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ABSTRACT

‘ A conceptual model is presented to
describe thermal recovery from a semi-infinite
hot dry rock  (HDR) geothermal treservoir
containing an equidimensional permeable zone.
Transient = behaviour may be  represented
uniquely . by - five dimensionless parameters.

Variation in production temperature (T,) with.

time (t,) is influenced by reservoir throughput
(@p), - thermal porosity  (€,) and depth ratio
(afz). - Of these, only throughput {Qp)
exercises - significant  control on ' transient
performance, ~ the parameter being directly
proportional ' to = reservoir ‘ circulation rate and
inversely proportional to the effective tadius. of
the - stimulated ~ zore. Steady  production
temperature (T,) is indexed to throughput
(Qp) and depth ratio (a/z), only. = Steady
production temperatures are always highest for
a host medium bounded by a proximal constant
temperature surface and lowest for an insulated
‘boundary, - Boundary = effects are insignificant
for resetvoir burial depths up to an order of
magnitude greater than the reservoir radius. A

- threshold behaviour in: time (£,Q)). is. evident:.

for ‘very large reservoir throughput (Qp). This
bounding - behaviour describes,  in dimensionless
time ~(¢,Q,), the maximum rate “at  which

~ thermal - depletion “may occur. - This 'state is

-evident  for  large . dimensionless throughput .-

magnitudes - (Qp) corresponding = directly = with
high circulation rates  within. the  reservoir.
Predictions  compare -favourably with  results
from a 300-day circulation test at“the Fenton

" Hill Geothermal Energy Site, New Mexico.

INTB.ODUCT’IOVN
The original concept for HDR geotherma.

" energy ' production involved propagation of 2’ . - ‘

_massive  hydraulic “fracture  to. - facilitate . full

hydraulic - connection ~ with - 'a - secondarily -
_introduced borehole. = This concept spawned a’

. number . of = ‘conceptual . models ‘.to allow
" evaluation of thermal drawdown within the
hydraulically” closed ' system - for .- singl
(Gringarten. and ° Sauty, 1975) and multiple
fractures (Gringarten and Witherspoon, 1973.
Gringarten et al.,, 1975). Recent attempts to
stimulate HDR reservoirs have resulted in

inflation of a  voluminous and roughly
equidimensional region through which complex
flow paths penetrate (Baria et al., 1987; Fehler.
1987). The equiaxed form of this zone of
permeability " enhancement may be discerned
from both the passive seismic record and the
results of tracer testing (Robinson and Tester,
1984).

The - following  ‘suggests a conceptual

.model - to represent the thermal drawdown

behaviour of a spherical stimulated zone
embedded within impermeable host rock.

CONCEPTUAL MODEL

-7 - A schematic’ of the reservoir model is
illustrated for free surface and insulated caprock
conditions in Figures 1 and 2, respectively.
Thermal energy is withdrawn from the system

. through - circulation of fluid within a spherical

and hydraulically closed zone of radius, a. The
secondary . porosity  of ‘this zome is assumed
constant and of magnitude, @, with the
external - medium  returning zero secondary
potosity.. ~ Fluid. is - circulated at constant
volumetric flow rate, ¢, with a prescribed

_ injection temperature T, and unknown outlet

temperature * Tp (£). The following assumptions
are germane to the model:

1.0 All spatial,  temporal, = and - material
%7 ' parameters are assumed constant with
- “time . excepting the ~outlet  fluid

. témperature, T,,..(t).

2. . Fluid temperature within the stimulated
- zone 'is . prescribed - as uniform ‘and of :
magnitude T,,.', neglecting any spatial

.- dependence.” - This condition: requires

- that  .the . blocks = comprising - the

"% stimulated -“zone' remain  in  thermal
" equilibrium - with the ¢irculating fluid; a
-“condition that is justified -as block size,
and’ therefore thermal “diffusion length,

is reduced. - S ST

3 - Thermal fifan;spott- within  the spherical

stimulated zone is by forced convection
and in the surrounding medium by
pure conduction.
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Figure 1. Circulation geometry for
constant surface temperature - HDR
model

ENERGY BALANCE

An energy balance relationship may be
defined for the production zone. Thermal
energy is withdrawn from the system by
uniform  drawdown  within the spherical
. reservoir. This drawdown in turn stimulates a
conductive heat flux, g {at), from the

surrounding rock  where  equivalence s

maintained on the periphery of the spherical
zone between the temperatutes of the
circulating fluid (T;) and the external rock

medium. In this manner, the energy balance
equation may be stated as

g at) = gp el Trc(t) - TF.)

8T, (#)
ot

(1)

+ -?‘-wa"p 55

where, the three component terms, from left to
right, represent: (i) the conductive heat flux
supplied from the external host rock: (it) the
thermal flux removed from the system through
forced convection; and (iii) the thermal inertia
of the system. The heat capacity of the fluid
is incorporated as pgyc, and the aggregated heat
capacity of the fluid saturated reservoir zone is
given as pge=(1-0)ppcp+opscy Where ppcp is
the heat capacity of the rock.

Initial conditions are applied to equation
(1) where the system is initially at rest and the
temperature distribution is prescribed by the
geothermal gradient, T, At the initiation of
thermal drawdown, heat flux to the reservoir
volume is stimulated through ¢ {a,t). The
magnitude of this flux is determined directly
from solution of the spherically symmetric intial
value problem for conductive heat flow to a

Insulating cap rock
Mt

Impermeable
host rock

Permeable
zone, radius a

Figure 2. - Circulation geometry for
insulated caprock HDR geothermal
reservoir model .

spherical source (eg. Carslaw and Jaeger, 1959).
With this final component, equation (1) may be
solved to represent thermal recovery from a
spherical reservoir within an infinite medium.
Image theory is wused to approximately
represent the behaviour of a semi-infinite host
medium for the constant surface temperature
and zero flux conditions represented by Figures
1. and 2, respectively. Linear superposition in
time, through Duhamel’s theorem, is used to
formally evaluate equation (1) for the inifinite
and semi-infinite cases. The interested reader
is referred to Elsworth, (1989), for further
information regarding transient solution.

COMPUTATIONAL RESULTS

The  transient  thermal  production
behaviour is uniquely represented by fve
dimensionless parameters, namely:

(TF—TF)
Tz e (2a)
=TT, T,
g.0.c
%R @
R v
¢D=p_5°.§. (2¢)
Par
K. ¢t
tD= L 2 (2d)
PRCgS
and
afz (2e)
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where K, is the thermal conductivity of the
- intact rock surrounding the reservoir and z is
the depth of the reservoir below the surface or
insulating caprock as ‘illustrated in Figures 1
and 2. The controlling parameters are
therefore - dimensionless output = temperature
(Tp), dimensionless . circulation rate (@Qp),
dimensionless thermal porosity . (&p).
dimensionless time (¢;)., and dimensionless
depth ratio (a/z).

As a specialization of the genera
transient result, the steady long term behaviour
is given by

T =140 (12 2) 5 (2
b~ 4r D 2z , '

where the positive and negative signatures
applied against -the dimensionless depth ratic
refer to cases of zero flux and comstant (with
time) temperature constraints on the surface of
the half-space, respectively. This suggests that
thermal supply from the exterior, by
conduction, ‘is most significant for small
circulation rates, Qp. This -intuitive - result is
reinforced by the significant magnitude of the
dimensionless  temperatures that may  be
recovered. As Q,~—0, no thermal drawdown is
experienced, and hence . thermal recovery
remains finite even as t,—oo. This result is
important for geothermal energy - production
schemes operating under low circulation rates
since  thermal = recovery magnitudes  are
guaranteed. For = production =~ at = larger
circulation rates, knowledge of the .transient
thermal drawdown is important in predicting
useful lifetimes. , . L

- TRANSIENT BEHAVIOUR -

Of prime interest in determining the

projected longevity of energy production is

knowledge of the reduction . in - reservoir
production ' temperature, Tp, as a - function of

. dimensionless time, .2, for diffetent production
rates,” Qp. The results -are tepresented most <.

.compactly ~ if thermal drawdown (Tj) 'is
represented as a function of the product ¢,Qp.
This method of compressing the ‘time dimension
is used throughout the following. : .

. Thermal histories .are " most “markedely -

sensitive _to- variations in the circulation rate,
Qp and less' sensitive ‘to the. thermal -porosity,
- &, ~which is sensibly. restricted ‘to a  relatively

. ‘narrow band of variation.. For ‘igneous rocks,
~ the thermal porosity term €, will always be
Physical - . constants =

" greater . than - unity.
representative of granite as the host and water

~

as the percolating fluid impart '¢,=1.1 for an

" unrealistically high secondary porosity of 10%. :

As- secondary. porosity is reduced (¢—0), the
dimensionless reservoir porosity term approaches
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Figure 3. Thermal drawdown histories
for a reservoir within an infinite host
medium. Thermal porosities . ($,) of
1.0 and 1.1.

" unity. A suitable range for the reservoir

porosity ~parameter would therefore appear to
be 1.0 <@p<1.1.

, Results for temperature histories in an
infinite medium (a/z=0) are reported in Figure
3. As a._ natural comsequence, the solution
exhibits uniform rock temperature at the
periphery ~ of the  permeable zone. It s
apparent that thermal history is sensitive to &

only- for large dimensionless throughputs Qp.
For Qp<10' the results are indistinguishable for

"“the -two thermal ‘porositites ¢, of 1.0 and 1.1

Even for large Q, values the discrepancy

- appears’ insignificant. = The sense of the

modification to: the thermal histories suggests
that *increased porosities slightly - forestall
thermal - depletion. As evidenced 'in equation

. (3) and also in Figure 3, long-term (steady)
~withdrawal = temperatures ‘temain finite . and,

more importantly, significant for throughput
values, @, less than 10°.Depending on the

. threshold = temperatures = required = to ~ensure
" efficient . energy conversion, the: productive life
_of s ‘the * geothermal . reservoir = may -remain

.. ‘'unbounded. ~ e , .

For very | large magnigudes' of Qp a

- threshold . behaviour  is apparent. Figure 3
illustrates the predicted temperature as Qp—+0.
This  behaviour . corresponds ‘to high" dirculation

-rates’ where the “thermal supply from the
“surrounding rock becomes negligible. In this

instance, solution of equation {1) with g/ a,t)=0

- becomes -Tp=exp[-3t,Qp/4r] ' tesulting in the
. limiting "curvature of Figure 3 for - Qp=10"."
" Physically, the . limiting - behaviour corresponds .

to thermal drawdown in a sphere of radius a,
- embedded - within an insulating ‘medium. The
- total thermal energy “extracted at full depletion -

+- is “given : by the ~product ‘of ‘ sphere” volume,

specific heat capacity of that volume and
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Figure 4. Thermal drawdown histories
for a' reservoir within a semi-infinite
host medium. Depth ratio afz=1.0.
Positive and negative demarcations

represent  insulating  caprock  and
coustant surface temperature
constraints, respectively.

temperature change. For fixed thermal

diffusivities of the host medium, together with
a constant reservoir dimension, a, the thermal
histories are’ moved laterally (earlier) in real
time by one order of magnitude for every
increase . in real circulation rate (g;) of ome
order of magnitude. Thus, as anticipated, the
energy production rate is directly conditioned
by the circulation rate through the system.
Intuitively, minimal thermal depletion is evident
in Figure 3 for small flow rates g, or large
- reservoir diameters as evidenced by small values
of dimensionless throughput @,.

The thermal response of semi-infinite
systems are bounded, in the most extreme case,
by a depth ratio, afz, of unity. Although
results are physically meaningless for the
instance of a constant temperature surface,
comparisons are useful since thermal histories
bound candidate responses for all depth ratios
between unity and zero. Semi-infinite responses
are illustrated in Figure 4 for a depth ratio of
unity. The influence of an insulated surface is
to reduce the ultimate steady outlet
temperature T, over that of the infinite case.

This result appears reasonable since a reduced
volume, and hence thermal reservoir, is
available for depletion in the semi-infinite case.
Conversely, the presence of a surface retained
at constadt {(ambient) temperature elicits a
more favourable (hotter) thermal response to
that of the inifnite case. The influence of
boundaries is only significant for intermediate
values of dimensionless throughput @, and even
in these instances is only apparent at large
dimensionless  times  ¢,Q, The range

10'<Q,<10° brackets this boundary sensitive

region. The branching of thermal histories
occurs earlier in dimensionless time with
decreasing throughput Q.

[ (Qp, constont temp. ©, \
zero flux@)

[ §o°1.0
- $-05

00 .
0™ i0° 10' 0? 10*

toQp s — 0t __ GepPeCe
PataC®  Kgpa

Figure 5. Thermal drawdown histories
for a reservoir within a semi-infinite
host medium. Depth ratio (a/z)=0.5.
Positive and negative = demarcations
" represent  insulating - “caprock. and
constant surface. temperature
constraints, respectively ,

Thermal responses for depth: ratios of
one half are illustrated in Figure 3. Similar to
the results for afz=1, the influence of
boundaries are only significant in the .range
10'1<QD<103. As the reservoir depth a/z
decreases to 10!, the Tresults for bounded
reservoirs are indistinguishable from the infinite
case and may be correctly interpolated from
Figure 3. :

From knowlcdge of thermal response,

- depletion times may be directly determined to

aid in defining useful lifetimes of individual
reservoir configurations. Ultimate withdrawal
temperatures may be determined from equation
(3). The time required for the outlet
temperature to reach fifty per cent and
ninety-five per cent of the steady temperature
values are defined as tl,""’Q,J and tD”QD,
respectively. These results are illustrated in
Figure 6 for the limiting cases of bounded and
infinite reservoir geometries for all significant
values of Q. Reservoirs bounded by a comstant
temperature surface deplete more rapidly than
either insulated or infinite geometries. This
behaviour is most marked in the very long-term

. o5
performance . as evidenced by the ¢, Q,
parameter. .

FENTON HILL EDR RESERVOIR

Comparison s possible between
predictions elicited from the thermal recovery
model and results from a 300-day circulation
test conducted at the Fenton Hill experimental .
reservoir in New Mexico. Results are reported
from Run Segment 5 of Experiment 217 in
Zyvoloski et al. (1981), where long-term
circulation was induced between the imjection
level at 2903 m and withdrawal level at-2708
m below surface. The known separation of the
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Figure 6. Variation is 50 percent and
95 percent = depletion times with
dimensionless  throughput @, for
thermal porosity &€,=1.0. Results for

insulating - caprock (+4) and constant
surface temperature ( — )} conditions.

‘injection and withdrawal points together with
available seismic data suggest a permeable zone
or reservoir diameter of thé order of 200 m.
The single -undefined input parameter is the
dimension of the permeable zone. . “An
estimated radius of a=100 m yields a
dimensionless throughput of @Q:93 for known
flow rates and reasonable reservoir parameters.
Predicted thermal drawdowns are reported in
Figure 7 in real time for dimensionless
throughputs spanning - 50 to 150.  These
magnitudes correspond to reservoir radii of 186
m to 62 m and show some correspondence with
the data recovered from the 300-day circulation
test. This correspondence is encouraging given

the reasonableness of the physical parameters.

utilized in the comparison, however, the test
_duration is too brief to yield  a conclusive
comparison. Furthermore, the initial response
is most strongly conditioned by thermal
depletion of the immediate permeable zone.
Only later in the drawdown history - will the

influence of external  heat supply from around

- the spherical zone become apparent.

M, from the data of Figure 7, &
dimensionless  throughput (Qp) of 100 is -

assumed reasonable for this physical system, the
full  thermal - drawdown - history = may " be
determined " directly = from = Figure 3. = The
dimensionless - time - axis (¢pQ@p) ~ may & be
converted to real time by requiring that a=100
m.  The time axis then .spans from 10% days

o }0.27 years) on the left hand side to 10° days
(2,740 years) on" the ‘right hand ' side allowin

“the- full * thermal = depletion - history, . an

" consquently the productive lifetime and output:
during this lifetime, to be projected. As noted .

previously, the . thermal productivity of  the
resetvoir remains unbounded in time as a result
of the external heat supply.: : ,
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Figure 7. Measured and predicted
responses - of the Fenton  Hil
Geothermal Reservoir during a 300-day
circulation test.

CONCLUSIONS

A simple conceptual model is proposed
to represent the thermal performance of HDR
geothermal * energy systems where thermal
energy is supplied from  the surrounding
medium. Behaviour is shown to be insensitive
to the proximity of thermal barriers (as
evidenced through a/z) and the magnitude of
the secondary porosity (as evidenced through
&p, Although = the " magnitude of thermal
porosity  exerts little influence on  thermal
recovery, it - would be expected to strongly
influence pumping costs required to maintain
any given circulation rate, ¢, Small increases
in ¢, may  disproportionately = increase
circulation rates and, thereby, increase the
appropriate magnitude of  dimensionless
throughput, Qp.

- - ‘Significant’ steady heat production rates
are estabilshed for all dimensionless throughputs
(Qp)  greater  than 10% : The long-term

‘dimensionless  temperature (T,) is indexed

through  the  dimensionless  variables  of
throughput Q, and depth ratio, a/z, only.
Higher  steady  production temperatures are
recovered - for low - circulation rates g, or large

- reservoir ‘radii; a.--

. The condition corresponding to  zero

_external heat -supply from the surrounding rock

medium - is ; represented by = the response as

- Qp=. (Physically, “this” condition corresponds
- to ‘extremely ‘high circulation rates, g or small .
" ‘reservoir radii; a, This bounding behaviour

describes,  in . terms of . dimensionless . time
(¢,Qp), the maximum rate at which thermal

. depletion may occur. This threshold state is
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indexed directly to dimensionless throughput @,
and is apparent for QD>103.

Large radii or low circulation rate
systems exhibit the most desirable thermal
behaviour in the long-term. This response is
further  conditioned, however, by the flow
impedence characteristics of the stxmula.ted zone
and cannot, therefore, be viewed in isolation.
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