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quently applied field technique when estimates of
the hydraulic conductivity of the subsurface are re-
quired. Traditionally, slug tests are conducted by
using just one initial displacement H,. Classical
linear theories developed for the analysis of these
tests do not allow for a dependency of overdamped
normalized head data on the initial displacement
Hy but suggest that overdamped normalized head
responses collapse onto a unique curve. Based on
experience such response curves should either be
convex or linear in shape when plotted in a
Hvorslev-style semi-logarithmic format. Concave
normalized head responses are generally not pre-
dicted by classical linear well response test theo-
ries nor 1s a shift in time of response curves when
employing different initial displacements Hy.

head response curves when plotting acquired well

sand aquifer, which is over- and underlain by con-
fining marl (Fig. 2). The aquifer thickness 1s M =
21.0 m. The remaining geometrical parameters
specifying the well-aquifer system are given as
follows: 1, =1r,=0.085m, zo=17.27m, D=0 m.

The sliding-head packer used to conduct the
well response tests allows for using straight inner
packer flow-through tubes of differing radii r, and
lengths L, (Tab. 1). Head losses at radius changes
along the flow path inside the wellbore were ac-
counted for by Borda-Carnot-type head loss for-
mulas, aggregated by minor loss coefficient ¢__,
while turbulence within the well was modeled by
Colebrook-formulas quantifying the Darcy-Weis-
bach friction factors 1, f;, and f; of the three pipe
sections of radii rp, 15, and 1., respectively (Zenner,
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.4 coarse sand
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Example No.2: Fractured Limestone Aquifer

The previous test example showed that non-
linear wellbore-internal flow processes can be ac-
counted for by head loss formulas rooted in steady-
state pipe hydraulics. These formulas are used now
to discriminate between nonlinear flow charac-
teristics originating inside the wellbore and inside
the tested formation, respectively. The current test
example refers to a set of ten well response tests
conducted on October 25, 2006 at well Miinster-
eifelbohrung B2, which was completed in a Devo-
nian limestone formation close to the small town of
Harzheim at the western national border of Ger-
many. The tested limestone formation is known to

101, ro=0.0625 m

Time (sec.)

Fig. 5: Normalized head responses of ten well response
tests conducted on October 25, 2006, at well Muinster-
eifelbohrung B2. The tests were initiated by different solid
cylinders as well as by the sliding head packer used at
well B-7004. All tests can satisfactorily be modeled

using unique aquifer parameters when all nonlinear

head loss components are acknowledged (left upper plot).

The upper and lower plot on the right side of
Fig. 5 finally show the simulated responses ob-
tained when neglecting the rate-dependent skin
effect, and when simultaneously reducing the hy-
draulic conductivity k. (right lower plot). It 1is
motivated by this latter plot that the measured data
cannot be modeled by neglecting the rate-
dependent skin and reducing k, as simulated
responses then approach classical convex system

response testing along with an application of non-

land surface _ e — 2008). The measured head responses of ten of the be fractured according to hydrogeological investi- characteristics with diminishing time-shift between
| conducted well response tests are shown in Fig. 3. gations at nearby waterworks Urfey. The geologi- response curves belonging to different initial dis-
H® The reproducibility of the head data was verified cal profile and the construction plan of well Miin- placements H,. Although not explicitly shown
static level @ \VA by two more tests (not shown). Consistent model stereifelbohrung B2 are shown in Fig. 4. The tested here, it 1s worth noting that the measured head res-
----------------------------- 7 iiuiniatate fits of all data could be achieved by using an limestone formation is overlain by confining marl- ponses cannot be modeled by the gencralized
r aquifer storage coefficient of §=2.10" and a hy- stone, while a confining base was not reached by linear fractional flow model of Barker (1988)
M draulic conductivity value of kr=9.4-10_4 m/sec. A dn]hng The aquifer thickness emp]oyed for test either. The latter model pI’OdUCCS either convex or
L > skin effect was not accounted for (B,=0, C=0). As analysis is M = 12.0 m. The remaining geometrical linear head response curves for different Hy, with
P 0 1s evident from Fig. 3, the nonlinear head loss for- parameters specifying the well-aquifer system are these curves always collapsing onto one another
mulas from steady-state pipe hydraulics allow ap- given as follows: r=r,=0.0625 m, zy=31.77 m, D=0 for any specific flow dimension (see accom-
proximating the concave response curves over a m, rp=0.120 m. Five tests were conducted in with- panying oral presentation®'). In summary, the only
X broad range Qf test settings. Th(?se formulas may drawal mode using solid slugs of different volumes process we hav.e ide.ntif.ied so far reproducing the
D thus be considered to be sufficiently accurate at concave and shifted-in-time head responses shown
s modeling wellbore-internal nonlinear flow proces- -and Surace: A17.5M AR go0 in Fig. 5 is strong nonlinearity. We would like to
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response test data in a normalized Hvorslev-style 45.00 9, 45.00 i Fig. 4: Geological profile and well construction plan linear mathematical models to analyze acquired
format. These response curves were usually shifted 4000 FZ] war 48.00 N\ of well Miinstereifelbohrung B2.

head data may allow for an identification of near-

Fig. 2: Simplified geological profile and well construction

in time for varying initial displacements Hy. We
plan of well B-7004.

consider classical linear well response test theories

well nonlinear flow 1n fractured rock. This testing

Tab. 2: Geometrical characteristics for the five slug with- methodology seems to be promising at characteri-

drawal tests (Mue2/1, Mue2/3, Mue2/5, Mue2/6, Mue2/7)

inadequate at describing such test data.

The 1nitial conditions read:

Tab. 1: Radii and lengths of the three packer flow through

Fig. 3: Normalized head responses of ten packer-induced well response

and the packer-induced slug injection tests.

creasing magnitude of the initial displacement H,.
These characteristics can only be modeled when

zing the hydraulic behaviour of fractured for-

pipes and initial heads used to induce the ten slug tests Test Identifier | r, (m) L, (m) H, (m) nﬁationls envisionedl fpr .ground ﬁ?vater qn.d ge}(l)'
Model Development shown in Fig. 3. YIS 013 t. ermal energy exploitation, gt characterizing the
.p o Test Identifier | r, (m) L, (m)  Hg (m) ) _ tightness of fractured reservoir cap rocks and po-
In order to gain more insight about the pro- . ’ Mue2/3 0713 tentially al h lied 1n the fr k of
) 8 & , pl' B7004/1 0.025 1.774 3.96 Mue2/5 . 0.475 chtlafly aiso wheh dppied 10 the Tameworx o
cesses governing our data, we developed a nonli- nuclear waste repository investigations. Various
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