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INTRODUCTION (Lund, et a., 1975)

The downhole heat exchanger (DHE) eliminates the
problem of disposal of geothermal fluid, since only heat is
taken from the well. The exchanger consists of a system of
pipes or tubes suspended in the well through which “clean”
secondary water is pumped or allowed to circulate by natural
convection. These systems offer substantial economic
savings over surface heat exchangers where a single-well
system is adequate (typically less than 0.8 MWt, with well
depths up to about 500 ft [150 m]) and may be economical
under certain conditions at well depthsto 1500 ft (450 m).

Several designs have proven successful; but, the
most popular are asimplehairpinloop or multipleloopsof iron
pipe (similar to the tubes in a U-tube and shell exchanger)
extending to near the well bottom(Figure 1). Anexperimental
design consisting of multiple small tubes with “headers’ at
each end suspended just below the water surface appears to
offer economic and heating capacity advantages.
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In order to obtain maximum output, the well must be
designed to have an open annulus between the wellbore and
the casing, and perforations above and below the heat
exchange surface. Natural convection circulates the water
down inside the casing, through the lower perforations, upin
the annulus and back inside the casing through the upper
perforations. If thedesign parametersof borediameter, casing
diameter, heat exchanger length, tube diameter, number of
loops, flow rateandinlet temperatureare carefully selected, the
velocity and mass flow of the natural convection in the well
may approach those of a conventional shell-and-tube heat
exchanger.

The interaction between the fluid in the aquifer and
that in the well is not fully understood; but, it appears that
outputs are higher where there is a high degree of mixing
indicating that somewhat permeable formations are preferred.
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Typical downhole heat exchanger system (Klamath Falls, OR).



Considering life and replacement costs, materials
should be selected to provide economical protection from
corrosion. Attention must be given to the anodic-cathodic
relationship between the exchanger and the casing sinceit is
relatively expensiveto replace the well casing. Experiencein
the approximately 600 downhole exchangers in use indicates
that corrosionismost severe at the air-water interface at static
water level and that stray electrical currents can accelerate
corrosion. Insulating unions should be used to isolate the
exchanger from stray currentsin building and city water lines.
Sealing the top of the casing to limit oxygen availability will
also reduce the air-water interface corrosion.

DES GN AND CONSTRUCTION DETAILS (Culver, 1987)

DHE outputs range from supplying domestic hot
water for asinglefamily from a40-ft, 140°F (12-m, 60°C) well at
Jemenez Springs, New Mexico, to over 1 MWt at Ponderosa
Junior High School from a 560-ft, 202°F (170-m, 94°C) 16-in.
diameter (40-cm) well in Klamath Falls, Oregon. DHEsarealso
inusein New Zealand, Turkey, Hungary, I celand, Russiaand
other countries. A well producing 6 MWt has been reported
inusein Turkey.

Thewellsin Klamath Fallsare 10- or 12-in. (25- or 30-
cm) diameter drilled 20 or more feet (6 m) into “livewater” and
an 8-in. (20-cm) casing isinstalled. A packer is placed around
the casing below any cold water or unconsolidated rock,
usually at depths of 20 - 50 ft (6 - 15 m), and the well cemented
from the packer to the surface. Thecasingistorch perforated
(/2in.x 6in.[1x 15 cm]) inthelive water areaand just below
the lowest static water level. Perforated sections are usually
15- 30ft (4 - 9 m) long and thetotal cross-sectional areaof the
perforations should beat |east one-and-a-half to two timesthe
casing cross section. Since water levels fluctuate summer to
winter, the upper perforations should start below the lowest
expected level. A 3/4- or 1-in. (2- or 2.5-cm) diameter pipe
welded to the casing and extended from surface to below the
packer permits sounding and temperature measurementsinthe
annulus and is very useful in diagnosing well problems.

“Live water” is locally described as a hot water
aquifer with sufficient flow and permeability to wash away the
fines produced in a cable-tool drilling operation or magjor lost
circulation in rotary drilling.

The space heating DHE isusually 1-1/2- or 2-in. (4- or
5-cm) diameter black iron pipe with areturn U at the bottom.
The domestic water DHE is 3/4- or 1-in. (2- or 2.5-cm) diameter
pipe. Thereturn U usually hasa 3 - 5 ft (1 - 2 m) section of
pipe welded on the bottom to act as a trap for corrosion
products that may fill the U preventing free circulation.
Couplings should be malleable rather than cast to facilitate
removal (Figure 2).

Other DHEtypesin use are short multipletubeswith
headers at each end and straight pipes extending to near the
well bottom with coils of copper or steel pipe at the ends. In
Reno, Nevada, many DHE wells are pumped by small
submersible pumps to induce hot water to flow into the well.
Systems for use with heat pumps circulate refrigerant in DHE
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(Klamath Falls, OR).

pipes. A 20-kwWt, 16-ft (5-m) prototype heat pipe system was
successfully tested at least several months in the Agnano
geothermal field in southern Italy (Figure 3)(Cannaviello, et al.,
1982).

Thefirst downhole heat exchanger, locally known as
acoil, wasinstalledin ageothermal well in Klamath Fallsabout
1930. The temperature of the well water and the predicated
heat |oad determine the length of pipe required.
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Based on experience, local heating system contractorsestimate
approximately 1 ft of coil per 1500 Btu per hr (1.4 kW/m)
required as an average for theyear. The“thermo-syphon” (or
gravity feedin standard hot-water systems) processcirculates
the domestic water, picking up heat in the well and releasing
the heat in the radiators. Circulation pumps are required in
cooler wells or in larger systems to increase the flow rate.
Thermo-syphon circulation will provide 3-5psi (0.2- 0.35bar)
pressure difference in the supply and return lines to circul ate
15-25ga/min (1 - 1.5 L/sec) witha 10 - 20°F (5 -

11°C) temperature change.
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Figure3. Experimental loop in Agnano, Italy.

There are several older or cooler wells that are
pumped directly into the storm sewersor canal. Inmost cases,
thewell is pumped in order to increase the flow of geothermal
waters and to raisethetemperature of thewell toalevel locally
considered satisfactory for use in space heating, about 140°F
(60°C)(seeFigure 2). Inafew instances, mostly intheartesian
area, well water ispumped directly through the heating system.

Considering life and replacement costs, materials
should be selected to provide economical protection from
corrosion. Attention must begiventothegalvaniccell action
between the groundwater and well casing since the casing is
an expensive replacement. As indicated earlier, experience
indicates that general corrosion ismost severe at the air-water
interface at the static water level and that stray electrical
currents can cause extreme localized corrosion below the
water. Insulated unions should be used at the wellhead to
isolate the DHE form stray currents in the building and city
water lines. Galvanized pipe is to be avoided since many
geothermal water leach zinc and the anode-cathode
relationship normally protecting steel in pipes reversed at
135°F (57°C)(Ellis, 1988).

Considerable success has been realized with non-
metalic pipe, both fiberglass reinforced epoxy and
polybutylene.  Approximately 100,000 ft (30,000 m) of
fiberglass reportedly has been installed in Reno at the bottom
hole temperature upto 325°F (163°C). The oldest installations
have beenin about 10 years. The only problem noted has
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been National Pipe Taper Threads(NPT) thread failurein some
pipe that was attributed to poor quality resin. The
manufacturer has warranted the pipe including labor costs.

Although the thermal conductivity for non-metallic
pipes is much lower, the overall heat transfer coefficient isa
combination of thepipethermal conductivity, film coefficients,
and conductivity of any scale or corrosion products on both
sides. Sincethe non-metallic pipeissmooth, doesnot corrode
and scale does not stick toit, the overall heat transfer can be
nearly as good.

Average DHE lifeisdifficult to predict. For the500 or
so black iron DHEs in Klamath Falls, average life has been
estimated to be 14 years; however, in some instances, regular
replacementin 3- 5yearshasheenrequired (Lund, etal., 1975).
In other cases, installationshave beenin serviceover 30 years
with no problems. Stray electrical currents, as noted above,
have undoubtedly been a contributing factor in some early
failures. Currents of several tens of milliamps have been
measured. In others, examination of DHEs after removal
reveals long, deeply corroded linesalong one side of the DHE.
This may be due to continual thermal expansion and
contraction while laying against the side of an uncased well.
Constant movement would scrub off protective scaleexposing
clean surface for further corrosion.

Corrosion at the air-water interfaceisby far the most
common causeof failure. Putting clean oil, preferably turbine
ail (because of environmental acceptability) as is used in
enclosed-tube lineshaft pumps, or paraffininthewell appears
to help somewhat, but is difficult to accurately evaluate.

For some reason, DHE wellsaretypically left open at
thetop. There appears to be no good reason they could not
besealedair tight. Oncetheinitial charge of oxygen was used
up in forming corrosion products, there would be no more
available sincethereis essentially no dissolved oxygeninthe
water. Closed wells appear to extend the life of the DHE
(Swisher and Wright, 1990).

Convection Cells

Although the interaction between the water in the
well, water in the aquifer, and the rock surrounding thewell is
poorly understood, it is known that the heat output can be
significantly increased if aconvection cell can be set upinthe
well. Also, there must be some degree of mixing (i.e., water
fromthe aquifer) continuously entering the well, mixing the
well water, and water |eaving thewell to theaquifer. Thereare
two methods of inducing convection.

When awell isdrilled in a competent formation and
will stand open without casing, an undersized casing can be
installed. If the casing is perforated just below the lowest
static water level and the near the bottom or at the hot aquifer
level, aconvection cell isinduced and the well becomes very
nearly isothermal between the perforations (Figures 4 and 5).
Cold surface water and unstable formations near the surface
are cemented off aboveapacker. If aDHE istheninstalled and
heat extracted, a convection cell, flowing down inside the
casing and up intheannulusbetweenthewell wall and casing,
is induced. The driving force is the density difference
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between the water surrounding the DHE and water in the
annulus. The more heat extracted, the higher the velocity.
Velocities of 2 ft per second (0.6 m/s) have been measured with
very high heat extraction rates; but, the usual velocities are
between 0.04 and 0.4 ft per second (0.01 - 0.1 m/s).
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Figure4. Well completion systemsfor downholeheat
exchangers (typec preferred).
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Figurebs. Temperatures vs. depth for a geothermal

well (with and without perforations).

In Klamath Falls, it has been experimentally verified
that when a well is drilled there is no flow in the wellbore.
When the undersized perforated casing isinstalled, aconvec-

tion cell isset up flowing up theinside of the casing and down
the annulus between the casing and well wall. WhenaDHE s
installed and heat is extracted, the convection cell reverses
flowing down in the casing (around the DHE) and up the
annulus. Similar circulation patterns were noted in New
Zealand using convection promoters.

In New Zealand, where wells do not stand open and
several layers of cold water must be cased off, asystem using
aconvection promoter pipewasdevel oped (Figure6)(Allisand
James, 1979). Theconvector pipeissimply apipeopen at both
ends suspended in the well above the bottom and below the
static water level. The DHE can be installed either in the
convector or outside the convector, the latter being more
economical since a smaller convector is used. Both lab and
field testsindicatethat the convection cell vel ocitiesare about
the same in optimized designs and are similar to those
measured in the undersized casing system. A summary of the
New Zealand research is provided at the end of this section.
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Optimum conditions exist when frictional resistance
due to wetted surfaces (hydraulic radius) isequal in both legs
of the cell and DHE surface area providing maximum heat
transfer. For the undersized casing and DHE inside the
convector, this occurs when the casing or convector is 0.7
times the well diameter and 0.5 times the well diameter when
the DHE is outside the convector. The full length U-Tube
DHE is0.25 timesthe well diameter in all cases. Partial length
or multi-tube exchangers will have different ratios.
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Maximum convection rates are obtained when the
casing or convector pipe are insulated from each other. This
mai ntains the temperature and density difference betweenthe
cell legs. Non-metallic pipeis preferred. Although corrosion
products help insulate the pipe, scaling does not normally
occurto any great degree sincethecasing or convector arethe
same temperature as the water.

Design Considerations

Downhole heat exchangers extract heat by two
methods—extracting heat from water flowing through the
aquifer and extracting stored heat fromthe rocks surrounding
thewell.

Oncethe DHE isextracting heat and aconvection cell
is established, a portion of the convecting water is new water
entering the well-the same amount of cooled water |eavesthe
well and entersthe aquifer. The ratio of convecting water to
new water has been termed the mixing ratio and is defined as:

madd

RM = 1-
m total

where:

Rm = Mixing ratio
madd = Massflow of new water
mtotal = Total massflow of convecting water

Notethat alarger number indicatesasmaller proportion of new
water in the convection cell.

Mixing ratios vary widely between wellsin the same
aguifer and apparently depend on aquifer permeability. Also,
as more heat is extracted, the massflow ratein the convection
cell increases; but, themixing ratio appearstoremainrelatively
constant up to some point, then increases with further DHE
loading. Thisisinterpreted aspermeability allowing* new” hot
waterto enter thewell or, more probably, allowing “ used” cool
water to sink in to the aquifer near the well bottom. At some
combination of density difference and permeability, the ability
to conduct flow is exceeded and the well rapidly cools with
increasing load.

Thetheoreti cal maximum steady-stateamount of heat
that could be extracted from the aquifer would be when the
mixing ratio equals zero. That is, when all the water makes a
single pass through the convection cell and out the well
bottom. Mixing ratios lower than 0.5 have never been
measured and usually range from about 0.5 - 0.94 indicating
little mixing. The theoretical maximum steady-state can be
estimated if one knows the hydraulic conductivity and
hydraulic gradient, and assumes sometemperaturedrop of the
water.

If K is the hydraulic conductivity (coefficient of
permeability) and Th/TI is the hydraulic gradient, by Darcy’s
Law, the specific velocity through the aquifer is given by:

v=KTh/TI
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The mass flow through an area, A, perpendicular to
the flow istherefore:

vAd = KAJTh/TI

where d is the density of water. The steady-state heat flow
can be found by:

Q = KAdc(T, - T)Th/TI

where:

>

= Cross section of well inthe aquifer or the
perforated section
= Density of water
= Specific heat

o = Aquifer temperature

1 = Temperature of water returning to the
aquifer

440 a

Multiplying the above by Rm-1, or about 0.4 to 0.5,
one candeterminethe expected steady-state DHE output. The
mostimportant factor inthe equationisk. Thisvaluecanvary
by many orders of magnitude—even in the same
aquifer—depending onwhether major fracturesareintersected,
drilling mud or debris partially clogs the aquifer, etc. The
variation between aquifers can be even greater.

Based on short-term pump tests to determine
hydraulic conductivity and an estimated 1% hydraulic
gradient, the specific velocity in the Moana area of Reno is
estimated at 1 to about 3 ft per year (0.3- 1.0 m/yr)(Allis, 1981).
The hot aquifer is generally encountered in mixed or inter-
bedded layer of fine sand and silt stone. In Klamath Falls,on
the other hand, where the hot aquifer isin highly fractured
basalt and coarse cinders, specific velocity is estimated at 20
to 150 ft per day (6 to 46 m/day), perhaps higher in localized
areas. Valuesof K in seven wellsin Moanawere estimated at
3x10* ft per second (1 x 107 meters per second). Thisimplies
afactor of 10 thousand to 10 million difference in the steady-
state output. Indeed differences by afactor of 100 have been
measured, and some wells in Moana have been abandoned
because they could not provide enough heat even for
domestic hot water.

Many DHE wells in Moana are pumped to increase
hot water flow into thewell. Pumping ratesfor residential use
islimited to 1800 gallons per day (6800 L/day), and the pump
isthermostatically controlled. Thisis designed to switch on
the pump if the DHE temperature drops below some
predetermined level, usually about 120°F (49°C). This method
permits use of awell that would not supply enough heat using
aDHE alone, yet minimizes pumped fluid and pumping costs.
Itis, however, limited to temperatures at which an economical
submersible or other pump can be used.

Unfortunately, at the present time, there is no good
design procedure. Culver and Reistad (1978) presented a
computer program that appears to predict DHE output to
within 10 - 15% if the mixing ratio is known. The problem is,
thereisnoway of predicting mixing ratio except by experi-
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encein aspecific aquifer and then probably only over afairly
wide range as noted above. The procedure was written in
FORTRAN, but has been converted to HP-85 BASIC by Pan
(1983), and later modified by Lienau and Culver asdocumented
in Culver, 1990. The program enables optimum geometric
parameters to be chosen to match a DHE to a load if one
assumes amixing ratio.

The program does not include apermeability variable
nor does it take thermal storage into account. In wells with
good permeability, thermal storage may not be a significant
factor. Experiencein Reno indicates that for |low-permeability
wells, thermal storage is very important and that with low
permeability, a convection promoter can promote thermal
storage and, thereby, increase non-steady-state output.

Permeability can be rather accurately estimated with
relatively simple Hvorslev plots used in well testing. Relating
the permeability thus obtained to mixingratiostypical in other
permeabilities, could give an estimate of the mixing ratio one
could use in the computer program. The problem is, there
seems to be no middle ground data available, only very high
and very low permeabilities, and precious little of that.

NEW ZEALAND EXPERIENCE WITH DOWNHOLE HEAT
EXCHANGERS

Early Work by R. G. Allis and R. James (Allis and James,
1979)

Theresearch of Allisand Jameswas into the use of
domestic wells, which were used for low-grade direct heating,
and potentially powerful steam-water wells, which often had
relatively cool water over most of their depth. Thermal
convection was inhibited by the large aspect ratio (length to
diameter ratio) of the well. The domestic wells could not use
theKlamath Fallstype downhol e heat exchanger sincethewell
had already been cased without perforations, and thus, heat
could only be extracted over a very short length near the
bottom. Inasimilar manner, deep high-temperature geothermal
wells are sometimes difficult to discharge because of the great
depth of cool water overlying the hot zone.

In their laboratory research, they foundthat, if apipe
(promoter) is inserted into their model of a well, natural
convection will occur and the hot water will flow to the top of
the well (Figure 7). The diameter of the pipe determined
whether the hot water would flow up the pipe and down the
annulus, or thereverse. The promoter pipe should at |east be
slotted on the lower end, especially if it rests on the bottom of
thewell.

The research also found that in domestic wells, the
promoter pi peimproved heat output by 60 to 120%, depending
upon the diameter. The DHE in the annulus gave higher heat
output from the DHE than if placed inside the promoter
(Figures 8 and 9). The maximum flow (vertical) in the well
occurs when the frictional pressure-drop in the promoter pipe
equals that of the annulus. Thus, the promoter

pipe should equal 0.5 thewell diameter if the DHE isplaced in
the annulus and, should equal 0.7 the well diameter if placed
inside the promoter. The DHE pipe should be 0.25 the well
diameter (Figure 7). Using these recommended
dimensions, the quantity of thermal energy available to the
DHEislimited mainly by the existing bottom hole permeability.
If thetemperature of thewell water islessthan boiling (100°C),
then stiff plastic pipe can be used since it is a poor thermal
conductor, and is also comparatively smooth.
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Figure?.

For potentially powerful (high-temperature)
geothermal wellswhich are difficult to discharge, a2-in. (5-cm)
diameter pipe, positioned beneath the water level (Figure 10),
should raise wellhead pressure (by promoting internal
convection) to the point where controlled, spontaneous
discharge is possible. This promoter pipe is placed
approximately 160 ft (50 m) below the water surface and is
slotted on both ends. Oncethewellhead valveisopened and
production conditions exist, the pipe should only slightly
restrict vertical mass discharge which takes place both in the
annulus and in the pipe.
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Thismethod of stimulatingvertical convection, and thuspromoting uniform high temper atur ethr oughout the
well column, ispreferred instead of using a downhole pump or airlifting with the associated environmental

problems of
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Figure9. Characteristic temperature and flow regimes observed in a laboratory model of a well; configuration of
convection promoting pipe and/or DHE isshown in the cross-section in each case.

GHC BULLETIN, SEPTEMBER 1999

7



T . I~~~ Initial static

« waterlevel
.

9 inch casing

Inserted 2 inch
pipe

Figure10. Schemefor promoting convection in a geother mal power well.

Experimental Work at the University of Auckland (Freeston
and Pan, 1983)

Theinvestigations of Freeston and Pan are based on
both laboratory and field work in the Taupo area of New
Zealand, and using results of work in the M oanaareaof Reno,
Nevada(Allis, 1981). They looked at the heat transfer and flow
mechanisms inthevertical convection cell of wellswith DHES.
Conclusions were drawn from computer analysis and
subsequent field testing. The work by Allis (1981) showed
that in order to obtain 10 kW continuously for 24 hours (peak
of 20 to 30 kW) from a DHE to supply a household from a 20-
cmdiameter well, 50-m deep in areservoir where the hydraulic
gradient was1%, a permesability of about 50 darcies (5 x 10
m/s) is necessary. Above 50 darcies, a promoter can be
utilized; below, asmall pumpwill benecessary. However, Allis
did note that in wellswith permeability below 50 darcies, the
stored heat in the form of hot rock adjacent to the well may
provide sufficient heat for days or even weeks. However, in
thelong-term, the well will cool off. The use of aconvector
pipewill notimprove thelong-term output of theDHE. A

8

convector pipe only keeps the well water mixed and does not
draw in fresh hot water. As mentioned above, these wells
require someform of pumping toinducetherequired heat flow.

Based on their work and that of Allis, it was
concluded that convective (vertical) flow must be favored
instead of conductive (horizontal) flow between the promoters
and theannulus, in order to maximizethe output of DHES. The
relationship that best defined these conditionsis:

D°/L
where:
D° = Diameter of the promoter pipeincm
L = Length of the pipeinm

For D/L < 1, then conductive heat flow dominates.

For D/L > 1, then convective heat flow dominates.
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Since heat flow should be convective, (1) long and
smdl diameter promoters should be avoided as they do not
generated significant circulation of the well fluid, and (2) it is
best to have promoters with as large a diameter as possible,
and use a low-conductivity material to get maximum vertical
convection.

Field Work in Rotorua (Dunstall and Freeston, 1990)

A series of tests were conducted on a U-Tube DHE
installed in a100-mm diameter well which previously provided
asteam/water mixtureto heat abuilding in Rotorua. Thefield
work was conducted to study thefluid temperaturesinsidethe
heat exchanger tubesresulting in abetter understanding of the
heat transfer processesinvolved in atypical RotoruaDHE/well
system.

The DHE/well system consisted of a123-m deep well
cased to 112 meters with a bottom hole temperature of 160°C.
A 25-mm diameter U-Tube produced amaximum output of 150
kW. Thestanding vs. DHE running (in operation) temperature
profile of thewell isshown in Figure 11.
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Figure1l. Downholetemperature.

The results of the test showed that the temperature
increased below the uncased portion and thus, almost all heat
exchangeoccurred at thefeed zone. Inthecased portion, heat
was lost to thereturnleg (cold | eg) of the DHE from the supply
leg (hot leg) (Figure 12).

In order to prevent thisheat | oss, they recommended
that either (1) the return leg from the casing bottom to the
surface be insulated, or (2) that a smaller diameter return pipe
be used, thus producing higher velocitiesinsideit resultingin
less heat | oss.

The flow rate in the DHE was also varied from just
above0.4L/sto 1.2 L/s(Figure 13). Aswasexpected, the heat
output in kKW increased with flow rate; however, the typical
output curve will flatten as flow rates become *“high” (Figure
14). At “high” flow rates, the return temperature has a
tendency to fall off, negating some of the gain, and pumping
costs also increase. Thelikely increasein heat output would
probably more than cover the increase pumping cost for
moderate increasesin flow rate. They concluded that the use
of promoters would greatly enhance the well heat output.
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Figure 14.

Two different materials, copper and PV C, were used
to construct two identical U-Tube DHESs, which were tested
over arange of DHE flow and well aguifer cross-flow rates.



During most tests, a PV C convection promoter pipe wasfitted
inthewell, to allow abulk circulation of thewell fluid. Various
combinations of the DHE pipes inside and outside the
promoter pipe were investigated. Some comparisons were
made to results obtained during full-scale testing in a shallow
Rotoruawell.

The basic conclusion, as found by others, was that
the output fromthe DHE increased with increasing cross flow
in the aquifer at the well bottom and with increasing DHE flow
rates. Both relationshipsappear nearly linear at low flow rates;
but, the performance improvement tapers off as the flow rate
increases (as was seeninthework by previouswork by others
discussed earlier). In larger diameter wells, the DHE supply
(hot leg) temperature was less than the well temperature;
therefore, there was no heat |oss by conduction.

When a promoter pipe was installed, the bulk well
circulation can be obtained in either a forward or reverse
direction (Figure 15), with the forward direction (up the
annulus and down inside the promoter pipe) yielding ahigher
heat output of the DHE by 10 to 20% (Figures 16 and 17).
Thus, they recommended that the DHE return (cold) leg be
placed insidethe promoter pipewith the supply (hot) leginthe
annulus to produce forward flow. Otherwise, forward flow
may have to be stimulated by use of an airlift pump. It was
also found that the heat output of the PV C DHE is quite high
compared to the copper DHE, considering its thermal
conductivity. Thiswasdueto the low percentage of the total
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Figure 15. Circulation flow directions.

10

heat transfer resistance represented by the tube and the face
that no heat was lost in the return leg. Thus, they
recommended that ahybrid DHE consi sting of acopper supply
and a PV C return leg be used to provide higher heat transfer
rates, as compared to either of the single material DHES
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Figure 16. Heat output vs. DHE flow (32-mm
promoter )(Cross-flow rate 25.8 ml/s).
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Figure 17. Heat output vs. DHE flow (32-mm

promoter )(Cross-flow rate 31.4 mi/s).
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