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ABSTRACT

At the GPK1 and GPK2 boreholes of the HDR test
site Soultz-sous-Foréts (F) the hydraulic properties
have been extensively investigated. Especidly the
multiple level flow rate injection or production
experiments conducted between 1994 and 1997 in the
open hole sections identified the complex hydraulic
regime. A common observation in these tests has
been that the downhole pressure response attained
guasi-steady state levels within a few days and that
the duration of the transient pressure variation
seemed to be a function of the flow rate. In
attempting a quantitative interpretation of these
pressure records, the importance of turbulent-like
hydraulic behavior became evident. In the past,
forward techniques have been adopted to simulate
these experiments. The 2-D models alowed excellent
fits to be accomplished assuming non-Darcian flow
in the fracture network.

Multi-dimensional, inverse modeling procedures are
applied for the transient data fit which alow to
extract more sophisticated information from these
numerica models. Thereby, not only the correlation
or sensitivity of individual model parameters but aso
the confidence interva can be quantified. The results
identify matrix diffusivity and fracture aperture as the
most sensitive parameters. Further, specid attention
was paid to constran the reservoir geometry.
Therefore, the distance of the far-field reservoir
boundaries which seem to coincide with permeable
faults systems was assessed as function of possible
flow geometries (pardlel flow paths, impedance
distribution along flow paths or tortuous flow). These
studies improve and assist other methods in
developing a conceptual model of the situation in the
~3.5 km deep Soultz reservoir.

INTRODUCTION

The observation and interpretation of the hydraulic
flow regime in fractured rock provide important hints
for the characterization of the flow paths behind the
borehole wall. It is especidly a crucial factor for

developing operation strategies for Hot Dry Rock
(HDR) systems which involve essentially forced flow
of cool fluid (>30 | s%) injected into a hot fractured
rock between two or more boreholes. At such high
rates, the flow velocity in the individua fractures can
be extremely high (>1 ms?). Experience obtained
from world-wide HDR research highlighted the need
to better understand the processes that influence the
flow field within the reservoir fracture system.

The development of non-laminar flow regime has
been origindly investigated for pipes (e.g. Blasius
1913) and later for fractures (e.g. Lomize 1951, Louis
1967). A summary on existing laboratory flow
experiments in fractures is given by Kohl et a.
(1997) who aso highlighted the discrepancy between
the rather large interest in laboratory investigations
on non-laminar flow behavior in fractures and the
smal number of field investigations. Furthermore,
they described the constitutive relationship developed
employed for non-laminar flow anadysis. For a
comprehensive presentation of the actua study this
derivation will be shortly outlined adopting
Louis(1967) origindly used units. Along a vertica
fracture 1-D non-Darcian flow regime can be
described by

% =-axK x/Nh
or
Q% = H?xa® xK?h (1)
where
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with Nh is the gradient of piezometric head, Q/H the
flow rate per unit height of a vertical fracture, a the
aperture of the fracture, e the mean absolute height of
the asperities and Dy the hydraulic diameter.
Substituting Louis law into the continuity equation
yields a description for the transient hydraulic field
for 1-D flow between two rough fracture surfaces:



= (< «/fin

with S the specific storage coefficient and t the time.

INVERSE MODELLING PROCEDURE

The inverse modeling approach used here is based on
the forward modeling procedure applied in Kohl et al.
(1997). The finite element code FRACTure (Kohl &
Hopkirk, 1995) has been used for the purpose of
forward smulation of non-laminar fluid flow. The
computer program UCODE (Poeter & Hill 1998) has
been used in combination with the forward code
FRACTure. The UCODE agpproach for inverse
modeling and statisticd methods can be broadly
applied to various existing numerica or analytical
programs. In combination UCODE and FRACTure
perform inverse modeling, posed as a parameter-
estimation problem, by caculating parameter values
that minimize a weighted least-squares objective
function using nonlinear regression. Minimization
during the backward simulation is accomplished
using a modified Gauss-Newton method. The inverse
modeling procedure of UCODE is described in detail
by Hill (1998) and will be only shortly outlined.

The weighted |east-squares objective function Sb) is
ameasure of the fit between simulated vaues and the
observations that are being matched by the
regression. Ignoring any prior information it can be
expressed as.
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where, b is a vector containing values of each of the
NP parameters being estimated, ND is the number of
observations, y; is the ith observation being matched
by the regression, vy is the ssimulated vaue which
corresponds to the ith observation, and w; is the
weight for the ith observation. By the regression
vaues of defined parameters are calculated that
minimize the objective function or the residuals
[vi-yi(b)]. The simulated vaues related to the
observations are of the form y'; = f(b,x), where b and
x are independent variables such as fracture aperture
and time, with the function f being calculated by the
numerica model. Alternatively the least-squares
objective function can be derived from the
maximum-likelihood objective function (Carrera and
Neuman, 1986). Assuming a normaized common
error variance the value of the maximum-likelihood
objective function is calcul ated as:

séo) = ND In2p- In 2|+ (y-yd 2(y- v

where w is the determinant of the weight matrix.

A key information in inverse modeling is the
sengitivity andysis which allows to determine
confidence intervals. UCODE assumes the procedure
described by Hill (1992) with scded sensitivities
being calculated for diagonal weight matrices by:
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where by |sthe jth estimated parameter and 1y /1b;

is the sensitivity of the simulated value associated
with the kth observation with respect to the jth
parameter. Clearly, because of the nonlinear problem
the value of a sensitivity will be different for different
vauesof b.

HYDRAULIC MULTI-RATE EXPERIMENTS

The European HDR project site Soultz sF. is located
about 60 km north of Strasbourg (France). Situated in
a Graben structure the Soultz area is transversed by
several large N-S striking faults, paralel to the trend
of the Graben structure. The Soultz area was selected
as HDR test site mainly for its high Iocal surface
temperature gradient ( 2p to 100°C km™) and heat
flow (above 0.150 W m™).

Currently two deep boreholes are drilled a Soultz,
GPK1 (~3800m) and GPK2 (~5000m). A
temperature of nearly 200°C was encountered in the
borehole GPK2 at current bottom hole depth. During
different project phases severa depth ranges of both
boreholes have been investigated by numerous
hydraulic experiments. In the analysis presented
herein we focus on single borehole experiments
performed between 1994 and 1996 in the GPK1 and
GPK2 borehole. At that time the open hole depth
range of GPK1 was 2850 - 3590m and of GPK2 was
3211 - 3876 m. In al described experiments, pressure
will be referred to as downhole differential pressure,
DP, which corresponds to the difference between the
measured downhole pressure and the natural
formation pressure. This pressure remained a least
4 MPa below the minimum stress component (i.e.
below the pressure required for jacking).

The four multi-rate flow experiments which are
investigated herein will be described in the following
sections. All hydraulic experiments presented here
were conducted a multiple pressure or flow rate
steps, i.e. flow rate or pressure was held constant
until quasi steady-state conditions were approached,
after which anew level was established. Pressure was
measured by downhole gauges whereas flow rate was
measured at the wellbore head.

Hydraulic tests 94JUN16 (GPK 1)

After a mgor stimulation of the open hole section
during which a total volume of 45000 m* has been




injected into the host rock amulti rate production test
has been performed in June 1994. This 94JUN16
experiment lasted 12 days. Fluid was produced at
constant drawdown levels (1.0, 0.3 and 0.7 MPa)
which led after a period of two days to approximately
steady-state flow rates (~11, 5 and 71s%). At the
Soultz site production can be established due to
formation artesian pressure (0.15MPa) and to
buoyancy in the borehole and was redised in
94JUN16 by controlling the venting of GPK1 with a
throttle vave. This hydraulic production tests
consisted three flow rate steps (-1 MPa, -0.3 MPaand
—0.7 MPa) performed during 12 days in June 1994
(94JUN16). Near steady-state conditions were
attained for the -0.3 and -0.7 MPa production level
(see Fig. 2). The hydrostatic pressure at 2830 m was
measured before the 94JUN16 test at 28.63 M Pa

Hydraulic tests 94JUL 04 (GPK 1)

The production experiment was followed in July by
an 8 days injection test (94JUL04). During the
94JUL 04 test constant injection flow rates (6, 12 and
181 s*) were used which led to a quasi steady state
pressure increase a the first two steps (0.4, 1.7 MPa)
but continuous transient behavior of the last step (see
Fig. 3).

Hydraulic tests 95JUL 01 (GPK 2)

After the end of magor stimulation injections
(28000 m* were injected into the open hole section)
in GPK2, a hydraulic test 95JULO1 with multiple
flow rates was performed during four days in July
1995. In this 95JULO1 experiment injection flow
rates of approx. 6, 13, 19 and 26 | s* were used. Due
to the shorter step period, compared to the 1994
series in GPK1, strongly transient pressure records
were obtained (see Fig.4). Automatic monitoring of
the downhole pressure failed during the first and part
of the second flow step and had to be corrected by the
hand registration. Hydrostatic pressure was found to
be at 32.32 MPaat 3200 m depth.

Hydraulic tests 96SEP29 (GPK 2)

In 1996, GPK2 was subjected to a second stimulation
with flow rate up to 79 I/s (Baumgértner et al. 1996).
After a one week period it was followed by a step-
rate injection test into GPK2 (96SEP29) with GPK1
shut-in to evauate the impact of the stimulation.
Flow rates of 6.2, 15.5 25 and 37.31 s* were used
which led to transient influenced pressure drawdowns
of 0.5, 1.55, 3.6 and 6.8 MPa (see Fig.5).

INVERSE MODELING OF MULTI-PRESSURE
LEVEL HYDRAULIC EXPERIMENTS

Background

It has been shown by Kohl et a. (1996) for the
95JULO1 experiment and Kohl et a. (1997) for the
94JUN16 / 94JUL04 experiment that the pressure
records show the typica pattern for non-laminar flow
behavior. This can be identified for quasi-steady state
levels by the fact that

1) steady state pressure change is not linear to
flow rate but rather Dh p Q2 and

2) transient time interva to reach steady state
depends on flow rate Dt = f(Q)

In Kohl et d. (1996 & 1997) these phenomena have
been simulated using the FRACTure code with rather
simple model geometries. This reflects the fact that
the physical behavior of non-laminar flow needed to
be identified and that the model could only be fitted
by a relaive smal number of representative
elementary volumes (REV's). They used the
following three REV's: (1) the borehole, (2) a single
conduit characterized by a turbulent-like (non-
Darcian) flow regime and (3) a rock matrix with
Darcian flow regime. A key feature in these models
is the inclusion of high-capacity reservoir faults
which are connected to the borehole by the hydraulic
conduit. The existence of such features is supported
by geologicd evidence (Elsass, 1995) as well as by
the observed total and immediate loss of drilling mud
in a jointed zone near 2000 m during the drilling of
the GPK2 borehole. It should be emphasized that the
existence of these reservoir faults are essential for the
justification of this successful modeling approach
since they provide a direct (non-divergent) flow path
and a far field drainage system. The influence of
these faults becomes obvious by the fact that steady—
state conditions are attained aready after a few days.
Additionaly, in a divergent flow pattern around the
borehole, the flow would tend to switch into Darcian
flow regime a some distance from the borehole
which should become visible by the data andysis. It
is to be shown that non-Darcian flow occurs even at
larger distance from the borehole.

Model constraints

Automated inverse modeling theoreticaly alows to
define more complex and probably more redlistic
structures. Problems of instability and nonuniqueness
represent however magor problems in inverse
modeling and obtaining useful results depends on (1)
defining a tractable inverse problem using
simplifications appropriate to the system under




investigation and (2) senditivity anaysis using the
statistics generated and the match between observed
and simulated vaues, and associated graphical
analyses.

Therefore a careful variation of the initia model
geometry has been attempted. Now, different
assumptions on the nature of the flow between the
borehole and the far field fault were taken. Flow in
the matrix always is assumed to be Darcian.

Borehole Conduit Fault
length L, height H

Fig. 1: Plane view to the different model assumptions
for the main flow field between borehole and far field
fault. All flow paths are embedded in a Darcian rock
matrix of height H. The thin lines illustrate non-
Darcian flow behavior (see text for details).

The following scenarios were considered (see aso
Fig. 1):

1) non-laminar flow between borehole and
fault ("initia model")

2) non-laminar behavior manifesting close to
the borehole and due to channeling effects
near the fault systems. Low impedance flow
occurs in the intermediste zone with
irrelevant Darcian or non-Darcian nature.
("variable flow")

3) the non-laminar conduit splits near the
borehole into three pardlel flow paths
("paralel flow")

4) the non-laminar conduit has an
approximately 3 times larger effective path
length than the direct distance between
borehole and fault ("tortuous flow")

For each model assumption a fit of the measured
pressure record was intended with a variable length,
height and matrix diffusivity. The fitting parameter is
aperture and matrix storage coefficient, Sy,. Earlier
anaysis has shown that due to its physicdly
reasonable bounds especialy the evauation of the
non-linear Sy, parameter alows a quantification of
reservoir geometry. Its lower bound may be
esimated to be ~8x10M™Pa’ based on the
compressibility of water (~5x10"° Pa’), the

compressibility of rock (~10*'Pa?, Evans et d. 1992)
and on the fact that adjacent fractures will increase
the overdl system storativity. Although the fracture
system in Soultz is nearly vertical, an upper bound
can be calculated from the matrix overloading.
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Fig. 2: 94JUN16 production test: Flow rate (top) and
differential pressure in  GPK1  (bottom)
Measurements are given by continuous lines and
simulations by open circles.
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experiment 96SEP29

Simulation results

In the inverse modeling procedure al four
experiments have been considered for every model
assumption from Fig. 1. It was intended to achieve
similar good quality fits like those shown in Figs.2-5.
For the inversion each pressure record had to be
discretized into an arbitrary number of "observations"
which each a given standard deviation. The genera
standard deviation provided to al other observations
is0.1 MPa. The observation points were taken at very
small spacings close to a change in flow rate which
continuously increased the closer steady-state
conditions were reached.

The parameters which could be estimated are matrix
permeability, k, matrix storage coefficient, Sy,
fracture aperture, a, length of the conduit, L, and
height of the conduit, H. Initial caculations failed
which intended to predict severa of these parameters.
Especidly, the strong correlation between matrix
permeability and storage coefficient which was close
to "1" should be noted for al experiments.

Furthermore, matrix permeability and fracture
aperture, dso showed less pronounced but still
evident correlation. Therefore, it was decided to
assume for all experiments a constant matrix
permeability of 10°*m?® which has been determined
by therma model fits (e.g. LeCarlier et a. 1994) and
constant fluid viscosity of 10°Pa* s* (except for the
94JUN16 production experiment with 2x10“Pa* s%).
Further effect on the model prediction is provided by
the geometrica extensions L and H which are adso
cosely related (see equation 1 with Kh»Dh/DL).
Therefore, good parameter estimation could only be
achieved for the two parameters matrix storage
coefficient, Sy, fracture aperture, a, but constant k
and L/H réatios. For the case of the "variable flow"
model with a L=H=100m and constant k, the
estimated parameters for Sy and a are shown in
Fig 6.
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Fig. 6: Estimated "Sy" and "a" parameters for a
given geometry (see text) of all 4 experiments (#1
corresponds to 94JUN16, #2 to 94JULO4, #3 to
95JULOL and #4 to 96SEP29). Also plotted are the
corresponding 95% confidence intervals of the model
prediction.

It is obvious from Fig. 6 that both GPK1 tests, the
production experiment 94JUN16 and the injection
experiment 94JUL04, show nearly identica results.
This fact can be considered to be a proof for the
strength of the methodology used, since the
experimental layout of these tests was completely
different. Another important result can be observed



for the 94JUL0O4 injection experiment: here, rather
large 95% confidence intervals result. This is due to
the fact that the last step of this experiment (see
Fig. 3) is generally rather poorly matched. Since it
has been decided that the full experiment cannot be
simulated by a pure hydraulic model (mechanica
interaction!) the observations for this last step were
defined with afour times larger standard deviation in
order not to influence the results of the first two
steps.

Another fact which is obvious from Fig. 6 are the
nearly identicd Sy, values for the two GPK2
experiments but the strong variation of the aperture
values. The reasoning behind these results is the
hydraulic stimulation between the 95JULO1 and the
96SEP29 experiment. This stimulation has resulted in
an increased injectivity (or larger fracture aperture)
but should not affect the matrix storage value.
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95JULO1 and #4 to 96SEP29.
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The same behavior is seen in Fig. 7 which shows the
influence of different model lengths (i.e. the distance
from borehole to the far-field faults) but constant
model height (H=100 m) to the parameter estimations

for the case of the "variable flow" model. Evidently,
the Sy values for the GPK1 experiments and the Sy,
vaues for the GPK2 experiments are each nearly
identica a al investigated geometries (Fig. 7 top).
Also the difference between the fracture aperture
caculated for the two GPK1 experiments is so small
that it cannot be seen on the scade of Fig. 7 (bottom).
Clearly, the anaysis shows the largest aperture for
the 96SEP29 experiment.

Under the hypothesis of an uniform specific storage
coefficient for the rock matrix in the ~3500 m deep
Soultz reservoir this analysis alows a quantification
of the relative distance of GPK1 and GPK2 boreholes
to the far field fault. When assuming a vaue of
5x10°Pa* it can be depicted from Fig. 7 that GPK?2
has a smaller distance to afar field fault than GPK1,
in this case by approximately a factor of "0.5".
Clearly, given other Sy, values or other matrix
models the absolute vaue for the length L will
change. It is however evident from the other model
runs that the same conclusion is valid for all model
cdculation. It aso seems to be a reasonable
conclusion since during drilling of GPK2 afault zone
has been hit a ~2200 m depth.

CONCLUSION

The hydraulic behavior in the fractured granitic
Soultz reservoir is clearly determined by non-laminar
flow. Earlier evauations (Kohl et a. 1996 & 1997)
have shown that the downhole pressure records in
GPK1 or GPK2 cannot be explained by a significant
laminar flow. Severa dternative flow models have
been evauated in this presentation which offer more
reaistic prospects to the subsurface flow field and
which all can explan the measurements. Their
common feature non-laminar flow in a conduit and a
far-field highly conductive fault system. In contrast
to many other geothermal sites, such faults are an
integral part of a reservoir but the same time they
represent its boundaries.

The inverse modeling procedure which combines the
two codes UCODE and FRACTure has been
successfully applied for the non-laminar flow
anadysis. Herewith, it became possible to automate
earlier tria-and-error type analysis and to caculate
numerous  different  models. Besides  the
characterization of flow geometry the results allows
to quantify a strategy for hydro-tests. The 94JUN16
data set is particularly suited for sensitivity anaysis
because the dternating high and low flow rates
strongly depend on matrix diffusivity. The anaysis of
this test always showed the lowest correlation
between individual parameters and therefore has the
highest confidence. It is suggested for future tests that
asimilar aternating strategy is applied to future high-
rate flow experiments in fractured rock.
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