springs. Aquifers are described as being
ether confined or unconfined. Unconfined aquifers are bounded at their upper surface by
the water table. Confined aquifers are bounded between two layers of lower permesbility
meaterias.

Naturdly-occurring ranges of vaues of hydraulic and thermal properties of soils and
rocks are summarized in Table 3.1. These properties can be regarded mainly as functions
of minera content, porosity, and degree of saturation.
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Table 3.1

Typical Values of Hydraulic and Thermal Properties of Soils and Rocks

Geologic Material

Hydraulic Properties

Thermal Properties

Hydraulic Conductivity* Porosity* Thermal Conductivity** Volumetric Heat Capacity**
K) (n) k) (r sCs)
ft/s (--) Btu/hr-ft-°F Btu/ft-°F
(m/s) (W/m-°C) (I/m-°C)
Range Geometric Range Arithmetic Range Arithmetic Range Arithmetic
Average Average Average Average
Soils
Gravel 9.84E-04 - 9.84E-02 | 9.84E-03 | 0.24 - 0.38| 0.31 040 - 052 0.46 -- - -- 2.09E+01
3.00E-04 - 3.00E-02 | 3.00E-03 (0.70) - (0.90)| (0.80) -- - -- (1.40E+06)
Sand (coarse) 3.0E-06 - 2.0E-02 | 24E04 [031 - 0.46| 0.385 040 - 0.52 0.46 -- - -- 2.09E+01
(9.0E-07) - (6.0E-03) | (7.3E-05) (0.70) - (0.90)| (0.80) -- - -- (1.40E+06)
Sand (fine) 6.6E-07 - 6.6E-04 | 2.1E-05 |0.26 - 0.53 0.40 040 - 0.52 0.46 -- - -- 2.09E+01
(2.0E-07) - (2.0E-04) | (6.3E-06) (0.70) - (0.90)| (0.80) -- - -- (1.40E+06)
Silt 3.3E-09 - 6.6E-05 | 4.6E-07 [0.34 - 0.61| 0.475 0.69 - 1.39 1.04 3.58E+01 - 4.92E+01 | 4.25E+01
(1.0E-09) - (2.0E-05) | (1.4E-07) (1.20) - (2.40)| (1.80) |(2.40E+06) - (3.30E+06)| (2.85E+06)
Clay 3.3E-11 - 1.5E-08 7.1E-10 | 0.34 0.60 0.47 049 - 0.64 0.56 447E+01 - 5.37E+01 | 4.92E+01
(1.0E-11) - (4.7E-09) | (2.2E-10) (0.85) - (1.10)| (0.98) |(3.00E+06) - (3.60E+06)| (3.3E+06)
Rocks
Limestone, Dolomite 3.3E09 - 20EO05 | 25E07 0 0.20( 0.10 087 - 191 1.39 3.17E+02 - 8.20E+01 | 1.99E+02
(1.0E-09) - (6.0E-06) | (7.7E-08) (1.50) - (3.30)|] (2.40) |(2.13E+06) - (5.50E+06)| (1.34E+07)
Karst Limestone 3.3E-06 - 3.3E-02 3.3E-04 | 0.05 0.50| 0.275 144 - 248 1.96 3.17E+02 - 8.20E+01 | 1.99E+02
(1.0E-06) - (1.0E-02) | (1.0E-04) (2.50) - (4.30)|] (3.40) |(2.13E+06) - (5.50E+06)| (1.34E+07)
Sandstone 9.8E-10 - 2.0E-05 | 1.4E-07 [0.05 - 0.30| 0.18 133 - 3.76 254 3.17E+01 - 7.46E+01 | 5.31E+01
(3.0E-10) - (6.0E-06) | (4.2E-08) (2.30) - (6.50)| (4.40) |(2.13E+06) - (5.00E+06)| (3.56E+06)
Shale 3.3E-13 - 6.6E-09 | 4.6E-11 0 0.10| 0.0525 | 0.87 - 2.02 144 3.54E+01 - 8.20E+01 | 5.87E+01
(1.0E-13) - (2.0E-09) | (1.4E-11) (1.50) - (3.50)] (2.50) | (2.38E+06) - (5.50E+06)| (3.94E+06)
Fractured Igneous 2.6E-08 - 9.8E-04 [ 5.1E-06 0 0.10] 0.05 147 - 3.83 2.65 -- - -- 3.28E+01
and Metamorphic (8.0E-09) - (3.0E-04) | (1.5E-06) (2.50) - (6.60)| (4.58) -- - -- (2.20E+06)
Unfractured Igneous 9.8E-14 - 6.6E-10 | 8.0E-12 0 0.05| 0.025 147 - 3.83 2.65 -- - -- 3.28E+01
and Metamorphic (3.0E-13) - (2.0E-10) | (2.4E-12) (2.50) - (6.60)| (4.58) -- - -- (2.20E+06)

Notes:

* hydraulic conductivity and porosity data from Domenico and Schwartz (1990).
*+ thermal property data from Hellstrom (1991). For sedimentary rocks, Hellstrom lists only cs. In these cases, a density of 2500 kg/m® is assumed.

Thermal conductivity values are taken to represent that of materials in the dry condition.
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The minera content of the materid isimportant because it dictates the overdl

thermd properties of the materid. Mineral content, because it affects rock solubility,
aso has an important control over the qudity of water found in the materid aswell as
its porogty. The higher the solubility of minerdsin the materid, the higher the
dissolved solids in the ground water and the higher the secondary porosity islikely to
be. Examples of the most commonly occurring soluble mineras include carbonate,

gypsum, and sdts.
(C)

Figure 3.1: Typesof openingsin geologic materids (a) pore spaces, e.g. sedimentary
depodits (primary porosity), (b) fractures, e.g. igneous, metamorphic,
sedimentary rocks, and clayey soils (secondary porosity), and (¢) solution
cavities eg. limestone and dolomite (secondary porosity).

n

The porogty is a very important property of the materia. Rocks originate under higher
heat and pressure environments than soils and consequently generdly possess lower
porosties. Lower porogties in rocks result in higher contact area between grains and
therefore higher thermd conductivities but lower hydraulic conductivities than soils,
regardless of minera content. In saturated materids, increased porodity results in
incressed heat capacities and therefore lower therma diffugvities Porodty is aso an
important controlling influence on hydraulic conductivity (Freeze and Cherry, 1979).
Materids with higher porosty generdly dso have higher hydraulic  conductivity.
However, this correation does not hold for fine-grained soils (see Table 3.1.). Porosty
and hydraulic conductivity of soils and rocks are increased by secondary porosty features
asshownin Figure 3.1.

The degree of saturation has an obvious impact on the hydraulic and therma properties of
geologic materids. Unsaturated hydraulic conductivities are orders of magnitude less
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than saturated hydraulic conductivities and water in the unsaturated zone is not cagpable of
flow to a wdl. Materids with pore spaces filled with ar adso possess lower thermd
conductivities than materids that are filled with water. The degree of sauration is dso
directly related to the water table eevation, which is dependent upon the ground-water
recharge rate from ranfal. This is not a property of rock type, but of locdity, and is
discussed in the following subsection.

3.2 Ground-Water Regions Of North America

Given the generd hydradic and thermd properties of various soils and rock types, it is
important to know where they occur in nature. The concept of “ground-water regions’ is
useful in summarizing the spaia variability of geologic and Hydrogeologicd conditions.
In the context of SCWSs, this dlows a generd comparison between regions of known
operating ingtalations to those that have not yet been explored.

The categorization of the United States into ground-water regions was first completed by
Meinzer (1923). Severa updates and revisons have been done as new developments
were made. Heeth (1984) produced a classfication scheme, which is widely cited in the
literature. Heath's scheme is based on the following items of ground-water systems:

The components of the system and their arrangement,

The nature of the water-bearing openings (porous or fractured),
The minera composition of the rock matrix,

The hydraulic properties of the dominant aguifers, and

The nature and location of recharge and discharge areas

As discussed in the previous subsection, the properties that impact fluid flow in geologic
materids are dso important to the heat transfer. Since Heath (1988) has extended the
coverage of this classfication scheme to include al of North America, it gppears to be a
useful means to generdize the hydrogeology of SCW ingdlations.

Heath (1988) divided North America into 28 ground-water regions as shown in Figure
32. Table 3.2 provides a summay of each region with regad to Hydrogeologica
dtuation and lists some common ranges of hydraulic properties found in each region.

1119-RP DRAFT FINAL REPORT 36



© 2002. American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc. (www.ashrae.org). For personal use only.
Additional reproduction, distribution, or transmission in either print or digital form is not permitted without ASHRAE’s prior written permission.

R&D Studies applied to SCW design Geological and Hydrogeological Characteristics
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Figure 3.2. Ground-water regions of North America. Source: Heath (1988).
Regions with documented standing column wedls are shown shaded.
Key to regions on following pages.
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Geological and Hydrogeological Characteristics

Key to Figure 3.2, Ground-water regions of North America.

Region Hydrogeologic Situation* Common Ranges in Hydraulic Characteristics of the Dominant Aquifers
Transmissivity Hydraulic Conductivity Recharge Rate Well Yield
(€ 1day) (m’iday) (ft/day) (miday) (infyr) (mmiyr) (gpm) (m°/min)
1. Western Mountain | Mountains with thin soils over fractured rocks 5 - 5382 05 - 500 0.03 - 66 0.01- 20 01 -2 3 - 50 13 - 264 005 - 1
Ranges alternating with valleys underlain by alluvial and
glacial deposits.
2. Columbia Lava Low mountains and plains with thin soils over thick 21,528 - 5.38E+06 2,000 - 500,000 3.28 - 9,843 1- 3000] 02 -10 5 - 250 238 - 47,551 | 09 - 180
Plateau lava sequences interbedded with unconsolidated
deposits.
3. Colorado Plateau |A region of canyons, cliffs, and plains of thin soils 5 - 1,076 05 - 100 0.03 - 16 0.01- 5 01 -2 3 -50 13 - 528 0.05 - 2
and Wyoming over fractured sedimentary rocks.
Basin
4. Central Valley and | Relatively flat valleys of thick alluvial deposits 108 - 107,639 10 - 10,000 98.43 - 1,969 30 - 600 04 -4 10 - 100 132 - 5,283 05 - 20
Pacific Coast bordered along the coast by low mountains
Ranges composed of semiconsolidated sedimentary rocks
and volcanic deposits.
5. Great Basin Alternating flat basins of thick alluvial deposits and 108 - 107,639 10 - 10,000 32.81 - 1,640 10 - 500 02 -2 5 -50 132 - 2,642 05 - 10
short, subparallel mountain ranges composed of
crystalline and sedimentary rocks.
6. Coastal Alluvial Relatively flat valleys of thick alluvial deposits 108 - 10,764 10 - 1,000 16.40 - 328 5- 100 02 -2 5 - 50 132 - 2,642 05 - 10
Basins separated by mountain ranges composed of
volcanic, metamorphic, and sedimentary rocks.
7. Central Alluvial Relatively flat valleys of thick alluvial deposits 108 - 21,528 10 - 2,000 32.81 - 656 10 - 200 02 -2 5 -50 132 - 2,642 05 - 10
Basins separated by discontinuous mountain ranges
composed of volcanic, metamorphic, and
sedimentary rocks.
8. SierraMadre Thin regolith over a complex sequence of volcanic 1,076 - 107,639 100 - 10,000 32.81 - 1,640 10 - 500 04 -4 10 - 100 132 - 5,283 05 - 20
Occidental rocks.
9. Sierra Madre Mountain ranges and valleys underlain by a thin 108 - 10,764 10 - 1,000 3.28 - 164 1- 50 02 -2 5 -50 132 - 1,321 05 -5
Oriental regolith over sedimentary rocks.
10. Faja Volcanica Mountainous area underlain by thin regolith over a 1,076 - 107,639 100 - 10,000 32.81 - 1,640 10 - 500 04 -4 10 - 100 132 - 5,283 05 - 20
Trans- complex sequence of volcanic rocks.
mexicana
11. SierraMadre Del |Mountainous area underlain by thin regolith over 54 - 53,820 5 - 5,000 3.28 - 984 1- 300 04 -4 10 - 100 26 - 2,642 0.1 10
Sur metamorphic, sedimentary, and volcanic rocks.

*An average thickness of about 5 m (16.4 ft) was used as the break point between thin and thick.
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Key to Figure 3.2 (continued), Ground-water regions of North America.

Region Hydrogeologic Situation* Common Ranges in Hydraulic Characteristics of the Dominant Aquifers
Transmissivity Hydraulic Conductivity Recharge Rate Well Yield
(ft*/day) (m’Iday) (ft/day) (miday) (iniyr) (mmiyr) (apm) (m°/min)
12. Precambrian Hilly terrane underlain by glacial deposits over 108 - 5,382 10 - 500 0.33 - 98 0.1- 30 04 - 12 10 - 300 26 - 264 01-1
Shield metamorphic rocks.
13. Western Glaciated | Hilly plains underlain by glacial deposits over 269 - 26,910 25 - 2,500 0.66 - 328 0.2- 100 02 -8 5 - 200 53 - 528 02 -2
Plains sedimentary rocks.
14. Central Glaciated |Area of diverse topography, ranging from plains in 1,076 - 21,528 100 - 2,000 6.56 - 984 2 - 300 02 - 12 5 - 300 53 - 528 02 - 2
Plains lowa to the Catskill Mountains in New York,
underlain by glacial deposits over sedimentary
rocks.
15. St. Lawrence Hilly area underlain by glacial deposits over 1,076 - 21,528 100 - 2,000 6.56 - 984 2 - 300 02 - 12 5 - 300 53 - 528 02 - 2
Lowlands sedimentary rocks.
16. Central Non- Plains underlain by thin regolith over sedimentary 3,229 - 107,639 300 - 10,000 9.84 - 984 3- 300 02 - 12 5 - 300 106 - 2,642 04 - 10
Glaciated Plains | rocks.
17. High Plains Plains underlain by thick alluvial deposits over 10,764 - 1.1E+05 1000 - 10,000 6.56 - 328 2- 100 00 - 6 1 - 150 106 - 2,642 04 - 10
sedimentary rocks.
18. Alluvial Valleys Thick deposits of sand and gravel, in places 2,153 - 538,196 200 - 50,000 98.43 - 6,562 30 - 2,000 20 - 20 50 - 500 106 - 5,283 04 - 20

interbedded with silt and clay, underlying
floodplains and terraces of streams.

19. Northeastern Hilly to mountainous area underlain by glacial 538 - 5,382 50 - 500 0.98 - 164 0.3- 50 12 - 12 30 - 300 26 - 528 01- 2

Appalachians deposits over fractured metamorphic and igneous
rocks.

20. Appalachian Hilly to mountainous area underlain by thin regolith 3,229 - 107,639 300 - 10,000 9.84 - 984 3- 300 02 - 16 5 - 400 106 - 2,642 04 - 10
Plateaus and over sedimentary rocks.
Valley and Ridge

21. Piedmont and Blug Hilly to mountainous area underlain by thick regolith 108 - 2,153 10 - 200 033 -7 01- 2 12 - 12 30 - 300 26 - 264 01-1
Ridge over fractured metamorphic and igneous rocks.

22. Atlantic and Low-lying plain of thick interbedded sand, silt, and 5,382 - 107,639 500 - 10,000 16.40 - 328 5- 100 20 - 20 50 - 500 132 - 5,283 05 - 20
Eastern Gulf clay deposits overlying sedimentary rocks.
Coastal Plain

23. Gulf of Mexico Low-lying plain of thick interbedded sand, silt, and 5,382 - 107,639 500 - 10,000 1640 - 328 5- 100 20 - 20 50 - 500 132 - 5,283 05 - 20
Coastal Plain clay deposits.

24. Southeastern Low-lying area of thick layers of sand and clay over| 10,764 - 1.1E+06 1000 - 100,000 98.43 - 9,843 30 - 3,000 12 - 20 30 - 500 |1,321- 13,209 5- 50
Coastal Plain semiconsolidated carbonate rocks.

*An average thickness of about 5 m (16.4 ft) was used as the break point between thin and thick.
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Key to Figure 3.2 (continued), Ground-water regions of North America.

Region Hydrogeologic Situation* Common Ranges in Hydraulic Characteristics of the Dominant Aquifers
Transmissivity Hydraulic Conductivity Recharge Rate Well Yield
(f1day) (m?day) (ft/day) (m/day) (intyr) (mmiyr) (gpm) (m*/min)

25. Yucatan Peninsulaj Low-lying area of thin regolith over 5,382 - 53,820 500 - 5,000 32.81 - 1,640 10 - 500 08 -8 20 - 200 132 - 1,321 05 -5
semiconsolidated carbonate rocks.

26. West Indies Hilly and mountainous islands of igneous and 1,076 - 1.1E+05 100 - 10,000 9.84 - 984 3 - 300 02 -12 5 - 300 26 - 2,642 01 - 10
volcanic rocks, overlain by thin regolith.

27. Hawaiian Islands | Mountainous islands of complex volcanic rocks, 1.1E+05 - 1.1E+06 |1.0E+04 - 1.0E+05 656.17 - 9,843 200 - 3,000 12 -39 30 - 1000 106 - 5,283 04 - 20
overlain by thin regolith.

28. Permafrost Region| Glacial deposits, perennially frozen, overlying 108 - 21,528 10 - 2,000 32.81 - 656 10 - 200 02 -4 5 - 100 3- 528 001 - 2
fractured igneous, metamorphic, and sedimentary
rocks.

*An average thickness of about 5 m (16.4 ft) was used as the break point between thin and thick.
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3.3 Regions With Standing Column Well Installations

3.3.1 Northeastern Appalachians Region

The mgority of currently known SCWs exig in the Northeastern Appaachians Region
(Region 19, Figure 3.2). This region includes the states of Maine, Massachusetts, New
Hampshire, New York, northwestern New Jersey, and also portions of southeastern
Canada. Exiging informaion implies that esch of these is inddled in igneous or
metamorphic rock.

The Northeastern Appaachians Region is a hilly to mountainous region characterized by
glacid depodts underlan by igneous and metamorphic rocks. The glacid depodts are
typicaly 10 ft (3 m) to 30 ft (9 m) thick (Randdl et d., 1988). The water table pogtion
commonly rises to within 6.5 ft (2 m) of the land surface each soring in the upland aress
(Randal et d., 1988), but in pats of Atlantic Canada, where the bedrock is more
permegble, the glacid deposts may reman unsaturated al year. According to the U.S.
Geologica Survey (1995), ground-water movement in this region is totdly dependent on
secondary  openings (fractures) in the bedrock; inter-granular porosties ae so smdl
(0.7% to 2.8%), they can be conddered insgnificant. Fracture permesbility in crystdline
rocks is the result of cooling of igneous rocks, deformation of igneous and metamorphic
rocks, faulting, jointing, and weathering. It is these cryddline rocks in which dl the
SCWs exid. A brief description of the aguifers and wel characterigtics found in them are
summarized in Table 3.3.

Ground-water chemica qudity is an important condderation for heat pumps and
pumping equipment. Weater in the cryddline rock aguifers is generdly suitable for most
uses because cryddline rocks generdly are composed of virtudly insoluble minerds.
Further, ground water is in contact with a rdaivey smdl surface area in joints and
fractures. Table 34 summarizes ground-waer qudity in cyddline aguifers of the
Northesstern Appaachian Region. Locdly, ground water may contan excessve
concentrations of iron, manganese, sulfate, or radon (U.S. Geologica Survey, 1995).

3.3.2 Appalachian Plateaus and Valley and Ridge Region

A number of SCWs have been identified in the Appdachian Plateaus and Vdley and
Ridge Region (Region 20, Figure 3.2). This region includes the states of Pennsylvania,
Wes Virginia, eastern Kentucky, eastern Tennessee and the northeast of Alabama This
includes the SCW a Pennsylvania State University (described by Mikler, 1993) and one
a Kutztown, PA. According to Mikler (1993), the test well a the Pennsylvania State
Universty is inddled in limestone. Exiding information suggests that the Kutztown well
is dso inddled in carbonate rock. Other inddlations found in the survey include severd
in Kentucky and onein Alabama.
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Table 3.3
Crystalline Aquifers of the Northeastern Appalachian Region
Source: U.S. Geological Survey (1995)

Well Characteristics
State Aquifer Description Depth (feet) Well Yield (gpm)

Common | Might [Common| Might
Range [Exceed| Range [ Exceed

New York Igneous and metamorphic rocks, generally | 25 - 400 600 1- 120f 180
confined
Connecticut Gneiss and schist with some other 10 - 300 500 1- 25 200

metamorphic and igneous rock types.
Generally unconfined in the upper 200 feet,
might be confined at depth.

Maine Igneous rocks include granite, gabbro, 20 - 500 800 2- 10 500
diorite, granodiorite, and pegamatite.
Metamorphic rocks include schist, gneiss,
quartzite, slate, and argillite. Locally
confined at depth.

Massachusetts  [lgneous and metamorphic rocks, 100 - 400 1000 | 1- 20 300
predominantly gneiss and schist, confined.

New Hampshire [lgneous and metamorphic rocks, generally |100 - 600 800 1- 10 100
confined.

Rhode Island Indurated to metamorphosed sedimentary [100 - 300 500 1- 20 50
rocks in the vicinity of Narragansett Bay;
igneous and metamorphic rocks, chiefly
granite and gneiss, elsewhere.

Vermont Igneous, metasedimentary, and 100 - 600 800 1- 10 100
metavolcanic rocks, generally confined.

The Appdachian Plateaus and Vdley and Ridge Region is a hilly to mountainous region
characterized by thin regolith underlan by sedimentary rocks. According to the U.S
Geologicd Survey (1997), the principd aguifers are the carbonate agquifers, primarily
limestone, and sandstone aguifers. Ground-water flow is controlled by the presence of
fractures in dl aguifers as wdl as solution channds in carbonate aguifers. Limestone
aquifers of the Waynesboro Formation in centrd Pennsylvania produce wdl yidds
reported to range from 25 to 210 gdlons per minute. In contrast, wel yidds from
sandgtonein this area only range from 10 to 30 gallons per minute.

Ground-water qudity in this region is reported to be suitable for municipa supplies and
other purposes (U.S. Geologica Survey, 1997). Due to the solubility of carbonate rocks,
these aquifers generdly contan very had waer (280 milligrams per liter) with totd
dissolved solids averaging about 330 milligrams per liter. The pH of the ground weter is
dightly basic, about 7.4 and iron concentrations are low, about 0.1 milligrams per liter,
but concentrations as high as 8 milligrams per liter have been reported. Ground water in
the fractured sandstone aguifers is moderatdy hard (100 milligrams per liter) with
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relatively low totd dissolved solids, averaging about 150 milligrams per liter. The pH of
the ground water is dightly basic, aout 7.4 and iron concentrations are low, about 0.1
milligrams per liter, but concentrations as high as 14 milligrams per liter have been
reported.

Table 3.4

Ground-Water Quality in Crystalline Aquifers of the Northeastern Appalachian
Region Source: U.S. Geological Survey (1995)

Property or Constituent Range Median [ Number of
Analyses
pH (standard units) 5.7-8.2 7.7 43
Hardness as CaCO; 14 - 186 68 42
Calcium (Ca) 4 - 66 23 36
[Magnesium (Mg) 0.9-15 2.8 36
Sodium (Na) 2.7 -40 8.4 37
Potassium (K) 0-5.3 2.6 36
Bicarbonate (HCO3) 4 - 205 62 41
Sulfate (SOy) 4.1 - 46 15 36
Chloride (CI) 0.4 - 140 6.5 41
Fluoride (F) 0-0.6 0.1 37
Silica (SiO,) 8.1-28 18 37
Dissolved Solids 31 - 286 116 37
Nitrate (NO3) 0-16 0.2 59
Iron (Fe) 0.04 -5.2 0.17 61
[IManganese (Mn) 0-0.58 0.03 56

Note: All concentrationsin milligrams per liter

3.3.3 Piedmont and Blue Ridge Region

A number of SCWs have been identified in the Piedmont and Blue Ridge Region (Region
21, Fgure 3.2, Table 3.2). This region includes southern New Jersey, western Virginia,
western North Carolina, western South Carolina and northern Georgia. Several wells are
known in New Jersey and some indicated (but not verified) in North Carolina. No wells
were found in the survey in the other states mentioned above.

The Fedmont and Blue Ridge Region is a hilly to mountainous region characterized by
thick regolith (wesathered rock) underlain by igneous and metamorphic rocks. It is
geologicdly smilar to the Northeastern Appaachian Region, except that it has not been
glaciated. The regolith ranges in thickness from a feather to 131 ft (40 m) and the water
table generally occurs near land surface in valeys and at depths of 26 ft (8 m) to 66 ft (20
m) in hilly aress (LeGrand, 1988). Sudtained wdl yields range from about 5 to 105
gallons per minute (LeGrand, 1988).
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Ground-water qudity in the crygaline rocks of this region is reported to be suitable for
drinking and other uses (U.S. Geologica Survey, 1997). The water is soft, with hardness
levels of about 63 milligrams per liter. Totd dissolved solids average about 120
milligrams per liter. The pH of the ground water is dightly acidic, about 6.7 and iron

concentrations are low, about 0.1 milligrams per liter, but concentrations as high as 25
milligrams per liter have been reported.
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4.0 The Standing Column Well Numerical Model

The objective of the numerical modd is to predict the trangent operation of the standing
column wel heat exchanger under varying load and flow conditions. The primary output
of interest in this dudy is the exiting fluid temperature. In order to examine different
danding column wel dedgns and operaing conditions the modd must dlow
mani pul ation of the following parameters.

Wl diameter and depth

Rock therma and hydraulic properties

Dip and suction tube size and position

System flow and bleed rate

Building/heat pump loads

Rock temperature and thermd gradient

Dip tube insulation

Casing depth

The heat transfer processes affecting the standing column well performance need to be
consdered on two physicd scaes. Insde the borehole — within a rdaivdy smdl  radius
— the heat transfer between the tubes, the surrounding fluid and the rock wall have to be
consdered. As the groundwater flow surrounding the borehole has a sgnificant effect on
its operation, the mode must be extended beyond the borehole by two orders of
magnitude in the radid direction. In addition the fluid flow indde and outsde of the
borehole is rather different. Ingde the borehole the flow can be likened to turbulent pipe
flow, in the rock fluid is flowing through a porous medium. Accordingly, as there is a
need to modd rather different physica scdes and fluid flow regimes ingde and outsde
the borehole, the modd used here conssts of a modd of the borehole and a modd of the
surrounding rock that are coupled together. This requires iterative solution of each mode
in sequence. The reaionship between the different domains of each modd is shown in
Figure4.1.

Ground-water flow in the laterd direction due to gross water movement arisng from
head gradients induced by adjacent rivers, loca pumping and changes in topology and
geology on a larger scale, are not consdered in the present study. Consequently it can be
assumed that the ground water flow and heat trandfer is symmetrica about the centerline
of the borehole To mode the groundwater flow and heat transfer surrounding the
borehole a finite volume modd that uses a mesh in two dimensons (axia and radid) has
been developed. The borehole is modeled as a nodd network that is discretized over the
length of the borehole. Huid flow in the nodd modd of the borehole is modded using
control volumes that coincide with those of the adjacent finite volume mesh. Each modd
is described in further detail below.
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Figure4.1: A diagram showing the relationship between the borehole
and groundwater flow models.

4.1 Heat Transfer in Standing Column Wells

Conventional closed-loop heat exchangers in geotherma heat pump applications are
often modded assuming no ground-water flow and that the soil/rock can be considered as
a 0lid. In a ganding column wel the fluid flow in the borehole due to the pumping
induces a recirculating flow in the surrounding rock. The ground-weater flow is beneficid
to the SCW heat exchange as it introduces a further mode of heat trandfer with the
surroundings — namely advection. The heat trandfer processes in and around a standing
column well areillustrated in Figure 4.2.

In addition to the conduction of heat through both the rock and the water, convection heat
transfer occurs at the surfaces of the pipework and a the borehole wal and casing. As the
borehole wall is porous (where there is no caang) fluid is ale to flow from the borehole
wal into and out of the rocks porous matrix. The sze of this flow is dependent on the
pressure gradient dong the borehole and the relative resstance to flow aong the borehole
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compared to the resstance to flow through the rock. If the dip tube is arranged to draw
fluid from the bottom of the wdl ground-water will be induced to flow into the rock in
the top part of the borehole, and will be drawn into the borehole lower down. At some
distance down the borehole (somewhere near hadf way down) there will be a baance
point (no net pressure gradient) a which there will be no flow ether into or out of the
rock. Thistype of flow isillusirated in Figure 4.2 and 4.3.

The advection heat transfer due to the ground-water flow is dways beneficid to the heat
exchanger performance — whether the water is withdrawn from the top or the bottom of
the wel. In the cooling season warm water is forced to flow into the rock and cooler
ground-water flows back out of the rock near the point of suction. Conversdly, during the
hesating season cool water flows into the rock and warmer water flows out of the rock
near the point of suction. The flow is therefore beneficia in ether mode of operation.

Convection +
N Evaporation +
| || | Transporation

Convection
+

Advection <} Conduction

Conduction

Buoyancy

Advection

Figure 4.2: A diagram showing the different modes of heet transfer in and around a
danding column well.
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Figure 4.3: Advective heat transfer due to groundwater flow under norma operating
conditions and ‘bleed’ conditions.

4.2 The Numerical Method

4.2.1 The calculation procedure

The mathematicd modd of standing column wel sysems has been reported in previous
progress reports. In summary, the modd conssts of two components. (1) a well-bore sub
modd and (2) a finite-volume numerical modd of flow and trangport in the rock. For the
borehole modd and finite volume mode to be coupled, the heet fluxes cdculated by the
borehole moded must be used to set boundary conditions at the borehole wal in the finite
volume modd. In turn, the finite volume modd cdculaes the ground flow and
temperature fields and is able to pass the borehole wall temperatures back to the borehole
model. Hence borehole wall temperatures are inputs to the borehole modd and fluxes are
output, and visa versafor the finite volume modd.

For the heat fluxes to be consgent with the wall temperatures requires some iteration
between the two modeds. It is aso generaly necessary to under-relax the temperatures
passed to the borehole modd. This necessty means that the model requires considerable
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computer resources to caculate the trandent performance of the well through a whole
year.

In order to predict the response to time varying building/heastpump loads the temperature
difference between the suction and discharge temperatures has to be set consstent with
the predetermined annud building loads. This requires further iteration and under-
relaxation between the two models. The sequence of the cdculaion and the trandfer of
information between the borehole modd and the finite volume modd is shown in Figure

Inibalize Inibdalize
Fu T Model Borehole
Model
Cdrulae | TEmmees Calde
Flow & Borehole Heak Purmp
Temperature Flow and %] Loads and
using Fy M s | Temneratires Flon rabe

Is
Zonverged

Cukput hourly
Ternperabures
and Ground-
water Aows

Oukput
Results

Figure4.4: A flowchart showing the flow of information between the finite volume
model and the borehole modd and the progression of the calculation. Building loads and
flow rate can beread in at each time step.

4.2.2 The Finite Volume Model
The finite volume method (FVM), as it is implemented in the solver used in this work, is
described in this section by reference to a generic advection-diffuson equation. The
FVM (Patankar 1980) tarts from the integra form of the partid differentia eguation:
% g av + orfv ndS = (‘)GNf ndS + QAV (4.1)
Vv s s Vv
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where f is the dependent varidble (head or temperature in this context) and G is the
diffugvity, V is the volume and S is the surface of a control volume and n is a vector
norma to the surface. The left-hand term of the equation is the tempora term, the second
term represents the Advective fluxes, the third term represents the diffuson fluxes and
the fourth term represents sources and sinks. This generic form of advection-diffuson
equation can be used D represent both the heat transfer and ground-water flow equations
used in this work. Particular gpplication to each of these processes is discussed in later
sections.

A physica space gpproach for dedling with complex geometries can be derived from the
vector form of the equation aove. We will consder the advection fluxes, diffuson
fluxes and tempord term in turn for one cdl of the mesh. The approach taken here is
discussed in Ferziger and Peric (1996).

4.2.1.1 Advection Fluxes
The advection flux term in discrete form is the sum of the advection fluxes through each

cell face:
N 0
OrfvrdS » g F° 42)
S

where i = nsw,e for a 2D cdl. If we congder the advection flux on a particular face of
our prototype cell (say the east face) then

F° = (rfv xn),S, (4.3)

where S is the surface area of the east face. This assumes that the vaue of the variable a
the face can be gpproximated by the value a the centroid (midpoint) of the face It is
convenient, in terms of dorage, to multiply the surface area by the norma vector and
store an ‘area vector'. For the east face of a two-dimensond cdl this can be cdculated in
terms of the cdll vertex coordinates.

neSe ° (yne - yse)i + (Xne - Xse)j (4.4)

The subscripts ne and se refer to the north-east and southreast vertices of the cdl (see
diagram below). With these definitions the advection flux at the east face becomes:

FC =1 f (SV' + SV, (4.5)

e

From this it can be seen that each component of the velocity vector makes a contribution
to the advection flux passng through the cel face. In the case of an orthogond grid

S* © S and the second term in the brackets of eqg.(5) would be zero. It is aso necessary
to interpolate the values of the variablef , and the velocity v, to values at the cell face.
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4.2.1.2 Diffusion Fluxes

A second order gpproximation is to assume that the value of the variable on a particular
face is wdl represented by the vaue at the centroid of the cell face. If we consder the
diffuson flux a the east face of acdl we can write:

F> = g&Nf nmdS » (GNf xn),S, (4.6)

S

e

where & is the area of the east face. Our main difficulty is in cdculaing the gradient of
the variable (Nf)at each cell face. Referring to the diagram in Figure 4.5 we can dine

local coordinates a the cdl face. In the direction norma to the face a its centroid we
define the coordinate n, and on the line between neighboring centroids we define the
coordinate ? which passes through the face at point €.

Figure 4.5: The geometry of atypica cell in the mesh showing the relationship between
the face and cell centroids.

In order to caculate the gradient of the varigble a the cell face we would like to use the
vaues of the varidble a the cdl centroid as we are caculaing these implicitly. We could
cdculate the gradient usng the vaues a f p and f g and the distance between these points,

Lpe. Inthiscase F° » GS,(1f /TX)eswhich is only accurate if the grid is orthogondl.
What we would redly like is to preserve second order accuracy by making the caculation
of the gradient aong the normd to the face and a the centroid of the face by using the
vaues of the variable a points P and E. However, we are not cdculaing the vaues of
the variable a these points implicity. We use a ‘deferred correction’ approach to
caculaing the flux as follows:
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&df 6 adf o U

0 0 ,
C%Seg + QS &~ - g U 4.7)

X EMg & 4

where we use centrd differencing to get the gradients:
alg :(fE'fP) o @f 0 ( E¢'fP¢) 48)
X 2 Loe ﬂn Qe Lpeeo '

The terms in the square brackets on the right of equation (4.7) are caculated explicitly,
i.e. usng the previous vaues of the variable. As the solution gpproaches convergence the

terms (TF /TX) e and (TF /91X) o cancel out.

To proceed with this technique we need to be &ble to cdculate the vaue of the
independent variable a points P and E, i.e. fp and f g. This requires some interpolation
from the centroid vaues. A convenient and generdized way to do this is to use the
following interpolation formulaes

fpe = fp + pr X (e = TIp)

f E = f E + Nf E X (rE¢ - rE) (49)
and to use this we need to know Nf . Now Nf in can be expressed in terms of the
derivatives of the Cartesan coordinates giving the vector (for two-dimensons):

i qf

Nf = — i +— |
ﬂxl ﬂyj (4.10)

A smple way of evauding this vector is provided by the Gauss theorem; we
goproximate the derivative a the control volume centroid by the average vadue over the

cdl:
I
Hf 0 Q‘Ibq W
ﬂgb » T (4.11)

If we consider the derivative I /X asthe divergence of thevector f i thevolume
integra of equation (4.8) can be trandformed into a surface integral:

I

N\

dv = Qf I, xndS » é_ fmSi“, m=n,sw,e,...

(4.12)
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This dlows the cdculation of the gradient of f with respect to x a the control volume
centroid by summing the products of the variable a the face with the x-components of the
surface vectors and dividing by the cdl volume:

[0

3} f S

mro 815
e DV

The other piece of information we need to make the interpolation is the postion vectors

ree and re. Given that we know the postion of the cell centroid and the centroid of each
face we can use some vector subtraction:

fpe = Te = [(re - Tp) X nIn
fee = T - [(re - reg) x 0N

Finaly we can write our discrete equation as

(Fe-fp) M e-fed (c-fp)l
+GS.é u 4.15
P E @ LP(I;E¢ LP E Q (*.15
This can be smplified further by usng only the length Lp g only so that

b _ fe - 1) . GS old

R o= G 5=+ 2 - f) - (e - T g
Logee Lot

Doing this alows usto store the quantity GS,/ L. as adiffusion conductance for each

face only. By subdtituting our interpolation formulae into equation (4.16) we arrive &:

_ &8 &S |

= (e - fo) + =2 [Ne e - D) - o x@ - W @y
LFIFE¢ LF!t,F_tt

Where the right hand terms are cadculated as a deferred correction. If the grid is

orthogonal, then it can be seen that the deferred correction becomes zero and the discrete
equation becomes equivaent to that for orthogond grids.

(4.13)

(4.14)

old

=Gy

4.2.1.3 Temporal Discretization

We can think of time as a one-way coordinate, in that the past dtate influences the future
but never the other way around. Hence we dep forward in time from some initid
condition when solving our trandent conduction problem. In formulating a finite volume
solution we need to integrate the partid differential eguation. In a transent problem we
need to integrate with respect to time aso. Hence we integrate from the current time t"
using afixed time step 2t to anew timet™ ! so that,

£ e ..
N\ ﬂrf NN\ ﬂ ﬂf 0
dtav = &G Qavdt
00 005 &~ X (4.16)
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If we assume tha the grid point vaue of the dependent varidble prevails for the whole
control volume then we can write,

tn+1
LN ﬂf DV n+1 n
00V »=(5-13) i

where DV is the volume of the cell. We a0 need to ded with the integration in time of
the right-hand side of our equation. If we leave the diffusion fluxes in terms of FP for the
four faces of our two-dimensiond control volume (n, s, w, €) we arrive &,

DV . \tn+l

rﬁ(fgl-fS)ZQ [FnD-}-FSD-'-FWD-'-FeD]dt (4.18)
We mugt now make some assumption about how the diffuson fluxes vary from one time
dep to the next. We can make a generd gpproximation which is the weighting of the old
and new values so tht,

DV ot £0)= flFP + FP +FO +FP" I

+@- D[FP+FP+FP +F°]'Dt
If f=0 then the new vaue of f p (a time levd n+1) is entirdy in terms of vaues a the
previous time sep. The equaion for each node could then be solved directly and
independently of the equations for the other nodes. This type of scheme is caled explicit
and has obvious computational advantages. However, this scheme has a numerica
dability limitation. If f is anything other than zero the scheme is implicit. This means that
the equations for each node have to be solved smultaneoudy. If f is 1 the scheme is said
to by fully implicit. The fully implicat gpproach results in the following discretized
equation,

(4.19)

n+l

oV rt-£0)=[FP +FP+ FP +FP| Dt (4.20)

It can be seen that the tempora term is equivaent to firgt-order backwards differencing in
time. The discretized eguation can then be said to be first-order accurate in time and
second-order accurate in pace. This scheme is unconditiondly stable. It is this fully
implicit formulation that has been used in this project.

In order to make calculations of SCW performance over a whole year (8760 hours) it was
necessary to make a compromise between computationa speed and detail representation
of the time varying boundary conditions The building/hest pump load data was avalable
on an hourly bass. However it was not feasible to use hourly time seps due to the
excessve computation time. The load data was consequently integrated so that sx hour
time steps could be used.

4.1.2.4 Solution of the Equations
After integrating the p.d.e and goplying the discretization procedures we have discussed
S0 far we arrive at an dgebraic equation for each control volume of the form,
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af, =Sa,f.,+b (4.21)

where, ap for one control volume becomes one of a,, for the next cdl. In other words, for
the whole discretized domain we have a set of algebraic equations that are coupled via
neighboring cdls. We can assemble these equations into matrices so that the agebrac
problem we have to solve can be expressed as,

[a]f] = [Q] (4.22)

where [A] is a square matrix of coefficients and [f ] and [Q] are vectors. This set of
agebraic eguations is a linearized Discretization of the p.d.e In order to ded with the
non-linearities of the egquation (due to advection for example) it is necessaxry to iteraively
re-linearize the equations and goply a linear equation solver & each iteration. There are
many equation solvers avaladle but the dgorithm known as the Semi-Implicit Method
(SIP) or Stones Algorithm (Stone 1968) has been used, dong with the BICGSTAB
agorithm (van der Vorst 1981).

The finite volume mode has previoudy been vdidaied agang andytica solutions to a
number of diffuson and advection-diffugtion problems. It was specificaly tested agangt
solutions for cylindrical conduction heat trandfer for this work. The borehole modd was
tested using the data recorded by Mikler (1993).

4.2.3 Application to Ground-water flow and Heat Transfer

In order to mode hest transfer and ground-water flow around the standing column well it
is necessary to solve two sets of partia differentid equations. A typicd numericad mesh
over which these equations are solved is shown in Figure 4.6. In this work saturated flow
has been assumed and so Darcy’s equation is used to modd saturated ground-water flow.
Prdiminary caculaions of the wel draw-down show it to be less than one meter. Hence
this effect is negligible compared with the overal 320m (1000ft) of the borehole and has
been ignored. The equation of flow iswritten in terms of head, and is given by:

1h

N X KNh) = Ssﬁ (4.23)
where: K = hydraulic conductivity (m/s[ft/h])
h = hydraulic head (m[ft])
S = gpecific Sorage )
t =time (s[hn)

In this type of problem with a radid-axia geometry the static component of the head can
be subtracted out — only differences in head induced by pumping cause ground-water
flow.

Heat trandfer in the ground is described by a form of the energy equation. We assume that
the solid phase and fluid phase are in thermd equilibrium (at the same temperature a a
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given point) 0 that we consder the temperature as an average temperature of both
phases. An effective therma conductivity (k. ) for the rock and fluid can be defined by:

Ky =Nk, +(1- n)k, (4.24)
where,
n isthe porosty;
K, istherma conductivity of fluid (W/m.K [Btuhr.ft.°F]);
K, istherma conductivity of solid (W/m.K [Btwhr.ft.°F]).

The thermd mass of the rock is smilarly given by [nr,C +(1- n)r C ] where C, and

Cps are the specific heats of the liquid and solid respectively. The energy equétion is
consequently defined for the porous medium as.

[nr,C,, +(1- n)r SCpS]%+r C,ViRT - RifkNT)=Q (4.25)

where,
V, is average linear groundwater velocity vector (mvs [ft/miny);
n isthe porosity (-);
ket iseffective thermd conductivity (W/m.K [Btuhr ft.°F]);
r is density (kg/n [Ibrvft®]):;
C is specific heat (Jkg.K [Btwlbm.°F]);
Q is source/sink (W/nt [Btu/hr.ft%]).

Subscripts: | = water;
<= solid ( water saturated soil);

The second term only contains the therma mass of the liquid as heat is only advected by
the liquid phase. The energy equation (4.25) and the equation for head (4.24) are coupled
by the fluid velocity. The fluid velocity is obtained from the darcian ground-water flux as
follows

vV=- %Nh (4.26)
Hence the solution to the energy equation depends on the velocity data caculated from
Darcy’s equation. Consequently Darcy’s equation and the energy equation are solved in
sequence iteratively. It can be seen that both the energy equation and the equation for
ground-water head are forms of advection-diffuson equation (4.1). Accordingly they can
both be trested by the solution technique described in the previous section by suitable
choice of congtant coefficients.

Boundary conditions for the SCW heat transfer numericd modd are specified as zero
flux at the centerline (symmetry) and top surface. The outer boundary (at the right in Fg.
4.6) and the lower boundary have the temperature set according to depth with a constant
temperature gradient gpplied. Boundary conditions for the ground-water flow problem
are specified as congtant head on the domain boundaries. For the purposes of caculating
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the ground heat trander the part of the mesh corresponding to the borehole is made
adiabdic (i.e the finite volume numericd model does not caculate temperatures within
the borehole). Specia boundary conditions are gpplied a the borehole wal to achieve
coupling between the borehole therma modd and the finite volume model.

Figure 4.6 dso shows the form of the numerica grid used in the finite volume modd
cdculaions. Thegrid isin theradid-axid plane. After conducting some grid
independence calculations afind grid size of 160x70 was chosen as the best compromise
between accuracy and computational speed.

Top of B /

Water Table

Adiabatic surface

z Return Pipe
Discharge

(‘head flux is specified)

Borehole wall boundary condition is
heat flux from sub-bor ehole model

T=(11.1+0.006*depth) °C
/ Head is set as constant zero

Suction Pipe
Inlet

(head flux is specified)

e cand

\ T=13.38°C

Head is set as constant zero

Figure 4.6: A typicd numericd mesh 1or mooeing Sanaing column well
ground-water flow and hegt trandfer.
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The zone of the mesh corresponding to the borehole is treated rather differently when
solving for the ground-water flow. In this case the fluid flow has to be cdculated within
the borehole by the numericd modd by udng solving the ground-water flow equation
(4.23). This is necessay to find the flow through the wal of the borehole driven by the
pressure digtribution within and adjacent the borehole. Boundary conditions of constant
flux are specified a the postions corresponding to the end of the discharge and suction
pipes. These boundary conditions have to be conssent with the flow boundary
conditions used in the borehole therma modd. To cdcuae the flow insde the borehole
usng equatiion (4.23) the proportiondity congtant (hydraulic conductivity) has to be re-
defined so0 that the Darcy flux equetion retains the same form (q = KDh/Dx) — a linear
relationship between the flux and the hydraulic gradient.

The head loss (Dh) in apipeis given by the Darcy-Weisbach formula

.l
Dh= EZ (4.27)
where, d = thepipediameter (M [ft])
f = thefrictionfactor  (-)
u = mean fluid vdocity (n/s[ft/h])

For laminar flow, f = 64/Re and re-arranging terms to keep the Darcy form gives the
following definition of the proportiondity congtant:

_d’rog
KIaminar -
32m(T)

(4.28)

This proportiondity condant is aso given by Bear (1972), and this type of laminar flow
is known as Hagen-Poiseuille flow. This is used to st the hydraulic conductivity within
the borehole for the finite volume modd.

4.3 The Borehole Model

Heat transfer in the well bore is characterized in the radid (r) direction by convection
from the pipe wdls and borehole wall, plus advection at the borehole surface, and in the
vertica (2) direction by advection only. The therma mode for the well bore can be
described by a series of resistance networks as shown in Figure 4.7. The therma network
a aparticular verticd podtion varies depending on the presence of the suction and
discharge pipes.
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Ground Surface

— Suction Tube

Qadvecti on, rock

<4—Discharge Tube

Chovecti on, dip tube

L~ qadvection, well bore

%dvection rock
& <,
Tb
qadvection, rock
A,
=
Tb

Figure4.7. Thewdl bore therma modd.
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4.3.1 The Borehole Numerical Model
An energy balance can be formulated at each z planein the well bore corresponding to
the zplanein the F.V. modd of the porous medium:

dT,,
T’Vr Cp = qconvectionsuctiontube + qconvectiondischarge tube + qconvectionrock ( 4 29)
+ qadvection,rock + qadvectionannulus
where, Taz = thefluid temperaturein the annular region (°C [°F])
V = thevolume of water inthe annular region (T [ft°])
r = the density of water intheamular region  (kg/n® [lbm/ft®])
Co = gpexific heat of water (Jkg.K [Btu/lom.°F]).

Making use of the resistance network, the convection heat transfer rates are defined as:

1
Qconvectionm =E(Tm - Ta,z) (430)
where, R = the thermd resistance (°C/W [°F/ft))
m refers to each of the suction tube, the discharge tube, and the rock.
The thermd resstance is defined generdly as.
1 € ;@1 ol
Rm = e_ In I 431
A,m éhi,m plpe g_ﬂ gmm ( )
where, A = area (T [ft?])
r = radius (m [ft])
k = therma conductivity (W/m.K [Btu/hr.ft.°F])
i = inner surface
0 = outer surface
h = the convection coefficient (W/m.K [Btu/hr.ft.°F])
_ Nu kg
= 5.
Dn = hydraulic diameter (M [ft])

Determination of the Nussdt number (Nu) for forced convection a each surface is
discussed in the following section. The flow rates will be determined from the solution of
the flow problem. The 2'¢ and 39 terms of equation 4.31 do not apply to convection heat
transfer a the borehole wal. The advection heat transfer rates in equation (4.29) are
defined as.
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qadvection,n = mcp (Tn - Ta,z) (432)
where, m = the massflow rate of the water (kg/s [Ibm/h])

n refers to each of the rock and the annular fluid at nodes z-1 and z+ 1.

For the fluid in each of the dip tubes the energy baanceis given by:

thubez

Vr Cp = qconvectionannularregion + qadvection,tube (433)

where al terms are expressed as described above.

Now, equation (4.29) can be expressed in discrete form and T, can be isolated and
likewise, equation (4.33) can be expressed in discrete form for each tube and Taischarge tube,z
and Tsuction tube,z CAN be isolated. The result is a system of smultaneous equations that can
be solved using the Gauss-Seidel method. Upon convergence of the fluid temperatures,
the heat flux to the lorehole wal will be caculated and passed to the finite volume mode
and usd to st the flux boundary condition, the finite volume mode in turn will be used
to cadculate new temperatures at the borehole wall. This procedure will be repeated until
the borehole wall temperatures and fluxes a esch z-levd are consgent. The coupling of
the two modds in this way requires consderable numerica effort to reach convergence at
each time step.

4.3.2 Convective Heat Transfer In the Borehole

Convective heat transfer within the borehole, particularly a the borehole wdl has been
thought to be of sgnificance in the overdl borehole heat trandfer. Accordingly some
effort has been made to apply appropriate convection correations to each surface with
due regard for variations in surface roughness.

Literature review of convection correations for pipe flows suggests that the difference
between the concentric and eccentric pipe cases may not be significant (Bhatti and Shah
1987). The correlations about eccentric configurations are limited and most are in table
form, rather than explicit corrdations that can be directly used in the computer code.
Accordingly, corrdations based on concentric configurations have been applied. In
practice, in order to obtain good hea trander, the annular area in the wdl is usudly
gndler than the area indde the tube, 0 the veocity near the wadl is high enough to
produce turbulent flow.

Within the wdl, crcular duct correations have been used to find friction factors. For
smooth surfaces, Techo's correlation (Techo et al. 1965) has least relative error compared

to the PKN! empiricd formula for 10* £ Re<10’. Colebrook's correlation (Colebrook

1
1 PKN( Prandtl, karman, Nikuradse) correlation: —— =1.7372 In(Re +/f )- 0.3946

G
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1939)? is used when Reynolds number is less than 10°. For rough surface, the explicit
equation with least reative eror compared to Colebrook-White empiricd formula is
given by Chen in 1979 (Bhatti and Shah 1987). These correlations are:

N Re
1.964In Re- 3.8215

L _34g-173721 8- 16:2426
a Re

It

for rough surfacesand dl vaues of Re and €
a

% =1.7372| for smooth surface 10* <Re<10”  (4.34)

Where f isfanning friction factor;

ReisReynolds number, Re = D,V ;
n
Dy, is hydraulic diameter ( m [ft]);
V isfluid veocity (mvs[ft/sec]);
n iskinematic fluid visoosity (/s [ft?/sec]);
e isheght of surface roughness—sand grains (m [ft]);

— (e/a')llog8 + 7149 0.8981.
A . )

(
aistheradius of duct (m [ft]).

6.0983 R

In the above formula, more accuracy can be achieved by subgtituting the laminar
equivalent diameter D, for hydraulic diameter D, .
D, 1+r2+@-r?)/Inr’

D, a-r)? (%)

where,

. T
r=—;
rO

Iy, I, istheradius of outer and inter pipe respectively (m [ft]);

D, ishydraulic diameter(4* arealwet perimeter) here: D, = 2(r, - r,) (m[ff]) ;

Nusalt number corrdations for circular ducts have been used to find convection
coefficients at both the pipe walls. In these corrdations the hydraulic diameter (D, - D,)

is used as the appropriate diameter. The correation by Gnidinski is used for smooth
surfaces such as the discharge and suction tube:

2 Colebrook-White correlation: —— = 3.48 - 1.7372 InE + &)

Jt a Reqff
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___(f/2)(Re- 1000)Pr
1+12.7(f/2)Y2(Pr¥3- 1)

(4.37)

The borehole wal in standing column well is dways rougher than the surface of aplagtic
or sted pipe. The roughness depends on the loca geologica conditions and drilling
method. Increased roughness increases the borehole wall’ s surface area and promotes
local turbulent flow &t the rough wal of borehole, which augment the heet trandfer. But at
the same time, it aso brings the increase of friction factor. To ded with thiswe use the
correlation proposed by Bhatti and Shah (1987).

(f /2)(Re- 1000) Pr

Nu =
1+ (f/2)"*[(17.42- 13.77Pr,°°) Re>? Pr®°- 8.48]
Where: Pr is Prandtl number;

(4.38)

1 101- 0.09Pr** forl£ Pr £145
Pro={ 1.01- 0.11InPr for145< Pr £1800
10.99- 0.29(n Pr)*'2  for1800 < Pr £12500

Re

Re :Reqlflz

e isroughness Reynolds number, ) D/e
€ isheight of surface roughness—sand grains (m [ft]);
D istheradius of pipe (m [ft]).

Norris (1971) aso found that Nussdt number no longer increased with the incressing
roughness. This is because when roughness effects on friction factor become very large (
f I fsmooth > 4), the heat trander resstance has become essentially a conduction resstance
at the surface between the roughness e ements.

Free convection may agpply at the bottom of the borehole below the suction pipe where
the fluid velocities are Sgnificantly lower than the rest of the borehole, and also when
pump is off. The correation recommended by Churchill and Chu (1975) for the vertica
cylinder has been gpplied in these cases:

D, 35

1/6
0.387Ra 2 gor Do 35 (4.39)

Nu ={0.825+
t [1+ (0.492/ Pr)*/16]%/2" L GrM*

where,
b(T,- T,)L*0
na 5
isthe characterigtic length L of the cylinder (m [ft]);
IS expangon coefficient;
is kinematic viscosity (/s [ft?/sec]);
isthermd diffusivity (/s [ft?/sec]);

isRayleigh number&g

&

O S o
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L .
Gr.  isGrashof number - T
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5.0 Parametric Study

This section describes the methods used to conduct the parametric study that has been
used to determine the effect of key parameters on the performance of SCW systems. To
examine the effects of particular parameters, one year of hourly building loads from a
prototype building have been used to provide therma boundary conditions for the SCW
model. Simulations have been made using awhole year of load data. Thisdlowsthe
highly trangent nature of the SCW system to be examined, especidly during “bleed-off”
times.

The parametric sudy has been organized using a‘base case’ and caculating the system
performance for this and other cases where a single parameter variaion isvaried in each
case. (It was shown infeasible to consider al possible parameter combinations due to the
intensve nature of each caculaion). Variaionsin the following parameters have been
Studied:

Rock thermd conductivity
Rock specific heat capacity
Ground Thermd gradient
Borehole surface roughness
Borehole diameter
Borehole casing depth

Dip tube diameter and conductivity
System bleed

Bleed control strategy
Borehole depth

Borehole flow direction
Rock hydraulic conductivity

5.1 The Base Case

5.1.1 Building Loads

All the smulaions have been made by using building loads cdculated for asmal office
building in Boston, MA (Figure 5.1). The building loads are determined by using
building energy smulation software (BLAST, 1986) and the congtruction is based on a
red building in Stillwater, OK. The total area of the building is approximately 1,320 nt
(14,205 ft?). The following assumptions have been used to determine the annual building
loads:

The building is divided into eght different therma zones.

For each zone, a 9ngle zone draw through fan system is specified. The
tota coil loads obtained from system smulation are equa to the loads to
be met with ground source heat pump system.

N
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3. Theoffice occupancy is taken as 1 person per 9.3 nf (100 ft? ) with a 70%
radiant heat gain of 131.9W (450 BTU/hr).

4. A 11.8 W/n? (1.1 WIft?) of office equipment plug load is used.

5. Thelighting loads vary from 10.04W/nf (0.93W/ ft?) to 15.88W/n?
(1.47WIft?) in the different zones

6. A thermostat set point of 20.0 °C (68.0 °F) during the day (8am-6pm) and
14.4 °C (58.0 °F) during the night is used for dl zones in the building.
Only heating is provided during the night, depending on the requirement.

7. Schedules for office occupancy, lighting, equipment, and thermostat
controls are specified.

The heating and cooling loads for this building are reasonably balanced — see Fig. 5.1.
The maximum exiting water temperature (back to the heat pump) occurs during the day
of the peak cooling-load (July 15). The minimum temperature back to heat pump occurs
during Jan. 15, but does not coincide with the day of pesk heating load (Jan 28.). Thisis
caused by the digtribution of building load. There are high heeting loads for severd days
leading up to Jan 15 causing a successive reduction in the borehole temperature. In
contrast the loads are relatively smal immediately before the pesk building heeting-1oad

on Jan. 28.
Building Load in Boston

50.0 170.6

40.0 | ' 136.5
— 30.0 | | 1024 =
< | L] =
= 20.0 — - 68.2 3
= 100 341 £
§ 0.0 0.0 ‘E
= -20.0 i -68.2 2
S -30.0 ami -102.4 3B
m =]

-40.0 : a -136.5 @

-50.0 -170.6

'600 T T T T T T T T '2047

0 1000 2000 3000 4000 5000 6000 7000 8000
Times(hours)

Figure5.1: Building load of abuilding in Boston (Positive loads are heating load).
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5.1.2 Base Case SCW Design
The design data for the base case well design comes mostly from the well used by Mikler

(1993). The geometric arangement of the well is shown in Figure 5.2. Thiswell hasadip
tube extending to very near the bottom of the well and discharge from the hest pump
systemis near the top. The ground conditions are assumed to be smilar to that in the
northeast of the U.S. The ground surface temperature used was 11.1°C (52°F), and the
natural geothermd gradient is 0.6°C/100m (0.34°F/100ft). The base case therma and
hydraulic properties are taken from the mean vaues for Karst Limestone found in Table
3.1

Ground Surface .
Ground Surface Discharge Tube

£
I\

[=——

A l vyA
152.4mm

-~ Borehole — | Discharge Tube

Wall /\ v
101.6mm

33.4mm

320m
318m
—_—

— Dip Tube _
A-A section

Figure 5.2: A schematic drawing showing the borehole geometric arrangement for the
base case.
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Table 5.1
Properties of the base case SCW
Parameter Depth Diameter wall Thermal Surface
Thickness | Conductivity | Roughness
Units m mm m wi/m.oeC mm
(ft) (in) (in) (Btu/hr .ft.°F) (in)
320 152.4 15
B =T G E s I —
orenole (1049.6) ©6) (0.06)
Discharge 2 334 3.05 4 15
pipe (6.56) (1.3) (0.12) (2.31) (0.06)
Suction 318 101.6 6.35 0.1 15
Pipe (1043) (4) (0.25) (0.0578) (0.06)

5.2 Parameter Values

In the parametric study each case has one parameter vaue changed from those of the base
case (except the cases that dedl with different rock types). Cdculations with differing

well depths have been made to enable each parameter variation to be correlated with
potentia reduction/extension of borehole depth.

Thetotal number of cases has been limited due to the consderable length of time each
caculation takes — gpproximately 14 days on the fastest available PCs. This effort has
required up to six computers running continualy for more than 24 weeks. Consequently
it has not been feasible to make cadculations for al parameter value combinations— only
a base case with one parameter varied at atime. The parameter vaues for the different
cases in addition to the base case are shown in Table 5.2.

In addition to the calculations of well performance with congtant rates of bleed, additiona
cdculations were made using two srategies for controlling bleed operation. The modes
of operation were:

1. Deadband control: In winter, when water temperature back to HP is lower than
5.83°C (42.5°F), bleed is started. When the water temperature back to HP is
higher than 8.6 °C (47.5°F), bleed is stopped. In summer, bleed is started when
water temperature back to HP is higher than 29.2 °C (84.5°F), and stopped when
water temperature back to HP is lower than 26.4 °C (79.5°F)°.

2. Temperature-difference control: The temperature difference (D T) between water
back to and from HP was used as a controlled parameter. The temperature
difference (D T) was st to give the same number of hours of operation asthe
deadband bleed control case: 5.6°C (42.1°F).

In both cases the rate of bleed was 10%.

3 Personal communication with Mr.Carl D. Orio in Water and Energy System Corporation.
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Table 5.2
Parametric study parameter values. Values changed from the base case are highlighted with shading

Thermal Natural Specific heat | Hydraulic S . . Thermal
L . o urface |Borehole | Casing | Dip tube |Borehole [Bleed . -
conductivity of geothermal capacity of |conductivity . . Porosity | conductivity
Parameter : roughness|diameter | depth |diameter| length | rate -
rock gradients of rock rock of rock of dip tube
W/me°C °C/100m J/m¥C m/s m m m m m %) Q) W/meC
No. Case (Btu/hr-ft-oF) (°F/100m) (Btu/ft3-°F) (gal/day/ftz) (in) (in) (in) (in) (ft) (Btu/hr-ft-°F)
3 0.6 2.70E+06 7.00E-05 [ 1.50E-03 | 0.1524 0 0.1016 320 0 0.275 0.1
1 Base (1.73) (0.329) (40.27) (148.23) (0.06) (6) 0) 4 (1050) ) (0.0577)
2.5 0.6 2.70E+06 7.00E-05 [ 1.50E-03 | 0.1524 0 0.1016 320 0 0.275 0.1
2 kt2 (1.44) (0.329) (40.27) (148.23) (0.06) (6) (0) 4 (1050) ) (0.0577)
4.3 0.6 2.70E+06 7.00E-05 [ 1.50E-03 | 0.1524 0 0.1016 320 0 0.275 0.1
3 kt3 (2.48) (0.329) (40.27) (148.23) (0.06) (6) (0) 4 (1050) ' (0.0577)
3 0.6 2.13E+06 7.00E-05 | 1.50E-03 | 0.1524 0 0.1016 320 0 0.275 0.1
4 s2 (1.73) (0.329) (31.77) (148.23) (0.06) (6) 0) 4 (1050) ’ (0.0577)
3 0.6 5.50E+06 7.00E-05 | 1.50E-03 | 0.1524 0 0.1016 320 0 0.275 0.1
5 s3 (1.73) (0.329) (82.03) (148.23) (0.06) (6) (0) (4 (1050) ) (0.0577)
3 0.3 2.70E+06 7.00E-05 [ 1.50E-03 | 0.1524 0 0.1016 320 0 0.275 0.1
6 n2 (1.73) (0.17) (40.27) (148.23) (0.06) (6) 0) 4 (1050) ) (0.0577)
3 1.8 2.70E+06 7.00E-05 [ 1.50E-03 | 0.1524 0 0.1016 320 0 0.275 0.1
7 n3 (1.73) (0.99) (40.27) (148.23) (0.06) (6) (0) 4 (1050) ) (0.0577)
3 0.6 2.70E+06 1.00E-04 | 1.50E-03 | 0.1524 0 0.1016 320 0 0.275 0.1
8 kh2 (1.73) (0.329) (40.27) (211. 8) (0.06) (6) (0) (4 (1050) ' (0.0577)
3 0.6 2.70E+06 1.00E-06 | 1.50E-03 [ 0.1524 0 0.1016 320 0 0.275 0.1
9 kh3 (1.73) (0.329) (40.27) (2.118) (0.06) (6) 0) 4 (1050) ’ (0.0577)
3 0.6 2.70E+06 7.00E-05 | 3.00E-04 | 0.1524 0 0.1016 320 0 0.275 0.1
10 h2 (1.73) (0.329) (40.27) (148.23) (0.01) (6) (0) 4 (1050) ' (0.0577)
3 0.6 2.70E+06 7.00E-05 [ 9.00E-03 | 0.1524 0 0.1016 320 0 0.275 0.1
11 h3 (1.73) (0.329) (40.27) (148.23) (0.35) (6) 0) 4 (1050) ) (0.0577)
3 0.6 2.70E+06 7.00E-05 [ 3.00E-03 | 0.1524 0 0.1016 320 0 0.275 0.1
12 h4 (1.73) (0.329) (40.27) (148.23) (0.12) (6) (0) (4) (1050) ) (0.0577)
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Table 5.2 Continued
Parametric study parameter values. Values changed from the base case are highlighted with shading

Thermal Natural Specific heat| Hydraulic S . . Thermal
L : o urface |Borehole| Casing | Dip tube [Borehole|Bleed . .
Parameter conductivity of ggothermal capacity of |conductivity roughness|diameter | depth |diameter| length | rate Porosity cond.uctlwty
rock gradients of rock rock of rock of dip tube
W/meC °C/100m J/m*C m/s m m m m m %) Q) W/meC
No. Case (Btu/hr-ft-°F) (°F/100m) (Btu/ft3-°F) (gal/day/ftz) (in) (in) (in) (in) (ft) (Btu/hr-ft-°F)
3 0.6 2.70E+06 7.00E-05 | 1.50E-03 | 0.1398 0 0.1016 320 0 0.275 0.1
13 d2 (1.73) (0.329) (40.27) (148.23) (0.06) (5.5) (0) 4 (1050) ) (0.0577)
3 0.6 2.70E+06 7.00E-05 | 1.50E-03 | 0.1778 0 0.1016 320 0 0.275 0.1
14 d3 (1.73) (0.329) (40.27) (148.23) (0.06) (7) (0) 4 (1050) ) (0.0577)
3 0.6 2.70E+06 7.00E-05 | 1.50E-03 | 0.1524 0 0.0762 320 0 0.275 0.1
15 d4 (1.73) (0.329) (40.27) (148.23) (0.06) (6) (0) (3) (1050) ) (0.0577)
3 0.6 2.70E+06 7.00E-05 | 1.50E-03 | 0.1524 0 0.1143 320 0 0.275 0.1
16 d5 (1.73) (0.329) (40.27) (148.23) (0.06) (6) ©) (4.5) (1050) ’ (0.0577)
3 0.6 2.70E+06 7.00E-05 | 1.50E-03 [ 0.1524 0 0.1016 320 0 0.275 0.4
17 de6 (1.73) (0.329) (40.27) (148.23) (0.06) (6) (0) 4 (1050) ) (0.2308)
3 0.6 2.70E+06 7.00E-05 | 1.50E-03 | 0.1524 160 0.1016 320 0 0.275 0.1
18 c2 (1.73) (0.329) (40.27) (148.23) (0.06) (6) (525) 4 (1050) ) (0.0577)
3 0.6 2.70E+06 7.00E-05 | 1.50E-03 | 0.1524 90 0.1016 320 0 0.275 0.1
19 c3 (1.73) (0.329) (40.27) (148.23) (0.06) (6) (295) 4 (1050) ) (0.0577)
3 0.6 2.70E+06 7.00E-05 | 1.50E-03 | 0.1524 60 0.1016 320 0 0.275 0.1
20 c4 (1.73) (0.329) (40.27) (148.23) (0.06) (6) (197) 4 (1050) ' (0.0577)
3 0.6 2.70E+06 7.00E-05 | 1.50E-03 [ 0.1524 0 0.1016 320 0.275 0.1
21 bl (1.73) (0.329) (40.27) (148.23) (0.06) (6) ©) 4 (1050) 10 ) (0.0577)
3 0.6 2.70E+06 7.00E-05 | 1.50E-03 [ 0.1524 0 0.1016 320 0.1
22 b2 (1.73) (0.329) (40.27) (148.23) (0.06) (6) (0) 4 (1050) 15 0.275 (0.0577)
3 0.6 2.70E+06 7.00E-05 | 1.50E-03 [ 0.1524 0 0.1016 320 0.1
23 b3 (1.73) (0.329) (40.27) (148.23) (0.06) (6) ©) 4 (1050) | 20 0.275 (0.0577)
3 0.6 2.70E+06 7.00E-05 | 1.50E-03 [ 0.1524 0 0.1016 320 0.1
24 b4 (1.73) (0.329) (40.27) (148.23) (0.06) (6) (0) (4 (1050) [ 2.5 | 0.275 (0.0577)
3 0.6 2.70E+06 7.00E-05 | 1.50E-03 [ 0.1524 0 0.1016 320 0.1
25 b5 (1.73) (0.329) (40.27) (148.23) (0.06) (6) (0) (4) (1050) 5 0.275 (0.0577)
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Table 5.2 Continued
Parametric study parameter values. Values changed from the base case are highlighted with shading

Thermal Natural Specific heat| Hydraulic s . . Thermal
L . L urface |Borehole| Casing | Dip tube |Borehole [Bleed . -
Parameter conductivity of ggothermal capacity of |conductivity roughness|diameter | depth |diameter| length | rate Porosity cond'uct|V|ty
rock gradients of rock rock of rock of dip tube
W/meC °C/100m Jim*C m/s m m m m m ()] Q) W/meC
No. Case (Btu/hr-ft-°F) (°F/100m) (Btu/ft3-°F) (gal/day/ftz) (in) (in) (in) (in) (ft) (Btu/hr-ft-°F)
3 0.6 2.70E+06 7.00E-05 | 1.50E-03 | 0.1524 0 0.1016 240 0.1
26 L1 (1.73) (0.329) (40.27) (148.23) (0.06) (6) 0) 4 (787) 0 0.275 (0.0577)
3 0.6 2.70E+06 7.00E-05 | 1.50E-03 | 0.1524 0 0.1016 280 0.1
27 L2 (1.73) (0.329) (40.27) (148.23) (0.06) (6) (0) 4 (919) 0 0.275 (0.0577)
3 0.6 2.70E+06 7.00E-05 | 1.50E-03 | 0.1524 0 0.1016 360 0.1
28 L3 (1.73) (0.329) (40.27) (148.23) (0.06) (6) 0) 4 (1181) 0 0.275 (0.0577)
3 0.6 2.70E+06 7.00E-05 | 1.50E-03 | 0.1524 0 0.1016 400 0.1
29 L4 (1.73) (0.329) (40.27) (148.23) (0.06) (6) 0) 4 (1312) 0 0.275 (0.0577)
1.5 0.6 2.13E+06 5.00E-07 | 1.50E-03 | 0.1524 0 0.1016 320 0.1
30 kt4 (0.865) (0.329) (31.77) (1.059) (0.06) (6) (0) 4 (1050) 0 0.1 (0.0577)
5 0.6 2.20E+06 1.50E-06 | 1.50E-03 | 0.1524 0 0.1016 320 0.1
31 kt5 (2.88) (0.329) (32.81) (3.176) (0.06) (6) (0) 4 (1050) 0 0.05 (0.0577)
4 0.6 2.70E+06 7.00E-10 | 1.50E-03 | 0.1524 0 0.1016 320 0.1
32 kh4 (2.30) (0.329) (40.27) (0.00148) (0.06) (6) (0) 4 (1050) 0 0.18 (0.0577)
3 0.6 2.70E+06 7.00E-05 | 1.50E-03 | 0.1524 0 0.1016 240 0.1
33 | L1 btl (1.73) (0.329) (40.27) (148.23) (0.06) (6) (0) 4 (787) 10 0.275 (0.0577)
3 0.6 2.70E+06 7.00E-05 | 1.50E-03 | 0.1524 0 0.1016 240 0.1
34 | L1 bt3 (1.73) (0.329) (40.27) (148.23) (0.06) (6) 0) 4 (787) 5 0.275 (0.0577)
3 0.6 2.70E+06 7.00E-05 | 1.50E-03 | 0.1524 0 0.1016 240 0.1
35 | L1 btl-t (1.73) (0.329) (40.27) (148.23) (0.06) (6) (0) (4) (787) 10 0.275 (0.0577)
Note: Rock type
Case kt4 Dolomite
Case kt5 Fractured igneous and metamorphic
Case kh4 Sandstone
all the other cases Karst limestone
1119-RP DRAFT Il FINAL REPORT 71




© 2002. American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc. (www.ashrae.org). For personal use only.
Additional reproduction, distribution, or transmission in either print or digital form is not permitted without ASHRAE’s prior written permission.

R&D Studies applied to SCW design

Parametric Study

5.3 System Energy Calculations

For each case in the parametric study the annua energy consumption of the heat pump
and well pump have been caculated. Fuid temperatures and well pump operating hours
are output from the annud system smulations. To cdculate the energy consumption the

pump head, power consumption and hourly heat pump power consumption aso have to
be calculated. This procedure is described below.

5.3.1 System pressure drop without bleed
A schematic of the pipework system applicable to cases without bleed is shown in Figure
5.3.

, 7 5 From HP
0 L > g
L r— —
Water table 4 ToHP
1
1
ll 43
1
113
|
|
|
|
|
|
|
|
!
2

Figure 5.3 Pipe system schematic for cases without bleed .

We assumethat p,, isthe atmosphere pressure at the water table, and the elevation here

is z,,. The mechanica energy equation can be gpplied to anumber of pointsin the
system and used to find the pump head.

Between the water table section and node 1 (neglecting frictional |osses):
2

p, +roz, = p1+”2'1 +rgz,

(5.1
Rearranging gives, p,=p,-roz,- “2/12 - rgz, (5.19)
Between water table section and node 2:

p,+rogz,=p,+ \2/22 +102, + DP, 5os (5.2
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2
o rv.
Rearranging gives, P> = Py~ 102, - 5~ 1% - DPygos (5.29)
Between water table section and 3' node:
2
rv.
P, + 19z, =p,;+ 23 +rgz, +Dp, ;. (5.3)
_ rv; .
Rearranging gives, Py, =P, trgz, - ——-r9z - Dp, . (5.39)
Between node 3 and node 1
rv. rv?
Py #4102 = Pt -+ T0Z D0 gy (5.4)
2
Now subdtituting p, = p, + “2/1 +rgz, - rgz, intothe equation (5.4)
rv,”
Ps =P, *1roz, - 23 - 19Z; + DP34 5 11086 (5.49)
Assuming z, = z;and v, =V,, thusthe total dynamic head for the pump is
H= B - pi% = Dp3—4—5—1loss+Dp2_3'|OSS (5-5)

5.3.2 System pressure drop with bleed
A schematic of the pipework system gpplicable to cases with bleed is shown in Figure
5.3.

6
, 7 5 From HP
0 L ——
T i
8 e—\ Water table 4 ToHP
14
|
|
\ @3
|
1 13
\ Note: Node 6 and 8 are
|‘ assumed to be at the same
l static pressure (atmospheric)
|
|
1
|
|

Figure 5.3 pipe system schematic for cases with bleed .
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Bernoulli’ s equation can be applied to a number of pointsin the system and used to find

the pump head.
Between water table section and node 3':
2
rv.

p, +rgz, =p,;+ 23 +rgz, +Dp . (5.6)

Between node 3 and node 5':
rv2 2

Ps +73+ rgz; = pg + 2 + r9Zs + DPy_ 5106 (5.7)

Applying an energy baance at node 5':
2
MA(Ps +2 41 g2) = ML~ bleedale).(p, + I GZ, * D) 59

+ m>bleedratex(p, + r gz, + DPx. g0c)

where m isthe mass flow rate and bleed rateisthe fractional (normalized) rate of bleed.

The pressure loss from node 5' to 6 is equa to the pressure lossfrom node 5' to the water
table. Applying amass baance a node 5 and a pressure balance enables the loss from 5
to 6 to be caculated for agiven flow rate and return pipe size.

We assume that py, is the atmosphere pressure at the water table, and the elevation here is
z,y and is used as the datum eevation (z,= 0). The aboveground pipework is assumed to

be & the same evation, Zyound. If the water level is used as a datum (z,= O) then z =
Zground = Nwatertable: ASSUMING Ps = Pws Z3 = Z3 aNd Vs = V3 = vz thetotad dynamic head for
the pump can be shown to be,

H = p3 - p3 = Dp5'—6|oss + bleedratexr ghwatertable+ mB— 5'loss (59)

In the foregoing equations (5.1) to (5.9)
p isdatic pressure (Pa);
2
% isveocity pressure (Pa);

r gz iseevation pressure (Pa);

Dp istotd pressure loss (friction) (Pa);

H istotal dynamic head for the water pump (Pa);
bleedrate isthe normalized bleed rate in the system (-);

5.3.3 Heat pump model

To match the peak building loads of the hypothetica building two CLIMATEMASTER
HL Horizonta 072 heat pumps (water to air heat pump) were selected. Curve fits
describing capacity vs. entering water temperature and power consumption vs. entering
water temperature, at arange of flow-rates, were derived from the catalogue data. The
following functions were used
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HP _capacity = 22410.37 +1122.66* EWT - 3.0345* EWT? (Heating mode)

HP _capacity =97442.70- 332.76* EWT - 0.1491* EWT ? (Cooling mode)
HP _ power =6130.83- 16.30* EWT +0.3305* EWT* (Heating mode)
HP _ power = 3198.09 +39.03* EWT + 0.0247 * EWT ? (Cooling mode)

Asthe calculation time steps were 6-hourly it was aso necessary to caculate a‘run time
fraction’ for each step. It was assumed that both heat pumps run at al times and that the
heat pump performance only changed with entering water temperature.

5.3.4 Circulating pump model

To caculate the pump power consumption, a pump with sufficient capacity to match the
system flow and pressure drop was selected. A MUNRO 4in. submersible well pump
(18GPM series) was chosen. This pump is capable of meeting the flow and head
requirements in bleed and non-bleed modes of operation.

The following equation can be used to caculate the power consumption of circulating
water pump:

w= % (5.10)

Where g =rg r iswater density (kg/inT);
Q isvolume flow rate (n/s);
H is thetotd dynamic head ( m);
h is efficency of the circulating water pump (pump and motor),

taken as 0.65 during this caculation ( Rafferty ,1998);
w isthe power consumption of the circulating water pump(W).

5.3.5 Frictional Pressure Losses

Frictional pressure losses are caculated for each section of the pipework. Losses for
draight pipe are caculated from the moody friction factor, and fitting losses from
standard loss coefficients. To calculated the total pressure |oss:

L V2
Do = A (f —+K)— 5.11
P, =a ( 5 )29 (5.11)

Where Dp,, istota pressure losy( fitting +riction) (m);
f isMoody friction factor;
L islength of the given pipe section(m);
D isdiameter of the given pipe (m);
K isresstance coefficient;
VvV ismean veocity in the given pipe(m/s);
g is acceleration due to gravity (m/sY).
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For Moody friction factor, the following correlations are used during the calculation
(Techo et al 1965, Colebrook, 1939, Chen, 1979).

2. 1.73721In Re for smooth surfaces 10* £ Re<10’  (5.12)
[f 1.964In Re- 3.8215
1 Re 4
—=1.5635In( 7) for smooth surfaces Re <10 (5.13)

Tr
-3.48- 1.7372In £ - 16:2426
a Re

% In A,] forrough surfaces apply to al the vaues of
(5.14)

Reand €
a

Where f isfanning friction factor;
DhV .

Re isReynoldsnumber, Re = ;
n

D,, ishydraulic diameter (m [m]);

V isfluid veocity (mv/s [ft/seq]);
n iskinematic fluid viscosity (nf/s[ft?/sec));
e isheght of surface roughness—sand grains (m [ft]);

_(e/a)™™ 7.149) 08981,
€

& 6.0983 ( R

aistheradius of pipe (m [ft]).

Pipefittings are shown in Figure 5.4. Fitting resistance coefficients were taken from the
ASHRAE tables (ASHRAE 2001).
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Parametric Study
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Figure 5.4 Schematic diagram of the pipework system showing the arrangement of
fittings
5.3.6 Electricity costs

The cost of energy consumed by the well pump and heat pump has been caculated using
the monthly schedule in Table 5.3 (commercia rate), which was gpplicable to the Sate of
Massachusetts in the year 2000.

Table 5.3
Electric utility monthly average cost per Kilowatt-hour for Massachusetts in 2000
(cents per kilowatt-hour)*
Building
type Jan. | Feb. |March| April

May |June| July

Aug. | Sep. | Oct.
Residential 10.2

Nov. Dec.

97/ 102 11.00 11.1 11.3 11.00 10.8 115 11.2l 11.1f 11.0
Commercial 7.8 7.5 7.4 85 8.7 9.8 10.20 10.1 10.7 9.5 8.6 8.7
*datafrom http://www.ela.doe.gov/cneaf/dectricity/page/at a glance/sales tabs.html
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6.0 Parametric Study Results

Resaults of the caculations are presented in this section. Detailed results from a particular
case showing the cadculated ground-water flow field and head didribution is discussed in
subsection 6.1. Results from the parametric study are presented in subsection 6.2.

6.1 Calculated Ground-Water Flows and Head Distribution

Some sample results from the cadculation of head and flow in the rock surrounding the
borehole are shown in Figs. 6.0-6.2. In dl these figures te axis of the borehole is at the
left-hand edge. Figs 6.0 and 6.1 show the mass flow vectors under norma operation and
bleed conditions respectively.

In Fig.6.0 the generd circulation of ground water through the rock from the area near the
discharge at the top of the borehole to the suction can be seen (the vectors show a
clockwise flow pattern in the plot). It should be noted tha these mass flows are severd
orders of magnitude lower than the main vertica flow in the borehole annulus. A neutra
point gpproximately hafway down the length of the borehole can be seen in normd
operating conditions (Fig.6.0). Above this point there is flow from the borehole into the
rock, and below this point the flow isinto the borehole from the rock.

Figure 6.1 shows the ground-water flow for the same case but during a period of bleed
operation. In this case, comparing with Fig 6.0, the flow near the discharge (at the top
left) is reduced. Also, rather than the recirculating flow pattern, flow can be seen to be
radidly inwards from the far fied (the vectors on the right are dl pointing left towards
the borehole).
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Figure 6.0: Mass flow vectorsin norma operation (no bleed). The vectors are enlarged
for darity. The maximum flow (near the suction inlet) is 0.1803E-4 n/s.
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Figure 6.1: Mass flow vectors in bleed operation (25% bleed). The vectors are enlarged
for darity. The maximum flow (near the suction inlet) is 0.1803E-4 n/s.
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Figure 6.2: Head Contours in norma operation (no bleed).

Figure 6.2 shows the (dynamic) head didtribution in norma operation. In this figure the
neutrd point is indicated by the zero head contour intersecting with the borehole wall

goproximately hafway down itslength.

Figures 6.3 and 6.4 show borehole operating temperatures over the length of the
borehole. Fig. 6.3 represents data on Jan 28, when peak hesting-load occurs, and Fig 6.4
on July 15 at peak cooling demand. The temperature in the dip tube (suction temperature)
variation dong the borehole can be seen to be nontlinear. This variation in temperature is
due to heet transfer between the fluid in the suction pipe and the surrounding fluid in the
borehole. This heat transfer results in a depresson of the exiting fluid temperature during
hesting mode, and an increase in temperaure during cooling. This heat trander is
therefore generdly detrimental to SCW efficiency.
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Figure 6.3: Borehole temperatures when peak heating load occurs.

Borehole temperatures with peak cooling load
(Boston area)
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Figure 6.4: Borehole temperatures when peak cooling load occurs.

Figure 65 shows the suction and discharge temperature over the whole year of operation,
adong with the building loads. The difference between suction and discharge temperatures
coincides with the building loads shown in the lower part of Figure 6.5. Notice that te
fluid temperatures a the end of the year are very smilar to those a the sart of the year.
Thisis due to the balanced nature of the building load.
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Figure 6.5: Borehole suction and discharge temperatures and building
loads for base case.

6.2 Parametric Study Results

In the parametric study only one parameter value was varied in each case, reative to the
base case. The computationdly intensve nature of the cdculations has meant that it has
not been feasble to make cdculations with every combinaion of parameter vaues.
Accordingly, in the presentation of the results we show firdly how the maximum and
minimum  exiting fluid temperatures from the danding column wel vay with a dngle
parameter. These data are given in tabular form in Table 6.1. These temperatures have
aso been plotted against each parameter and are discussed in the subsections 6.2.1-
6.2.15.

In an atempt to corrdate changes in parameter vaues with effective changes in desgn
borehole length a number of smulaions were made using the base case but with different
borehole lengths. The results of these cdculations are shown in Fig. 6.6 in terms of the
corresponding minimum and maximum temperatures. These data have been used to find
linear redionships between minimum and meximum temperatures and borehole length.
We can then edimate (assuming this relaionship to be linear in dl cases) the effect that
each parameter variation has in terms of the design wdl depth. This data is presented in
the right-hand column of Table 6.1.

The method used to calculate and apply the relationship between temperatures and
equivaent borehole length is described as follows. The linear correlations between the
fluid temperatures and length are assumed to have the form:

EWT_, =C,+C, %L (6.1)
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EWT, =C,+C, xL (6.2)

The congtants found from the data shown in Figure 6.6 have the vaues.
C, =46.67, C, =-0.0604,
C, =-5.78, C, = 0.00372.
The design conditions are:
SUmmer; EWT max = 32°C,
Winter: EWTmin = 6°C.

~ 35
9
T 30 i
= A
© 25 A A
[}
Q.
£ 20 A
)
5 151
IS
= 10 A
(@]
c
n
0 T T T T
200 250 300 350 400 450
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A Simulated results for summer — _Fitting curve for summer

Figure 6.6: Reationship between EWT and length of borehole,

For other cases, we assume the dopes of al the curves are the same with the one of
base case, o that:

EWT,., =C,, +C, xL (6.3)
EWT,,, =C,, +C, xL (6.4)

min,i

The congtantsC,; , C, ; for each case are obtained from maximum/minimum EWT

difference between the given case and base case. We can then use eguetions 6.3 and
6.4 to find the equivdent length.
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Table 6.1

Parametric study results — effect of parameter variations on minimum and
maximum exiting fluid temperatures and design length.

Max. Exiting Min. Exiting Equivalent
Parameter Fluid Fluid Design
Varied Parameter Values| Temperature | Temperature Length
Case name (Units) °C (°F) °C (°F) m (ft)
- g W/meC (Btu/hr ft.°F)
£3 kt2 2.5 (1.44) 27.9 (82.3) 5.7 (42.3) 331 (1086)
£ E Base 3.0 (1.73) 26.6 (79.9) 6.4 (43.6) 317 (1040)
3 kt3 4.3 (2.48) 23.5 (74.3) 7.8(46.0) 281 (922)
_Eao °C/100m (°F/100ft)
£S5 n2 0.3 (0.17) 26.6 (79.9) 6.42 (436) | 317 (1040)
55 E Base 0.6 (0.33) 26.6 (79.9) 6.44 (43.6) 317 (1040)
> 2 n3 1.8 (1.0) 30.0 (85.9) 9.58 (49.3) 298 (978)
o - J/m*C (Btu/ft® °F)
5 8 § s2 2.13E+06 (31.8) 27.0 (80.7) 6.24 (43.2) 322 (1056)
;i < § Base 2.70E+06 (40.3) 26.6 (79.9) 6.44 (43.6) 317 (1040)
s3 5.50E+06 (82.0) 25.3 (77.6) 7.15(44.9) 297 (974)
Q5 m (in)
% ‘aE‘a d2 0.1398 (5.5) 26.2 (79.2) 6.31 (43.4) 320 (1050)
g g Base 0.1524 (6) 26.6 (79.9) 6.44 (43.6) 317 (1040)
d3 0.1778 (7) 27.5 (81.4) 7.08 (44.7) 281 (922)
= Bleed rate (%)
. = Base 0 26.6 (79.9) 6.44 (43.6) 317 (1040)
88 b4 2.5 20.9 (69.7) 9.11 (48.4) 245 (804)
32 b5 5.0 17.4 (63.3) 10.9 (51.6) 197 (646)
= § bl 10.0 15.0 (59.0) 11.4 (52.5) 184 (604)
g b2 15.0 14.1 (57.4) 11.5 (52.7) 181 (594)
= b3 20.0 13.7 (56.6) 11.6 (52.8) 179 (587)
< m (ft)
g Base 0 (0) 26.6 (79.9) 6.44 (43.6) 317 (1040)
o c4 60 (197) 26.9 (80.4) 6.54 (43.8) 320 (1050)
@ c3 90 (295) 27.1 (80.8) 6.44 (43.6) 317 (1040)
© c2 160 (525) 27.3 (81.2) 6.33 (43.4) | 314 (1030)
" m (in)
® 9 Base 1.50E-03 (0.06) 26.6 (79.9) 6.44 (43.6) 317 (1040)
5—; % h2 3.00E-04 (0.01) 27.0 (80.5) 6.06 (42.9) 327 (1073)
"3 h4 3.00E-03 (0.12) 26.8 (80.2) 6.37 (43.5) 319 (1047)
h3 9.00E-03 (0.35) 26.2 (79.2) 6.51 (43.7) 315 (1033)
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Results

maximum exiting fluid temperatures and design length.

Table 6.1 Continued
Parametric study results — effect of parameter variations on minimum and

Max. Exiting | Min. Exiting Equivalent
Parameter Fluid Fluid Design
Varied Temperature | Temperature Length
Case name | Parameter Values °C (°F) °C (°F) m (ft)
o2 m/s (gal/day/ft?)
==
=0 kh3 1.00E-06 (2.118) 25.0 (77.2) 7.25 (45.0) 295 (968)
= 5
23S Base 7.00E-05 (148.23) | 26.6 (79.9) 6.44 (43.6) 317 (1040)
3 kh2 1.00E-04 (211.8) 24.6 (76.4) 7.09 (44.8) 299 (981)
m (in)
25 d4 0.0762 (3) 26.5 (79.6) 6.54 (43.8) 314 (1030)
22 Base 0.1016 (4) 26.6 (79.9) 6.44 (43.6) 317 (1040)
53 ds5 0.1143 (4.5) 26.8 (80.2) 6.33 (43.4) 320 (1050)
0.1016 340 (1115)
d6 (insulation different) 285 (83.3) 5.56 (42.0)
m (ft)
- o L1 240 (787) 32.6 (91.1) 2.81 (37.1)
5 Q
< % L2 280 (919) 29.4 (85.0) 4.78 (40.6)
§ 5 Base 320 (1050) 26.6 (79.9) 6.44 (43.6) 317 (1040)
o]
L3 360 (1181) 24.6 (76.4) 7.74 (45.9)
L4 400 (1321) 23.2 (73.7) 8.76 (47.8)
o Rock type
S Base Karst limestone 26.6 (79.9) 6.44 (43.6) 317 (1040)
£ § kt4 Dolomite 34.4 (93.9) 4.23 (39.6) 376 (1234)
o~ Fractured igneous 238 (781)
E kt5 and metamorphic 19.4 (67.0) 9.38 (48.9)
kha Sandstone 21.3 (70.3) 8.57 (47.4) 259 (850)
Bleed rate (%)
© L1 0 32.6 (91.1) 2.81 (37.1)
S L1 bt3 5.0 (Dead-band) 31.3 (88.3) 3.66 (38.6)
S _|
3 L1 btl 10.0 (Dead-band) 32.0 (89.6) 3.49 (38.3)
@ 10.0
@ (Temperature 21.4 (70.5) 5.53 (42.0)
L1 _btl t difference)
© Reverse
o No reverse Base 26.6 (79.9) 6.44 (43.6) 317 (1040)
)
o Reverse Reverse A 25.8 (78.4) | 5.66 (42.2) | 335(1099)
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Table 6.1 Continued
Parametric study results — effect of parameter variations on minimum and
maximum exiting fluid temperatures and design length.

Max. Exiting | Min. Exiting Equivalent
Parameter Case name Parameter Values Fluid Fluid Design Length
\Varied 1 Temperature | Temperature m (ft)
OC (OF) OC (OF)
= Bleed rate (%)
-% Base 0 26.6 (79.9) 6.44 (43.6) 253 (830)
o &
T 2 b4(2) 2.5 20.5 (68.9) 8.79 (47.8) 211 (692)
3 ; b5(2) 5.0 16.9 (62.3) 10.4 (50.7) 187 (614)
m °|>{ b1(2) 10.0 14.5 (58.1) 11.3 (52.3) 176 (577)
()
5 b2(2) 15.0 13.8 (56.8) 11.7 (53.0) 174 (571)
b3(2) 20.0 13.4 (56.0) 11.8 (53.2) 253 (830)
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6.2.1 Thermal conductivity

Fgure 6.7 shows the variaion of the minimum and maximum exiting fluid temperatures
with rock thermd conductivity. The data shows a reduction in temperature swing over the
year with increesng thermd conductivity. This trend can be expected and is smilar to
the behavior of closed-loop U-Tube heat exchangers. When extracting heat from the
ground in the winter higher therma conductivities result in the temperaiure back to heat
pump beng higher. Conversdy, when rgecting heat into the ground in the summer,
higher therma conductivities result in the temperaiure back to heat pump being lower.
Increesing therma conductivity dlows greater heat fluxes aong the borehole wdl for the
same temperature rise. Hence higher therma conductivities are advantageous.

Rock Thermal Conductivity(Btu/hr-ft-°F)
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Figure 6.7: The effect of therma conductivity of rock on the water
temperature back to HP

6.2.2 Specific heat capacity

FHgure 6.8 shows the variaion of the minimum and maximum exiting fluid temperatures
with rock specific heat capacity. When extracting heat from the ground in the winter
higher specific heats result in the temperature back to heat pump being higher.
Conversdly, when rgecting heat into the ground in the summer, higher specific heas
result in the temperature back to heat pump being lower. Higher specific heat capacity
means the therma capacity of the rock is larger, and under a given heat flux (load), the
temperaiure change of the rock is smdler. The higher specific heat capacity leads to
increase the damping of dynamic changes in the borehole temperatures.

6.2.3 Geothermal gradients

Fgure 6.9 shows the vaidaion of the minimum and maximum exiting fluid temperatures
with rock thermd temperature gradient. Higher thermd gradients result in higher mean
rock temperatures over the length of the borehole. This would be paticularly true for
deeper wdls. The data shows that when heat is being extracted or heat reected, the
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higher naturd geothermd gradients lead to the higher water temperatures back to heat
pump. The peformance of SCW would improve (in the winter) or degrade (in the
summer). This is probably advantageous in most gpplications, in which the design
considerations are based on hesting conditions.
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Figure 6.8: The effect of specific heat capacity of rock on the water temperature
back to the HP.
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Figure 6.9: The effect of natura geotherma gradients of rock on the water temperature
back to the HP.
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6.2.4 Rock hydraulic properties

Figure 6.10a shows the variation of the minimum and maximum exiting fluid temperature
with rock hydraulic conductivity. Moderate effect on the maximum and minimum exiting
water temperature can be seen a higher hydraulic conductivity (casekh2, [Kn=1.00E-04
m/s]) and a the lower hydraulic conductivity (case kh3, [Kn=1.00E-06m/g)). It could be
expected that at higher hydraulic conductivities the resuting incressed advective flow
would lead to improved performance. However the results show that when hydraulic
conductivity is increased, the maximum performance is found some way between the
maximum and minimum vaues of this parameter. In order to investigate the effect of the
hydraulic conductivity further, cdculations were made for five cases usng a two-week

operation period.
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Figure 6.10a: The effect of hydraulic conductivity of rock on the water
temperature back to HP

There are two modes of heat transfer dong the borehole wal between fluid and rock:
advective and convective heat transfer. As fluid flows down the borehole a boundary
layer is formed at the borehole wall resulting in convective heat transfer. As the borehole
wadl is porous further heat transfer takes place by advection of fluid into and out of the
rock. As the hydraulic conductivity increases the corresponding advective heat transfer
increases. However, as the flow into and out of the rock increases the fluid flow verticdly
in the borehole reduces.

The heat transfer due to the two modes of heat transfer a the borehole wal has been
caculated for each component and is shown in Fig. 6.10b. It can be seen that as hydraulic
conductivity increases advective heat trandfer increases. Convective heat transfer
correspondingly decreases. As both these modes of heat trander ae of smilar
magnitudes there is a noticeable trade-off in heat flux as hydraulic conductivity is
increased. Above in intersection of these curves (gpproximady K, = 2.0E-5 m/s)
advection heat trander is dominant. Correspondingly, below this intersection convective
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heat trandfer is dominant. The totd heat flux — due to both modes of heat trandfer —
therefore reaches a minimum near the intersection. This accounts for the fact tha the
exiting fluid temperatures cdculated (Fig 108) show a maximum between the minimum
and maximum vaues of hydraulic conductivity. 1t should be noted that different borehole
configuration (eg. borehole diameter) would give different criticd vdue of the
intersection C and that it might ill be desrable to have high hydraulic conductivity for
other reasons.
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Heat transfer rate (W)
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10000 A
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| —e— Advective heat transfer rate —&— Convective heat transfer rate |

Figure 6.10b: Heat transfer rate dong borehole wall in the different cases’

*All the dataiin this Figure are generated by two-week (336hours) simulation with fixed water temperature
(39.4°C [103°F]) into borehole. All the data are corresponding to the last time step (336th time step).

6.2.5 Borehole surface roughness

Figure 6.11 shows the variation of the minimum and maximum exiting fluid temperatures
with borehole wall surface roughness. Increased surface roughness increases the borehole
wal's surface area and promotes locd turbulent flow a the wal of borehole, which
should augment the heat trandfer — resulting in a moderaing effect on maximum and
minimum  exiting temperatures. This trend is seen in Fgure 6.11, however, the effect
does not seem to be significant compared to that associated with other design parameters.
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Figure 6.11: The effect of roughness height of borehole wall on the water
temperature back to the HP.

6.2.6 Borehole diameter

Figure 6.12 shows the variation of the minimum and maximum exiting fluid temperatures
with borehole diameter. In order to enhance the turbulent flow in the annular area in the
borehole, it is desrable that the annular area should be smdler than the area insde the

tubes. Figure 6.12 shows that there is only little difference between cases with different
diameter of borehole
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Figure 6.12: The effect of borehole diameter on the water
temperature back to the HP.
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6.2.7 Casing depth

The variaion of the minimum and maximum exiting fluid temperatures with casng depth
is shown in Figure 6.12. Increasng casing depth can be seen to increase maximum and
decreese minimum  exiting fluid temperatures. The heat exchanger peformance is
degraded with increasing casing depths. This might be expected as the casing redtricts the
ground-water flow around the well. Clearly, no ground-water can infiltrate into or out of
the well over the depth of the casng. Overdl Advective heat transfer will consequently
be reduced. The effect however, is not as ggnificant as might be expected. This effect
might be more noticegble in rocks with higher hydraulic conductivities.
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Figure 6.13: The effect of casng length on the water
temperature back to the HP.

6.2.8 Dip tube insulation and diameter

Two cases were used to examine the effects of different leves of dip tube insulaion (i.e.
thema conductivity). The vaiaion of the minimum and maximum exiting flud
temperatures for these cases is shown in Figure 6.14. The vaiation of the minimum and
maximum exiting fluid temperatures with dip tube diameter is shown in Figure 6.15.

The results for case d6 — with higher dip tube thermd conductivity — in Fig. 6.14, show
gregter maximum and lower minimum exiting fluid temperaiures compared to the base
cae. As noted in the discusson of the well temperature distribution (Section 6.1), hesat
transfer between the fluid in the suction tube and the fluid surrounding the dip tube is
detrimenta. Consequently higher dip tube therma conductivities can be expected to
show poorer SCW peformance. The effect shown in these cases however is not that
gredt.
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The dip tube diameter parameter was varied between 76 and 114mm (3-4.5in) in the
parametric study. This changes the annular area noticeably when the borehole diameter is
156mm (6in). However, the results shown in Fig. 6.15 show that this parameter has had
little effect on the SCW performance when varied in this range.
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Figure 6.14: The effect of thermad insulation of the dip tube on the water
temperature back to the HP.
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Figure 6.15: The effect of diameter of dip tube on the water
temperature back to the HP.
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6.2.9 Bleed rate

The bleed parameter caculations were made by making a two-year smulation, with no
bleed in the firg year, then introducing a congtant bleed rate in the second year. The
vaidion of the minimum and maximum exiting fluid temperaiures with bleed rate is
shown in Figure 6.16. The resuts show how dgnificantly the minimum and maximum
temperatures can be moderated by introduction of bleed. As the bleed rate is increased
the minimum and maximum temperatures gpproach the far fiedd temperaiure. This effect
can be seen to be nontlinear. This in itsdf might be expected (in the mathematicad modd
the advection term of the energy equaion makes it nonlinear — without this term the
equation is linear with congtant coefficients). The most dgnificant changes compared
with the base case (zero bleed) occur in the range 0-5%. From this data it could be argued
that there is little advantage in increasing the bleed rate beyond ten percent. There are
diminishing returns with higher bleed rates as increased bleed results in higher pump

energy consumption.
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Figure 6.16: The effect of bleed rate on the water
temperature back to the heatpump.

The effect of varying borehole depth a different bleed rates is discussed in section
6.2.15.

6.2.10 Borehole depth

The vaiaion of the minimum and maximum exting fluid temperatures with borehole
depth is shown in Figure 6.17. Borehole depth was varied from 240-400m (787-1312ft)
(with the loads kept the same) in the parametric study. As borehole depth is reduced the
amount of load applied per unit length of borehole increases accordingly. Changing the
borehole length in this range can be seen to have a dgnificat effect on exiting fluid
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temperatures. The trend is dso dightly nortlinear. This might be expected as, in addition
to the load per unit depth changing, end effects become more sSgnificant a reduced
depths. Also, as a temperature gradient is gpplied the mean ground temperature becomes

lower with shorter depths.
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Figure 6.17: The effect of depth of borehole on the water
temperature back to the HP.

The effect of varying borehole depth a different bleed rates is discussed in section
6.2.15.

6.2.11 Rock type

Although some of the previous cases ded with variations in individud rock thermd
property variations (i.e. therma conductivity or specific heat), three cases have been
included where the hydraulic conductivity, thermd conductivity and porodty ae 4l
varied. The vaues of these parameters have been chosen to be representative of particular
rock types. The base case has properties representative of karst limestone. The additiond

cases are representative of dolomite (case kt4), fractured igneous rock (case kt5) and
sandstone (case Kh4).

The minimum and maximum SCW exiting water temperatures are compared in figure
6.18. In these cases the most dgnificat vaiaions ae in themd and hydraulic
conductivity. Even though the fractured igneous rock and sandstone cases have the
lowest hydraulic conductivity, they both peform better than the base case. This is
presumed due to the fact that they have the highest thermd conductivity. Smilarly, the
dolomite case performs poorly and has the lowest thermd conductivity. The effect of
thermd conductivity is more dominant than that of hydraulic conductivity.
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Figure 6.18: The effect of rock type on the water temperature back to the HP.

6.2.12 Bleed control strategy

The vaiaion of the minimum exiting water temperature with different bleed control
drategy is shown in Figure 6.19. Although the deadband control and temperature-
difference control srategies were arranged to give bleed for the same number of hours,
the temperature difference control gave a dightly higher minimum temperature. The
minimum water temperature back to HP with no bleed was cdculated to be 20 °C
(35.6°F). This implies, in fact, that a this time water temperatures in the annulus of the
well are below freezing point.

For the cdculations where deadband and temperature-difference bleed control was
modeed, the minimum water temperature back to the heatpump was increased b 5.4 °C
(41.7°F) and 5.9°C (42.6°F) respectively. In these cases the minimum temperature in the
borehole annulus was dways above freezing. The result for the cdculation with constant
bleed isincluded in Fig. 6.19 for comparison. The minimum temperature in that case was

10.3°C (50.5°F). If the primary concern is to avoid freezing of the borehole intermittent
bleed may suffice and congtant bleed is probably unnecessary.

Although the total hours the pump ran was the same in controlled bleed cases, the hours
when the pump ran were different. Some smdl difference in results could then be
expected due to the dynamic naure of the sysem and changing loads. The results may
show lower return temperatures for the temperature-difference control in other cases with
different load profiles.
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Figure 6.19: The effect of different bleed control strategy on the minimum water
temperature back to HP in winter ( January and February)

Figure 6.20 compares the exiting water temperature in non-bleed operation with
deadband bleed control operation over the firg 800 hours. The times a which bleed
begins or dops ae adso indicated. Figure 6.21 shows the reations between the
temperature difference and the bleed period in temperature-difference bleed control case.
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Figur e 6.20: Comparison water temperature back to the heat pump between non-bleed
case, constant bleed and deadband bleed control case.
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Figure 6.21: Entering-exiting fluid temperature difference during the heating season
under temperature-difference bleed control showing the points a which bleed was
activated.

6.2.13 Reversed flow configuration

Two casss including base case were used to examine the effects of reversed
configuration. Water was drawn from the bottom of the borehole and discharged near the
top in the base case, but was drawn from the top of the borehole in reversed case and
discharged a the bottom. Fgure 6.22 shows the vaidion of the minimum and maximum
exiting water temperatures for these cases The results suggest that reversng the
configuration has a smdl effect on the SCW performance. As temperatures are shown to
be higher in the base case this would seem the logicd configuration for heating-load
dominated buildings (as is found in practice)l. Reversed flow may be beneficid in
buildings that are more dominated by cooling loads. The heat trandfer mechanisms can be
expected to work in much the same way in both arrangements. Heat trandfer between
water in the dip tube and the surrounding water in the annulus of borehole works against
the overal SCW capacity in both cases.
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Figure 6.22: The effect of reversed configuration on the minimum and maximum weter
temperature back to HP

6.2.14 Impact of well bore diameter on storage capacity

The minimum and maximum exiting flud temperaures in cetan inddlaions ae
thought to be particularly senstive to the pesk loads. In these cases it may be that
performance may be improved as the volume of water in the system is increased. With
higher sygsem water volumes pesks in temperature should be damped by the increased
theemd capacity. In standing column wells a large amount of weater is contained in the
borehole and this volume changes dramétically with borehole diameter.

To invedigate this effect cdculations were made for two weeks of the year (in January
and July) usng shorter time steps (hourly) and with borehole diameters of 150, 175 and
200mm (6, 7 and 8 in.) diameter. The resulting temperature profiles are shown in Fig
6.23 for the hours in January, and Fig. 6.24 for the hours in July. In both heating and
cooling modes larger borehole diameter is shown to have a significant effect on damping
the temperature swings and improving performance. At some times the minimum or
maximum temperatures are shown to improve by as much as approximately 2°C (3.6°F).
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Figure 6.23: Simulation results for different borehole diameter in winter
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Figure 6.24: Smulation results for different borehole diameter in summer
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6.2.15 Varied depth with different bleed rates

The dmulation results show the exiting water temperature to be most senstive to rock
thermal conductivity, bleed rate and depth of borehole. Figure 6.25 shows the combined
effect of depth of borehole and bleed rate on the water temperature back to the heat
pump. In these cases borehole depth varied from 240-360m (787-1181 ft), and bleed rates
were 0%, 5% and 10% with the loads kept the same.

Depth of Borehole(ft)
656 820 984 1148 1312
~ 35 95
SSENE
o 30 — 86 %
T I 5
8 25 > 77 =
~ X
g 20 68 &
m m
o 15 59 o
=} =]
< 10 — * 50 ‘§
3 | &1 7 2
2 5 — — 4 2
IS 1 | £
() (]
= 0 32 +
200 250 300 350 400
Depth of Borehole(m)
|+ 10% Bleed —e—5% Bleed —&— No Bleed —— 10% Bleed —a&— 5% Bleed —¢— No Bleed |

Figure 6.25: The combined effect of depth of borehole and bleed rate on the minimum
and maximum weter temperature back to HP

The variation of borehole depth in this range can be seen to have a sgnificant effect on
the exiting water temperature if bleed rate is zero. But if bleed rate is set as 5% or higher,
the borehole depth can be seen to have alittle effect on the SCW performance: different
borehole depths show amost same exiting water temperatures. Higher bleed rates reduce
the effect of depth on the SCW performance. For a given bleed rate, the effect of the
depth of borehole can be seen to be a dightly nontlinear in dl cases. As noted in the
discusson of the effect of the depth of borehole (Section 6.2.9), in addition to the load
per unit depth changing, end effects become more significant at reduced depth.

6.2.16 System Energy Consumption and Costs

System energy consumption (heat pump + circulating pump) and associated costs have
been caculated for each case using the method described in Section 5.3. The cdculations
results are presented for water table depths of 5m and 30m to show the effect of increased
pumping power a lower water tables. The results are shown in Table 6.2 for a water table
depth of 5m, and in Table 6.3 for a water table depth of 30m. The average annud power
consumption has been expressed in terms of power consumption per unit of
hesting/cooling (kW/ton).
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R&D Studies applied to SCW design Results

Table 6.2
Energy calculation results (water table =5.0m)

Power consumption | One year operating

Pa\t/rz:\iw:(;er Case name Parameter Values per ton of load cost
(kWiton) $

- g W/meC (Btu/hr.ft.F)
= kt2 2.5 (1.44) 1.14 1500
§ g Base 3.0 (1.73) 1.13 1482
o kt3 4.3 (2.48) 1.09 1446

- °C/100m (°F/100ft)
< % S n2 0.3 (0.17) 1.13 1482
SSE Base 0.6 (0.329) 1.13 1482
> > n3 1.8 (0.99) 1.17 1519
o > Jim*C (Btu/ft’.°F)
“qg) g5 s2 2.13E+06 (31.769) 1.13 1486
2c g Base 2.70E+06 (40.27) 1.13 1482
s3 5.50E+06 (82.03) 1.11 1470
(IS mm (in)
% g d2 139.8 (5.5) 1.14 1472
c 8 Base 152.4 (6) 1.13 1482
d3 177.8 (7) 1.13 1498

Bleed rate (%)

Base 0 1.13 1482
2 b4 2.5 1.05 1408
5 b5 5.0 1.01 1368
= bl 10.0 0.975 1343
b2 15.0 0.963 1334
b3 20.0 0.957 1331
< m (ft)
§ Base 0 (0) 1.13 1482
> c4 60 (197) 1.13 1487
a c3 90 (295) 1.13 1490
© c2 160 (525) 1.14 1493
m mm (in)
08 h2 0.3(0.01) 113 1488
5—; £ Base 1.5 (0.06) 1.13 1482
? 3 h4 3.0 (0.12) 1.13 1484
h3 9.0 (0.35) 112 1480
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Results

Table 6.2 continued
Energy calculation results (water table =5.0m)

Power consumption

One year operating

\Ijzwen(\jeter Case name Parameter Values per ton of load cost
(kW/ton) $
© § m/s (gal/day/ft?)
§ § kh3 1.00E-06 (2.118) 1.11 1472
&= Base 7.00E-05 (148.23) 1.13 1482
8 kh2 1.00E-04 (211.8) 1.10 1454
mm (in)
25 da 76.2 (3) 1.12 1485
i £ Base 101.6 (4) 1.13 1482
A S ds 114.3 (4.5) 1.13 1484
101.6(4)
d6 (insulation different) 1.15 1503
m (ft)
- L1 240 (787) 1.21 1569
g 2 L2 280 (919) 1.16 1521
§ § Base 320 (1050) 1.13 1482
L3 360 (1181) 1.10 1461
L4 400 (1321) 1.08 1443
o Rock type
S Base Karst limestone 1.13 1482
é 2 kt4 F Dglgmite d 1.24 1600
%’ kt5 racure ar;?gﬁ)ohlfg an 1.07 1399
kh4 Sandstone 1.07 1423
_ Bleed rate (%)
2 g L1 0 1.21 1569
o g L1 bt3 5.0(Dead-band) 1.19 1540
L1 btl 10.0(Dead-band) 1.20 1541
@ Reverse
% No reverse Base 1.13 1482
o Reverse Reverse 1.12 1469
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R&D Studies applied to SCW design Results

Table 6.2 continued
Energy calculation results (water table =5.0m)

Power
52:?£eter Case name Parameter Values corlzl:]n:)r:tllgzdper One yeacrozferatlng
(kW/ton) $
BI

o | e
248 L1_bleed(5) 240 (787) 5 1.01 1363
s o § L2_bleed(5) 280 (919) 5 1.00 1365
0 fw b5(2) 320 (1050) 5 0.999 1364
“ L3 _bleed(5) | 360 (1181) 5 0.995 1368
° T | L1_bleed(10) | 240 (787) 10 0.966 1339
29 § L2_bleed(10) | 280 (919) 10 0.968 1341
0 Lm b1(2) 320 (1050) 10 0.968 1341
< L3 bleed(10) | 360 (1181) | 10 0.971 1342

= Bleed rate (%)

) % Base 0 1.13 1482
88 b4(2) 2.5 1.05 1404
§ g b5(2) 5.0 0.999 1364
o2 b1(2) 10.0 0.968 1341
% b2(2) 15.0 0.959 1333
=~ b3(2) 20.0 0.954 1331
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Table 6.3
Energy calculation results (water table =30.0m)

Power consumption | One year operating

Pa\t/rz:\iw:(;er Case name Parameter Values per ton of load cost
(kW/ton) (%)

- g W/me°C (Btu/hr.ft.°F)
€75 kt2 2.5 (1.44) 1.15 1521
§ 'g Base 3.0 (1.73) 1.13 1503
o kt3 4.3 (2.48) 1.09 1467

- °C/100m (°F/100ft)
< % 5 n2 0.3 (0.17) 1.13 1503
SSE Base 0.6 (0.329) 1.13 1503
> > n3 1.8 (0.99) 1.17 1540
o > Jim*C (Btu/ft’.°F)
“qg) 83 s2 2.13E+06 (31.769) 1.14 1507
8= 8§ Base 2.70E+06 (40.27) 1.13 1503
s3 5.50E+06 (82.03) 1.11 1491
(IS mm (in)
% g d2 139.8 (5.5) 1.14 1493
o8 Base 152.4 (6) 1.13 1503
d3 177.8 (7) 1.14 1519

Bleed rate (%)

Base 0 1.13 1503
2 b4 2.5 1.05 1439
5 b5 5.0 1.01 1409
= bl 10.0 0.981 1402
b2 15.0 0.972 1413
b3 20.0 0.968 1428

< m (ft)
§ Base 0 (0) 1.13 1503
o c4 60 (197) 1.13 1508
a c3 90 (295) 114 1511
© c2 160 (525) 114 1514

mm (in)

: é h2 0.3(0.01) 113 1509
g < Base 1.5 (0.06) 1.13 1503
? 3 h4 3.0 (0.12) 1.13 1505
h3 9.0 (0.35) 1.13 1501
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R&D Studies applied to SCW design Results

Table 6.3 continued
Energy calculation results (water table =30.0m)

Parameter Power consumption | One year operating
Varied Case name Parameter Values per ton of load cost
(kW/ton) $
o § m/s (gal/day/ft?)
E § kh3 1.00E-06 (2.118) 1.11 1493
ST Base 7.00E-05 (148.23) 1.13 1503
I
3 kh2 1.00E-04 (211.8) 1.10 1475
mm (in)
RS d4 76.2 (3) 1.13 1506
22 Base 101.6 (4) 1.13 1503
53 ds 114.3 (4.5) 1.13 1505
101.6(4)
d6 (insulation different) 1.15 1524
m (ft)
- © L1 240 (787) 1.21 1591
5 2
< % L2 280 (919) 1.17 1542
35 Base 320 (1050) 1.13 1503
o]
L3 360 (1181) 1.10 1483
L4 400 (1321) 1.08 1463
o Rock type
§ Base Karst limestone 1.13 1503
2 kt4 Dolomite 1.24 1622
= Fractured igneous and
(3
E kt5 metamorphic 1.07 1421
kh4 Sandstone 1.07 1444
_ Bleed rate (%)
2 = L1 0 1.21 1591
c
o g L1 bt3 5.0(Dead-band) 1.19 1563
L1 btl 10.0(Dead-band) 1.20 1564
@ Reverse
% No reverse Base 1.13 1503
o Reverse Reverse 1.15 1505
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R&D Studies applied to SCW design Results

Table 6.3 continued
Energy calculation results (water table =30.0m)

Power
Parameter Case name Parameter Values consumption per | One year operating
\Varied ton of load cost
(kW/ton) $)
Bleed
-c% © m (ft) rate(%)
° 4 IS L1_bleed(5) 240 (787) 5 1.02 1404
29 § L2 bleed(5) | 280 (919) 5 1.01 1405
02Sq b5(2) 320 (1050) 5 1.00 1404
< L3 bleed(5) | 360 (1181) 5 0.999 1408
Bleed
m (ft
,_g o (ft) rate(%o)
e T | L1 _bleed(10) | 240 (787) 10 0.973 1399
29 § L2_bleed(10) | 280 (919) 10 0.974 1400
0@ b1(2) 320 (1050) | 10 0.975 1399
o]
L3 bleed(10) | 360 (1181) 10 0.978 1402
= Bleed rate (%)
% Base 0 1.13 1503
<] —
B3 b4(2) 2.5 1.05 1435
3 ; b5(2) 5.0 1.00 1404
= o b1(2) 10.0 0.975 1399
% b2(2) 15.0 0.967 1412
~ b3(2) 20.0 0.964 1428

The annuad energy codts for water table depth of 5m and 30m are shown in Figures 6.26
and 6.28 respectively. These figures show the contribution to the tota cost of the pump
power consumption relative to the heat pump power consumption. The energy efficiency
— expressed as power consumption per unit of heat trandfer — is shown in bar chat
form in Fgure 627 and 6.29 for water table depths of 5m and 30m respectively.
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Figure 6.26 Annua energy costs showing the contribution of the well pump and heat
pump (water table=5.0m).
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Figure 6.27 The ratio of power consumption to heat transfer capacity (water table = 5m).
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The same trends are shown whether the energy cost or normaized power consumption is
consgdered. When the water table is a a depth of 5m the pump energy codts remain
nearly constant whether there is bleed or not (Fig. 6.26). The lowest costs for al cases are
where:

The borehole islongest

The thermd conductivity is highest

The bleed rate is highest

The poorest results are for the cases with short borehole length and lowest therma
conductivity (cases L1 and Kt4). In dl cases with 5m water table depth energy costs are
lower where the minimum and maximum temperatures are improved (i.e. closer to the
load temperature) and the efficiency of the heat pump is consequently improved. At this
depth of water table the higher cost of pump energy consumption a higher rates of bleed
is outweighed by reduced heat pump energy costs. Similarly, there appears little benefit
in contralling the system to reduce the number of hours operaing with bleed (i.e. just to
guard againg freezing of the borehole).
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Figure 6.28 Annud energy costs showing the contribution of the well pump and hesat
pump (water table = 30m).

1119-RP DRAFT Il FINAL REPORT 110



© 2002. American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc. (www.ashrae.org). For personal use only.
Additional reproduction, distribution, or transmission in either print or digital form is not permitted without ASHRAE’s prior written permission.

R&D Studies applied to SCW design Results

1.30
1.25 A H /

1.20 ~ M

kt4

1159 p I M
1.10 A i M
1.05 ~ b3
1.00 ~
0.95 1 H H
090 ++++++++r+rr T T

© 6 VDV 9O E S e P
& \;?@gs*

Power consumption/cooling capacity
(Kw/ton)

Case

Figure 6.29 The ratio of power consumption to heat transfer capacity (water table = 5m).

For water table depth of 30m, again, the same trends are shown whether the energy cost
or normaized power consumption is consdered. When the water table is at a depth of
30m the pump energy codsts are very Smilar to the 5m water table depth cases where there
is no bleed (some additiona pipe pressure drop is introduced). However, where there is
bleed the pump energy consumption becomes more sgnificant and increases dramaticaly
at higher rates of bleed (Fig 6.28). The lowest costs for are where:

The borehole islongest

Thethermd conductivity is highest

Agan, the poorest results are for the cases with short borehole length and lowest thermal
conductivity (cases L1 and Kt4). In al cases with 30m water table depth the heat pump
component of the energy costs are lower where the minimum and maximum temperatures
are improved and the efficiency of the hest pump is consequently improved. At lower
rates of constant bleed system energy consumption can be improved in a Smilar manner
to the cases with 5m water table depth. However, a this depth of water table and higher
rates of bleed (> 10%) the higher cost of pump energy consumption starts to outweigh the
benefit of improved heat pump efficiency. This can be seen in Fig. 6.30 where the results
for both water table depths are compared side-by-sde. Again, there appears little benefit
in contralling the system to reduce the number of hours operating with bleed (i.e. just to
guard againg freezing of the borehole).
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Figure 6.30 Comparison of annua energy codts for water table depths of 5m and 30m.
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R&D Studies applied to SCW design Conclusions

7.0 Conclusions

This report discusses the work of the ASHRAE research project ‘R&D studies applied to
ganding column wel design (1119-RP). The work has conssted of three mgor
eements

1. Survey and chaacterization of danding column wdl technology. This has
included,
- Survey and characterization of exiding danding column well technology
and ingdlation practice
Collection and data from exidting well ingalaions
Characterization of geologicd and hydrologica conditions in  regions
where standing column wells have been applied.

2. Devdopment of a dealed modd of a sanding column wedl and surrounding
geologicd formation

3. A Swudy of the effect of the effects of and sgnificance of sanding column well
desgn parameters. This has entaled usng the modd to caculate annud fluid
temperatures driven by characterigtic building loads.

Daa from 34 wdls a 21 locations have been collected and are beieved to be
representative of current ingtdlation practice and geographicd digribution. These
indalations dl have heating dominated loads. Heat extraction has accordingly been the
main focus of these wdl and sysem desgns Bleeding of the wel to induce flow of
ground-water & more moderate temperatures into the wel, is a key feature of the well
and systlem designs. Three Sites have been identified where detailed datais avalable.

Condruction differences exising in the reported standing column wells relae in pat to
the depth of the wel raher than any other influencing parameter. Shdlower wdls (i.e.
depths less than 150m [500 ft.]) tend to be dominated by placement of the pump near the
bottom of the well with the return located near the top. Deeper wells (depth greater than
150m [500 ft.]) mostly use dip tubes (Porter Shroud) congtructed of 100mm (4 in.)
diameter PVC pipe to the bottom of the well. The pump and return pipe end are located
near the top of the well taking into account draw-down depths at bleed flow rates of from
5% to 25% of totd heat pump flow depending on the gpplication.

The location and hydraulic properties of the different ‘ground-water regions of North
America have been presented. The regions where standing column wdl ingdlaions have
been identified are dl in the Northeast of North America. These are the (i) Northeastern
Appaachians, (ii) Appdachian Plateaus and Vadley and Ridge and, (iii) Piedmont and
Blue Ridge regions. Each of these regions has igneous or metamorphic rock where
relatively high well capacities and good water quality is available,
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R&D Studies applied to SCW design Conclusions

Previous modds of standing column wells have made a number of assumptions about the
heat trandfer between the different components of the wel. They have dl treated in
ground-weter flow in the surrounding rock in a very amplified manner. The numerica
mode developed in this work is composed of two parts. a noda modd of the borehole
components and a finite volume modd of the ground-water flow and heat transfer in the
surrounding rock. The modd dlows the explicit treatment of the advective hesat transfer
induced by the ground-water flow. This is of particular importance for the redidic
treetment of bleed operation. Results in the form of ground-water flow distribution and
well/rock temperature distribution are presented.

The numericd modd has been employed in a parametric sudy of standing column well
performance. A base case desgn was developed with parameter vaues representdive of
common dganding column wel inddlaion conditions. Severa cdculdions were made,
over a one-year operating period, where a single design parameter vaue is varied reldive
to the base case. This has enabled the effect of, and sgnificance of each design parameter
to be dudied. The highly intendve computationd nature of the caculations (9x
computers were employed continuoudy over a 24 week period) only a limited number of
cases could be considered and 6 hourly time steps were required.

The wel peformance has been characterized by minimum and maximum exiting fluid
temperature and equivaent design borehole length. The performance was found to be
mogt sengtive to the following parameters.

Bleed rate

Borehole length

Rock therma conductivity

Hydraulic conductivity
A number of other parameters affect the convective heat transfer in the borehole but in
themsdlves have only a secondary effect of the well performance:

Borehole diameter

Dip tube therma conductivity

Borehole wal roughness

Huid flow direction

Ground thermd gradient

Borehole casing depth
Senstlwty to ground thermd conductivity and borehole length can be expected from
consderation of conductive heat trandfer around the borehole. Bleed is strongly related to
rock hydraulic conductivity i.e. high bleed rates ae only feasble in rocks with high
hydraulic conductivity. The combinagtion of thermd conductivity and hydraulic
conductivity is dependent on the rock type. Caculations usng shorter time seps and
increased borehole diameter have shown tha performance is improved by virtue of the
increasad system volume damping minimum and maximum temperatures at pesk loads.
Peformance varies with bleed rate in a highly nonliner manner and a number of
interesting characterigtics have been identified.

Peformance can be improved dramaticaly by introducing bleed.
However, a higher bleed rates (greater than 10% in this study) there is
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little further gain in performance. (In cetan inddlations, low borehole
temperatures in pesk heating conditions may dill require bleed rates
higher than 10%).

With increasing bleed rate sengtivity to borehole length decreases. This is
thought to be because a shorter borehole lengths ground-water flow
velocity would theoretically incresse — increasing the dgnificance of the
advective heat trandfer — for the same bleed flow rate. In practice it may
not be possble to maintan higher bleed flows a shorter borehole depths
a the flow is limited by the hydrologicad conditions i.e wdl flow
capacity.

As hydraulic conductivity increases there is a trade-off between
convective and advective heat transfer a the borehole wal — increasng
advection through the wal reduces convection dong the wdl. This means
that very high hydraulic conductivities do not necessarily result in better
performance than moderate values.

Annuad energy consumption has been estimated for each case. Results show that poorest
energy performance occurs in cases with the least favorable themad and hydraulic
conductivities. As may be expected, energy performance is not sendgtive to the
parameters that have dready been noted to have little effect on standing column well
thermal performance. The lowest energy costs are found in cases where bleed is
introduced and heat pump efficiency is improved. Where the waer table is high the
increased pump power when bleeding is not sgnificant and the grestest efficiencies are
when bleed rate is maximized. However, when the water table is lower, pump power
requirements increase more dgnificantly when bleed is introduced. The benefits of higher
rates of bleed (> 10% in this sudy) are then outweighed by the increased pumping costs.
This gtudtion is probably different a higher rates of bleed where variable frequency
drives are used (a case was not studied in this work).

The sudy has confirmed many of the sanding column wel performance characteristics
found in practice Better peformance is possble where themd and hydraulic
conductivities are higher and the water table is higher. Indeed these are the characteristics
of the regions in which current inddlations are found. In practice the designer, for a
given location, has no control over the theema and hydraulic properties the geologicd
formation. The designer does have control however, over the main borehole parameters
such as length, diameter, dip tube sze and materid, in addition to the system bleed rate
and controls. Of these parameters the length and bleed have been shown to affect
performance mogt dgnificantly — other parameters relate to only secondary effects. The
results of the study show that higher bleed rates (caculations were made with bleed rates
up to 20%) can dgnificantly improve overdl energy peformance and can enable the
borehole length to be reduced sgnificantly. In practice however, there maybe a number
of limitations on the amount of bleed that can be achieved, such as, limited well pumping
capacity and practicd difficultiesin digposing of the bleed water.

Following this project, what remains to be done? There are two fundamenta aress of
invedtigation necessary to provide desgn methodologies and tools for designers. Firg,
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some experimentd vdidaion of the detailed smulation tool developed for this project
needs to be done. Second, once the detailed smulation tool has been vaidated, it may be
used to investigate various procedures for smplified smulations.

Such smulations might be as smple as usng the line source andyss with an “enhanced”
thermd conductivity. If o, the detalled smulation procedure could be used to determine
an appropriate method for modifying the therma conductivity. More sophidticated, but
dill much fagter, amulaions which combine a line source with water dorage in the
borehole and where bleed is treated as some combingtion of groundwater flowing directly
to the borehole and an enhanced therma conductivity may aso be imagined. Findly, a
numericd mode might be used if some pre-computed groundweter flows were used
whenever bleed occurred. A vaiety of smple smulation models could be compared to
detailed smulation results to identify the best procedure.

Once a amplified smulation tool has been developed, it will dso be desrable to develop
more thorough desgn guiddines. These may include recommended in Situ tedts, eg.
therma conductivity and well draw-down tests; recommended design detals, eg. sysem
configuration and materia specifications; acceptable water qudlity, etc.
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Appendix A: Questionnaire Sent to SCW Installers

XYZ Corp December 13, 1999
J. Smith, Chief Engineer
Anycity, NY 22111

Dear Sir:

The Geo- Exchange heating/cooling industry uses a variety of methods to exchange heet
with the ground. Furthermore, considerable research efforts have been spent on the
improvement and understanding of earth coupled and ground water source systemsin
recent decades but there have been no smilar efforts made for Standing Column Well
sysems. To promote the use of this technology aforma study of relevant factors has
been initiated by the American Society of Hegting Refrigerating and Air Conditioning
Engineers (ASHRAE).

We would like to dicit your help and contribution to ASHRAE technicad data on the use
and engineering of standing column wells as they gpply to Geo- Exchange hegting and
cooling sysems. A standing column well is defined by the characteridtic of supplying
well water to GeoExchange heat pumps and returning the water to the same well so that
the sides of the well act as heat exchange surface between the well water and the ground
(see attached figure).

ASHRAEFE sresearch project is under the direction of Oklahoma State' s Dr. Jeffrey
Spitler and is designed to create a solid base of technical reference materid suitable for
publication in the ‘ASHRAE Handbook’ to guide, educate and promote this energy
efficient, clean heat source for the new millennium. We are collaborating with Dr.
Spitler to survey existing well congtruction and performance datausng Water & Energy
System’s extensive background in this technology for Geo- Exchange Heat Pumps.

This quest for exiting experience with sanding column welswill form avitd link
between theory and best industry practices. Y our taking afew minutesto fill out the
attached questionnaire for each standing column well you have designed/installed with
assig in determining the future focus and emphasis with respect to research into various
influences on wdl performance.

We intend to share the research results with dl survey participants.

Yourstruly,

Carl N. Johnson
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Appendix A

AUTHOR TELEPHONE NO. FAX NO. E-MAIL ADDRESS
ADDRESS OF SITE WELL DRILLER/ADDRESS
DESCRIPTION/PERFORMANCE

HVAC CONTRACTOR/ADDRESS
HVAC DESIGN DESCRIPTION
HVAC CAPACITY

TYPE AND NUMBER OF HEATING/COOLING FIXTURES

CONTROL SYSTEM DESCRIPTION

WELL DESIGN BLEED STRATEGY
NUMBER OF SCW's AMOUNT OR PERCENT OF WELL FLOW
WELL LOG DATA (INCLUDE COPY)

DEPTH OF EACH WELL

AQUASTAT SETPOINT

BOREHOLE DIAMETER

DISPOSAL OF BLEED WATER

WELL PUMP MFR/MODEL

WELL YIELD FLOW AT DEFINED DRAWDOWN

WHAT'S THE DEPTH OF THE WELL PUMP?

GROUNDWATER FLOW FROM GEOLOGICAL DATA

DESCRIBE THE DESIGN OF THE DIP TUBE

DEPTH OF RE-INJECTION

DESIGN DELIVERY GPM/HEAD

IS THERE A 2ND PUMP FOR DOMESTIC WATER USE?

SOIL DATA, STRUCTURE AND TYPE

ANY MONITORED DATA AVAILABLE?

COMMENTS OR DESCRIPTION OF THE PERFORMANCE OF THE SYSTEM
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