JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 94, NO. B2, PAGES 1927-1934, FEBRUARY 10, 1989

Theory of Thermal Recovery From a Spherically
Stimulated Hot Dry Rock Reservoir

DEREK ELSWORTH!
Deparvment of Mineral Engineering, The Pennsylvania Stare University, University Park

A conceptual modet is presented to describe thermal recovery from a semi-infinite hot dry rock (HDR)
geothermal reservoir containing an equidimensional permeable zone. Transient behavior may be repre.
sented uniquely by five dimensionless parameters. Variation in production temperature Ty, with time 1, is
influenced by reservoir throughput 0, thermail porosity ©, and depth ratio a/z. Of these, only through-
put @, exercises significant control on trassient performance, the parameter being directly proportional
to reservoir circulation rate and inversely proportional to the effective radius of the stimulated zone.
Steady production temperature T, is indexed to throughput @, and depth ratio a/z, only. Steady
production temperatures are aiways highest for 4 heost medium bounded by a proximal constant temper-
ature surface and lowest for an insulated boundary. Boundary cffects are insignificant for reservoir burial
depths up te an order of magnitude greater than the reservoir radius. A threshold behavior in time (£,0,)
is evident for very large reservoir throughput {(¢,). This bounding behavior describes, in dimensionless
time, the maximum rate at which thermal depletion may occur. This state is evident for large dimension-
iess throughput magaitudes (@) corresponding directly with high cireulation rates within the reservoir,
Predictions compare fuvorably with results from a 300-day circulation test at the Fenton Hill Geother-

mal Energy Site, New Mexico.

INTRODUCTION

Geothermal extraction from deep hot dry rock (HDR) is a
feasible method of energy recovery for which the basic physi-
cal viabitity has been established through conceptual [Harlow
and Pracht, 1972: Smith. 1975], economic [e.g., Murphy et al.,
19853, and prototypical [e.g., Murphy, 1982] studies. All po-
tential schemes incorporate circulation of a heat exchanging
fluid, at depth, through an enclosed and geologically heated
volume of permeable rock mass. Thermal energy is later re-
covered from the recirculating fluid. Of crucial importance to
the economic viability of any prototypical scheme are the re-
quirements of minimal fluid loss, low flow impedance, and
high and sustained thermal output.

The original concept for HDR thermal recovery involved
the artificial stimulation of a permeable zone, at depth in an
initially impermeable formation, by creation of a massive hy-
draulic fracture. Analogues have been presented that are capa-
ble of investigating thermal output histories of the resulting
planar [Lauwerier, 1955 Carslaw and Jaeger, 1959 ; Gringart-
en and Sauiy; 19757 or multiple parallel [Gringarten and Wi-
therspoon, 1973: Gringarten et al., 1973, Boedearsson and
Tsang. 19820 Witherspoon et al., 1982] {fracture geometries
where deformational effects may also be incorporated [Abe er
al., 1979]. Thesc model require that fiow is confined in either
single or multiple parallel fractures rather than dispersed
within a confined volume of the rock mass. Recent evidence,
however, in the attempied hydraulic fracturing of deep rocks
containing a relic joint structure, indicates that a distinct
stimulated volume may develop as opposed to the propaga-
tion of a single, essentially Hnear feature. This behavior has
been reported at sites in the United Kingdom [Pine and Bat-

"Femporarily at Waterloo Centre for Groundwater Research, Uni-
versity of Waterloo, Waterloo, Ontario, Cunada.
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chelor, 1984; Baria et al., 1987] and the United States [Fehler,
1987].

The behavior is evidenced by both the scattered distribution
of seismic sources at depth and the predominance of shear
cvent signatures within the active microseismic cloud. Tracer
testing [Robinson and Tester, 1984] supports the seismic
record in determining the extent of porosity enhancement.
Seismic activity is commontly evident during both stimulation
and production phases of reservoir development. This may be
attributed to the mixed and simultaneous development of frac-
ture propagation processes including, thermal fatigue crack-
ing. hydraulic jacking, and dilational bridging of remnant {frac-
ture planes, present at depth. Computational simulations in-
corporating fluid pressure transients [Pine and Cundall, 1985}
and advective thermal transport transients [Elsworth, 1987;
Jiannan, 1988] have reproduced the behaviors of stimulated
block jointed thermal reservoirs.

Artificial stimulation at depth may prove advantageous in
extending uselul reservoir life and maximizing energy pro-
duction. The long and tortuous flow paths implicit within
such & structure may. however, degrade net energy recovery as
a result of the increased pumpage requirements necessitated
by high flow impedance [White, 1982]. The interplay of these
factors, among others, condition the economic feasibility of
any project. Of critical interest in determining feasibility is the
projected history of effluent fluid temperature, conditioned by
prescribed flow rates, known (or surmised) reservoir geometry
and dimension, and initial rock temperature at depth. A con-
ceptual! study is presented to examine the production histories
of HDR geothermal reservoirs produced through a near equi-
dimensional and finite volume zone of stimulation.

Concerruar MopeL

Thermal energy is withdrawn from the system through
circulation of a fluid within a spherical and hydraulically
closed zone of radius a. The secondary porosity of this zone is
finite with the surrounding medium retaining zero secondary
porosity. Fluid is circulated at constant volumetric flow rate
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¢y with a prescribed injection temperature T and unknown
outlet temperature T .

Model Assumptions

I. Fiuid losses associated with temporal pressure changes
and void volume increases are assumed negligible over the
reservoir lifetime and are neglected, The radius of the stimu-
ated zone remains static with production. Fluid expansion
and buoyancy flow effects are neglected.

2. The temperature of the circulating fluid is raised, im-
mediately upon injection, to the outlet temperature magnitude
T, This requirement necessarily ignores any spatial depen-
dence of fluid temperature within the permeable zone and
therefore negates the development of any asymmetric compo-
nent to the thermal drawdown in the surrounding medium.
This assumption is warranted under circumstances where the
thermal equilibration of individual rock blocks comprising the
permeable zones is rapid relative to the transit time of the
circulating Auid. Where primary interest is the gross (aggregat-
ed) magnitude of thermal energy production, rather than point
determination of temperature distribution, the assumption is
considered reasonable.

3. Thermal equilibrium between the percolating fuid and
host rock is maintained at all times within the stimulated
zone, The edge dimensions of individual rock blocks, delin-
cated by active flow paths, are assumed sufficiently small that
rapid equilibration will occur. The validity of this assumption
may be tested with krowledge of 1?5, the time to 95% equili-
bration following & change in surface temperature to any of
the individual rock biocks. A spherical idealization of a cubic
biock, of edge dimension [, yields ¢*% = 5.9 x 1072 3/k, where
r is the thermal diffusivity of the rock [Elsworth, 198771 denot-
ed = Ky/paey where Ky is thermal conductivity, pj is den-
sity, and ¢, is specific heat of the intact rock.

4. Thermal transport within the stimulated volume is
purely advective. Pure conduction is the transport mechanism
within the external medium.

3. The thermal capacities of the external rock pgeg, circu-
lating fiuid peep and the permeable saturated zone pyeg, to-
gether with the thermal conductivity of the external rock K,
remain consiant with time.

6. The influence of the natural geothermal gradient over
the height of the stimulated zone is assumed negligible. This
factor has been illustrated, in previous investigations, to be
apparent only at small dimensionless times and is negligible
for a realistic range of physical parameters [Gringarten et al.,
1975].

7. The domain containing the spherical permeable zone
may be infinite or semi-infinite. The bounding jayer of the half
space may be retained at constant initial temperature or as a
zero thermal Rux (insulated) boundary. Geometries appropri-
ate to these dual situations are illustrated in Figure L

8. The specific heat capacity of the spherical permeable
zone is aggregated as poog = {1 — Plpgey + Pppep, where ¢ s
the secondary porosity.

Energy Balance

The approach taken in the following is to define an energy
balance relationship for the spherical permeable zone com-
prising the reservoir. The effect of thermal depletion in the
surrounding host rock is introduced through a source term
(g 4. 1) adding thermal energy to the central zone. The source
term is obtained directly through analytical solution for a
spherical source of constant strength in time. The combined
system is then maodified via linear superposition (Duhamel’s
theorem) to yield the transient behavior of the coupled in-
terior (permeable zone) and exterior {host rock) problems in-
corporating circulation regulated thermal depletion.

Considering first the permeable zone to be supplied by a
total thermal energy production rate gfa, 1) from the sur-
rounding mass and to be depleted by the heat removed by
fluid circulating at flow rate ., an energy balance equation
may bhe written for the closed system as

o 4 .
goplet 1) = qppped T {1}~ T ) 4 5 rza3,r)sc5 T ()Gt {1}

where T, is the outlet fluid temperature from the permeable
zone of radius «. Equation (1) requires that heat energy sup-
piied to the permeable zone as a result of thermal drawdown
in the surrounding medium (through g,) is directly balanced
by temperature changes in the spherical interior. The first and
second terms on the right-hand side represent, respectively, the
thermal energy removed from the system by the circulating
flutd. and the thermal energy absorbed by the reservoir under
a unit change in temperature. The magnitude of g.(a, 1), repre-
senting the thermal flux supplied from the reservoir exterior,
may be obtained by independently solving the spherically
symmetric initial value problem as

BTy 1 2 8Telr 1] OTlr, t
IC[( ¢, r)+_c* Rl }]=L W

at

ort rooor

where r is the radial coordinate. Boundary and initial con-
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ditions are applied as

Tplr by =Ty 1<0” a

A

r < oo

Tadaony=Tply 0" €15 +w

Tl =T, -0 St +w

where Ty is the initial rock temperature at the reservoir depth
z and x is the thermal diffusivity of the surrounding rock.
Selution is available to (2} for a radial flux of constant mag-
nitude with time given as g4{a, f}/4ma® = constant over the
contour » = a [Carslaw and Jaeger, 1959, p. 248] as

. {r—a) (r—a) &t
goder, N=4nK r(Ty— TF"){erfc Z(r'r)”z_exP [ p, +?:|

N

(r~ay (e} P!
erfc [2{:({)”1 + T:I} (3

Equation (3) represents the thermal energy supplied,
through thermal drawdown in the impermeable host rock, to
the embedded permeable zone. Therefore substitution of (3}
directly into (1) and solution with time allows the outlet tem-
peratures T, to be determined for the coupled system com-
prising & central permeable zone embedded within an infinite
surrounding medium. It should be cautioned, however, that
since (3} is valid for a constant applied flux magnitude oniy,
the previous substitution is insufficient to give the lull temper-
ature history of the coupled system since farther accommaoda-
tion of time-dependent boundary conditions is necessary.

Solution for the infinite case is a Hmiting form of the semi-
infinite solution as dimensionless depth ratio a/z approaches
zero. For this reason, only the latter will be developed in
detail. The interested reader may determine that for large di-
mensionless reservoir depth ratios, as represented in Figure 1,
or at small dimensioniess times, the two behaviors converge.

The method of images is used 1o satisfy the zero flux or
constant temperature boundary conditions desired at the halfl
space boundary. Spherical sources of identical or opposite
strengths are applied at a separation of 2z. Since the radius of
the sphere is considered finite, the influence of a second source
on the temperature distribution surrounding the first will vary
with connecting radius r, as illustrated in Figure 2(top). To
retain the problem at a tractable level, the temperature change
induced on the surface of sphere 4 by a source at sphere B is
area averaged and applied as a mean temperature defined as
Tylry) = Ty ~ Tp, >, as illustrated in Figure 2(bottom). Thus
the mean temperature induced over the surface of sphere 4 by
a source at B is given by the integral of (T, — 7T} ) evaluated
over the surface area of sphere 4. With some rearrangement,
this may be written as

L4

1
(T~ Te2a =35 J {Tp — Telr g sin o da @)

= Jo
where the connecting radius identified in Figures 2{top) and
2(bottom) is given as

a\? @ 12
ro= 2:-[1 + (;) — - cos a] (3

and subscript 4 refers to temperature change induced at
sphere 4.

Combining the influence of the two complementary or op-
posed sources at a separation 2z gives the aggregated thermal
drawdown (T, — T > on the permeter of sphere 4 under a
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Fig. 2. Representation of semi-infinite extraction geometsies.
(Top) Definition of connecting radius r,. {Bottom} Areal averaging of
induced temperature T, on sphere A,

constant extraction rate g-{a, t) , as

I e B
gla, 1), = dnK ga{ Ty — TFH)[C, 3 j C,ysina d’oz] (6}
= J0
where
xt {r}'’?
C,=1—expl—]efc (7)
at a
a {r,— a} r,—a} nt
C,= g {crfc STV exp [ . + ;1—5]

r,—a  {xnt?
erfc [2{'“}”2 += :I} {8)

and the positive and negative terminology of {6} refers to zero
flux and constant temperature boundary conditions appiied at
the surface of the semi infinite medium, respectively. Where
the zero fAux condition is applied at the surface of the half
space, the initial temperature distribution is assumed constant
with depth and of magnitude T,. For the constant surface
temperature case a linear geothermal gradient is assumed of
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ordinates Ty at the surface and magnitude Ty at the central
depth of the reservoir, = This clearly represents the case of a
perfectly efficient heat exchanger at surface, capable of re-
turning the effluent fluid, initiaily at temperature T, directly
to the ambient surface air temperature, As illustrated in
Figure 3, for finite reservoir radius a the solution may only be
regarded as approximate. Locally, temperatures above the
stimulated zone may fall below the inlet temperature Ty, This
facet of the analysis is occasioned by requiring that thermal
energy is withdrawn uniformly from the surface area of the
spherical inclusion rather than applying strictly temperature
controlled boundary conditions. It is not anticipated that sig-
nificant error will result from this constraint.

Application of Duhamel's theorem [Carslaw and Jaeger,
1959, p. 30] to (6) allows thermal influx into the reservoir to
be determined for a sequence of time variant temperature
boundary conditions applied on the surface of the embedded
sphere A as

g k4

&
ga, 1), =4HKRaJ‘ ”‘:‘;
C\‘

-1
C,sina dﬁt] dr
o

1
{Ta— TF._>|:C1 i:;J‘

o
{9

where 7 is the discrete parameter of integration ranging from
time zero t =0 to the current time level of interest 1 =1.
Equation (9) represents the time-dependent thermal discharge
to the perimeter of the spherical permeable zone under arbi-
trary time dependent thermal boundary conditions (T,
— T;>. Substitution of (9} into the energy balance of (1) and
rearrangement as a finite difference expression in time, yields,
for constant inlet temperature, T,

1 s 5 o — 2 1 = ~
AT, _A_!_J:G —[C, £C3 A+ AT ? EJ: ~[Cy2Col dr

In

1 i,
ook F AT — |~ [C, kG dr

Ar ) .
= (=T + 52T AT o)
where
AT " =T"— T (1y
C’::méJ-n C, sin o dx (12)
< Jo

and superscript » refers 1o the nth time level. A further initial
condition must be supplied for solution. Fluid in the stimu-
lated zone is initially in thermal equilibrium with the sur-
rounding rock. Thus T, {0} = Tpla, 0). The temporal integra-
tions must be completed numerically where the expressions for
C, and C, in{7) and (8) are discretely replaced in time by

. — PR 1V
C,=1—exp l:r y n r)jl erfe [J “" r)} (13)
a* a
_u {r,—a) . {r,—a) w(1,—7)
Camr {crfc [24;;(:,,4))”2} =P [ « & ]

{r,—a {w{t, — eH?
erfc [2{5{:“ Y + - }} (14

where 1 is the discrete parameter of integration. In the follow-
ing, three point quadrature is used to evaluate the time inte-
gral for finite a/z. Where a/z— 0 then C, - 0 and the discrete
time integral may be represented in closed form at current
time fevel 1, as

A
fo
Soiution to the final energy balance identified in (10) is evalu-

ated numerically and represented uniquely in terms ol the
dimensioniess groups

Tp,— T2 - _;—((J'FPFCF .
(TF.' - TR)

(13)

Zalt — 1)1
—Cl"df:[«;_—“{" i ]

T
(7R} o

Kyt 15Cs @
ik “,;—‘“’;—) (16)
Kea  prega® ppeg =

or, in shorthand.
_ a
Ty = F (QD: tp: dp —«)

where #{
parameters,

Physically, these groups may be denoted as dimensionless
output temperature 7T, dimensionless reservoir throughput
), dimensionless time ¢, dimensioniess heat capacity or po-
rosity @, and dimensionless depth {a/z).

)} merely records the functional dependence of the

Sready Condition

Although intractable analytically for the transient case, (10}
may be evaluated for the long term. Noting that ast — oo
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Substitution of (17} and {18) into {6) and the result into {1}
gives, following some manipulation, the steady condition as

Ty, ~ T;) {1+ qﬁpfq_ - a -1 19)
(T, — T 4nK qu 2=

with the positive and negative signatures of the dimensionless
depth term referring to cases of zero fux and constant temper-
ature constraints on the surface of the half space, respectively,

These results are significant, since they predict finite thermal
recovery at large dimensionless times. This is consistent with
stexdy results obtained for the characterization of spherically
symmetric magma bodies at depth [Hardee and Lawson,
1980]. This facet of the conceptual model is perhaps more
realistic than those predicting 1), = ¢ for ail Q, at large di-
mensionless times. Of significance in the steady condition is
that the long term production temperature is lower for the
case of an insulated caprock than for that of a caprock re-
tained at constant temperature, This result appears intuitively
reasonable given that the insulated geometry is able to deplete
the thermal regime in a semi-infinite volume rather than an
infinite volume,

ResutTs AND Discusston

Reservoir performance may be defined in terms of the five
dimensionless parameters Ty, tp, Qp. . and a/z. Of prime
interest in determining the projected longevity of energy pro-
duction is knowledge of the reduction in reservoir production
temperature Tp, as a function of dimensionless time 1, for
different production or pumping rates Q. The results may be
presented compactly if thermal drawdown T, is recorded rela-
tive to the product 1,Q, as utilized in the following. Terms
representing reservoir porosity &, and reservoir depth a/z also
impact the resulting energy production histories and must be
eximined to determine the sensitivity of the solution to their
change.

For igneous rocks the thermal porosity term By, will always
be greater than unity. Physical constants representative of
granite as the host and water as the percolating fluid impart
B, = 1.1 for an unsealistically high secondary porosity of
10%. As secondary porosity is reduced (6 — 0) the dimension-
less reservoir porosity term approaches unity. A suitable range
for the reservoir porosity parameter would therelore appear to
be LO< 0, < LL

Results for temperature histories in an infipite medium
{a/z = 0) are reported in Figure 4. As a natural consequence
the solution exhibits uniform rock temperature at the periph-
ery of the permeable zone. It is apparent that thermal history
is sensitive to @, only for large dimensionless throughputs Q,,.
For'Qp < 10! the results are indistinguishable for the two
thermal porosities @, of 1.0 and L1, Even for large 0, values
the discrepancy appears insignificant. The sense of the modifi-
cation to the thermal histories suggests that increased poros-
ities slightly forestall thermal depletion. As evidenced in {19
and also in Figure 4, fong-term (steady) withdrawal temper-
atures remain finite and. more importantly, significant for
throughput values @y, less than 10°. Depending on the thresh-
old temperatures required to ensure efficient energy conver-
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Fipg. 4. Varistion in dimensionless output temperature T, with
dimensionless time ,Q, for & permeable zone within an infinite
medium. Labels refer 1o dimensionless throughput O thermal poros-
ity @, for ®, = 1.0, and thermal porosity By, for = 1

sion. the productive liflc of the geothermal reservoir may
renvtin unbounded,

For very large magnitudes of @, a threshold behavior is
apparent. Figure 4 illustrates the predicted temperature his-
tory as Qp-+ . This behavior correspands to high circu-
fation rates where the thermal supply form the surrounding
rock becomes negligible. In this instance, solution of (1) with
gpla. t) = 0 gives Ty, = exp [ — 31,0,/4n7 resulting in the limit-
ing curvature in Figure 4 for @, = 102°. Physically, the Hmit-
ing behavior corresponds to thermal drawdown in a sphere of
radius «. embedded within an insulating medium. The total
thermal energy extracted at full depletion is given by the prod-
uct of sphere volume, specific heat capacity of that voiume,
and temperature change. For fixed thermal diffusivities of the
host medium. together with a constant reservoir dimension a,
the thermal histories are moved laterally (carlier) in real time
by one order of magnitude for every increase in real circu-
lation rate ¢, of one order of magnitude. Thus as anticipated,
the energy production rate is directly conditioned by the
cireulation rate through the system. Intuitively, minimal ther-
mal depletion is evident in Figure 4 for smail Aow rates g OT
lurge reservoir diameters as evidenced by small values of di-
mensionless throughput @,

The thermal response of semi-infinite systems are bounded,
in the most extreme case. by a depth ratio a/z of unity. Al-
though results are physically meaningless for the instance of a
constant lemperature surface, comparisons are useful, since
thermal histories bound candidate responses for all depth
ratios between unity and zero. Semi-infinite responses are il-
lustrated in Figure 5 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 ap-
pears reasonable since a reduced volume. and hence {reduced)
thermal reservoir. is available for depletion in the semi-infinite
case. Conversely. the presence of a surface retained at constant
{ambient) temperature elicits a more favorable (holter) thermal
respense (o that of the infinite case. The influence of bound-
aries 1s only significant for intermediate values of dimension-
less throughput O, and, even in these instances is only appar-
ent at large dimensionless times 1,0, The range 10~! <
@p < 107 brackets this boundary sensitive region, The branch-
ing of thermal histories occurs carlier in dimensionless time
with decreasing throughput Q,,
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Fig. 5. Variation in dimensionless oulput temperature T, with

dimensionless time 1,3, for a permeable zone at depth a/z = 1.0,
Labels refer 10 dimensionless throughput @y, constant temperature
boundary {minuses}, and zero flux boundary (pluses).

Thermal responses for depth ratios of one half are ilius-
trated in Figure 6. Similar to the results for a/z = {, the influ-
ence of boundaries are only significant in the range 1077 <
Op < 10°. As the reservoir depth ratio a/z decreases to 1077,
the resuits for bounded reservoirs are indistinguishable from
the infinite case and may be correctly interpolated from
Figure 4,

From knowiedge of thermal response, depletion times may
be directly determined to aid in defining useful lifetimes of
individual reservoir configurations. Ultimate withdrawal tem-
peratures may be determined from (19). The time required for
the outlet temperature to each 50 and 95% of the steady
temperature values are defined as 1,°°Q,, and 1,°*Q, respec-
tively. These results are illustrated in Figure 7 for the limiting
cases of bounded and infinite reservoir geometries for all sig-
nificant values of Q. Reservoirs bounded by a constant tem-
perature surface deplete more rapidly than either insulated or

O
Qe 2 =i0 TR
7 I
SE b
il I
cfo 05 )
= [
e
"; - { Qp, constant temp, S,
[ zero fluxd)
" G0 1.0
- 205
0.0 T,
-1 o t 2 3
io 10 i) 1o 0
tp Qo = Kgt Qr PeCr

Fig. 6. Variation in dimensionless output temperature T, with
dimensionless time 1,0, for & permeable zone at depth o/z = 0.5
Labels refer to dimensionless throughput @, constanl temperature
boundary {minuses}, und zero flux boundary (pluses).
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Fig. 7. Variztion in 30% 1,*% and 95% 1,%* depletion times with
dimensionless throughput @, for thermal porosity 4y, = 1.0. Results
shown for constani temperature (minus) and zero flux (plus) bound-
aries.

infinite geometries. This behavior is most marked in the very
long term performance as evidenced by the (,?*Q,, parameter.

Fenton Hite HDR ReSErvoIr

Comparison is possible between predictions elicited from
the thermal recovery model and results from a 300-day circu-
lation test conducted at the Fenton Hill experimental reser-
voir in New Mexico. Results are reported from run segment 5
of experiment 217 in the work by Zywoloski et al. [1981]
where long-term circulation was induced between the injection
level at 2603 m and withdrawal level at 2708 m below surface.
The known separation of the injection and withdrawal points
together with available seismic data suggest a permeable zone
or reservoir diameiler of the order of 200 m. Appropriate ma-
terial and site parameters are documented in Table 1. The
least well-defined of the required input parameters is the di-
mension of the permeable zone, An estimated radius of
a = 100 m yields a dimensionless throughput of @, = 83 when
the parameters of Table 1 are utilized directly. Predicted ther-
mal drawdowns are reporied in Figure 8 in real time for di-
mensionless throughputs spanning 50-150. 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 ol the physical parameters utilized in the com-
parison, however, the test duration is too brief to yield a con-
clusive 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.

If, from the data of Figure 8, a dimensionless throughput @,
of 100 is assumed reasonable for this physical system, the full
thermal drawdown history may be determined directly from
Figure 4. The dimensionless time axis (¢, ,) may be converted
to real time by requiring that @ = 100 m. The time axis then
spans from 10% days {(.27 years) on the le[t-hand side to 10°
days {2740 years) on the right-hand side allowing the [ull ther-
mal depletion history, and consequently, the productive life-
time and output during this lifetime, to be projected.

P
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TABLE |. Physical Properties, Run Segment 3
Parameter Magnitude Units Source

Rock thermal diffusivity « B1x 107° m’ s Kruger [1982]

Rock thermal conductivity K, 2.71 Is7Pm~'°C™'  Kruger [1982]

Water specific heat capacity ppe,  4.19 x 10° Im ! Bennett and Myers [1982]
Injection temperature T, 25 °C Zyvoloski er al. {1981]
Initial in situ temperature T 197 C Zyvoloski et al. [1981]
Circuiation rale ¢, 6 x 107% o’ s Zyvoloski et al. [1981]

CONCLUSIONS

A simple but meaningful mathematical model is presented
to represent the transient behavior of HDR geothermal energy
systems, The {ollowing conclusions may be drawn.

1. The performance of the system appears insensitive to
reservoir burial depth or the proximity of thermal barriers.
Rather, behavior is conditioned directly by the preproduction
rock temperature Ty in the location of the zone of stimulation.

2. For a defined magnitude of dimensioniess throughput
@, varintions in reservoir thermal porosity, represented
through the term &, affects fluid production temperatures T,
minimally. For @, = 1.1, representative of s granite of ap-
proximately 0% secondary porosity, the influence is observ-
abie only for small dimensionless throughput values @, < 102,
However, since the fuid circulation rate g, is strongly con-
trolied by changes in secondary porosity, it is misleading to
view the effect of v, in isolation. Smali increases in @, may
disproportionately increase circulation rates and, thercby,
alter (increase} the appropriate magnitude of dimensionless
throughput Q.

3. Significant steady heat production rates are established
for all dimensionless throughputs @, greater than 10°. The
long-term dimensionless temperature T, is indexed through
the dimensioniess variables of throughput @, and depth ratio
a/=. only. Higher steady production temperatures are recov-
ered for fow circulation rates o, or large reservoir radii a.

4. For large dimensionless throughputs O, corresponding
to farge circulation rates g, or small reservoir radii 4, a thresh-
old behavior is evident. This bounding behavior describes, in
terms of dimensionless time {(r,0,). the maximum rate at
which thermal depletion may occur. This threshold state is
indexed directly to dimensionless throughput Q,, and is appar-
ent for @), < 10%.
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Fig. 8. Thermal response of the Fenton Hill 300-day circulation

test [Zyvoloski er ol 19813, Data spread represents performance mea-
sured refative to the initial mean resesvoir temperature or the highest
mean reservoir temperature. Reservoir radii (o) are in meters.

5. Large radii or low circulation throughput systems have
the most desirable thermal recovery characteristics in the long
term. This behavior is further conditioned, however, by flow
impedence characteristics of the reservoir and cannot therefore
be viewed in isolation.

NoTATION

a radius of permeable zone, m.

a/z  depth ratio, dimensionless.

¢y specific heat of circulating fuid, J kg™! K™

specific heat of rock outside the permeable

zone, F kg™ ' KT,

¢y specific heat of saturated rock within the
permeable zone of secondary porosity ¢, J
kg™ K7L

Cg

Ky thermal conductivity of rock outside the
permeable zone, W m™! K™%

¢ fluid circulation rate, m%/s.

g+a. 1) total thermal energy production rate resulling
from a single spherical source, I/s.
gda. £}, total aggregated thermal energy production rate

on the surface of spherical source A4 resulting
from real source A4 and image source B at
separation 2z, Jfs.

0, reserveir threughput, dimensionless,

r radius of interest, m.

r. radius [rom the center of image source B to the
surface of source A (see Figure 2(top)) m.

! [racture spacing within permeable zone, m.

[ time, s.

time 1o 95% thermal equilibration for 2

single, fracture defimited, rock cube, s.

1,y time. dimensionless.

1, time at the nth level, s,

fiuid temperature (influent versus effluent

differential) at withdrawal, dimensionless.

T, influent fluid temperature, K.
Tp{) effluent fuid temperature, K.
AT, " change in effluent temperature at time step n, K.
Telr. 1} rock temperature outside the permeable zone, K.
(T, — T», spatially averaged temperature differential on the
surfice of the permeable zone, K.
=z depth of reservoir burial below surface or cap
rock, m,
x polar angle below vertical (see Figure 2{top)}
degrees.
¢ secondary porosity of peremeable zone,
dimensionless.

@, specific heat capacity ratio of saturated
permeable zone of host rock, dimensionless.
x thermal diffusivity of host rock, m¥/s.
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pr density of circulating fluid, kg/m*.
pp density of rock outside the permeable zone,
kg/m3.
ps density of saturated rock within the permeable
zone of secondary porosity ¢, kg/m?.
7 time integration parameter, s,
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