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What do overdamped slug tests tell us about?
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Subsequently, this characteristic is
looked at in more detail.
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The Classical Model of Hvorslev (1951)

£° 1.0000 @@@ linear
E b2
? < 0.1000 ®®®®
H (t) H e(_ﬂ- rC t/Fkr) § 0.0100 (&@&@@
— . . X
0 § 8%@@

= 0.0010 IR X
=

/\ §0.0001I|||II|||||||||||||||||||I||||I

0] 25 50 75 100 125 150
Time (sec.)

The head response is exponentially decaying in time
(head data shown are from direct-mud rotary drilled well 7354, Berlin).

The aquifer hydraulic conductivity is determined from the slope of a
semi-logarithmic Hvorslev-style plot.
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A Hvorslev-Style Analysis Yields:

k =9.3-10 m/sec.

Well 7354

Miocene,
coarse sand,

136.10 |* medium-sandy
“-=*| Miocene, clay,
137.70 —| silty

(Hvorslev's case no. 8 with B=4.0 m, k /k =4)

k =2.7-10" m/sec.
(Hvorslev's case no. 9 with M=B=14.9 m)

The hydraulic conductivity is too
small for coarse/meditim sand!

Is there a better way of analyzing
the data?

Let's look at skin effects first!

148.10 [3+)+%

ooooo

Miocene,
coarse sand,
medium-sandy

Miocene,
+eess] medium sand,
152.60 [+ fine-sandy
158.30 Oligocene,
fine sand, silty

Oligocene, silt,

fine-sandy

Well 7354

135.00

r= 0.165 m

pvc-casing
r. = 0.05454 m

AT

clay seal

fines-prevention filter

5 0.7-1.2 mm
4 pvc-screen

rs=0.05454 m

i1 slot width = 0.5 mm
filter sand 1.0 - 2.0 mnr

159.00

[

I

fines-prevention filter
4 0.7-1.2 mm

clay seal
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A Well Performance Test Analysis Yields:
k =1.1410° m/sec. (assumed: k /k,=4, S = 2:10%)

Residual Drawdown
Sr(rp,t) (m)

(from superposition recovery plot)

Estimated linear well loss coefficient: B, =2119 sec./m?

Respective mechanical skin factor: S =58.6

(from superposition drawdown plot)

The bentonite-cmc drill-in fluid in conjunction with =

the employed direct-mud rotary drilling technique =

has likely caused this formation damage 2
—20 9 e
B o

- S

é Production Rate‘:_ 15 2 E

g ® @ @ Drawdown o 10 S g

o . Py ==

© N Q T

3 E5 © 5O

58 3 c g e

O:|Q|1||Q|2||Q|3||QI4IIIIIIIIIIIIIIIII-Oé é_é

0] 5 10 15 20 25 30
Time (h)

® O ® Residual drawdown .
S(rp,t) = 0.00133*Hg - 0.00496 |

T T I T T T T I T T T T I T T T T I

(0] 15 30 45 60

Hs

0.80 —

0.75 — /

0.70 —
0.65 —
0.60 —
0.55 —

4

=2 (Q-Qi)*In(t-t;,) - QIn(t-t,) (m3¥h)
i=1

[ Oy 4th drawdown phase

g . st drawdown
- phase

(0R=10)

& ¢ < Rate-dependent Skin Factors
S(Q) = 4.5711*Q + 226.38

(0] 2 4 6 8 10

Pumping Rate Q (m3/h)




Freie Universitat (i

Conceptualization of Formation Damage for Slug Test Analysis

Damage type No.3: Damage type No.4:
Damage type No.1: Damage type No.2: Short cylindrical

Small localized

Thin filter cake Finite-radius skin flow entry section  flow entry section

Takin = D
E H permeable thin
H H filter cake

By 2 IR RN RIRRI NI RRR RN RNRRRRARR N
ek LT T T T T T

D

flushed
cylindrical
flow entry
section

permeable é é impermeable ?
finite-radius skinfg g thin blockage | -

flushed
localized
flow entry
section

Damage types #1, #2, and #3
represent cylindrically con-
vergent flow.

Damage type #4 represents
spherically convergent tlow.

Can the hydraulic para-
meters from well perfor-
mance testing be used' to
verity formation damage
by sluig; test analyses?
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Radial Flow Model of Hyder et al. (1994)
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% , mismatch
1x10

I5

N 3 1IX X XSlug Test ST-7354-8

< IX10"g|o O O SlugTest ST-7354-9

§ Model of Hyder et al. (1994)

§1X10-4IllIIIIIIIIIIIIIIIIIIIIIIIIIIII

0 25 50 75 100 125 150
Time (sec.)

Assuming k = 1.14:10° m/sec., k /k =4, and S = 2:10* simulations of slug tests
can be made to collapse onto the shown response curve for damage types #1, #2,
and #3 using realistic skin permeabilities, respectively!

@ani the slight late-timeimistit be removed by application ot alternate models?
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Nonlinear Hvorslev-Style Model of Zenner (2006)

RE H dH dHY’ A% \dH
—olH H—) — 2B, +—¢ |=———_gH=0
of ) dt)(dtj 7B, + g

FK dt

Simulation shown for Hvorslev's case no. 9 and:
k =1.14103 m/sec., B, = 2119 sec./m?, B =149 m

Spherical Flow Model of Barker (1988)

H (t) = Hotc L_sl{[Stc T q(1+ qu)_l]_l}

Estimated spherical screen radius: r, = 0.052 m

(k = (k 2k )13 = 0.718x10> m/sec S =2:10%)

spherical =

For sufficiently small r., the head decays
exponentially in time, even if S is large!

Normalized Head H(t)/Ho

Normalized Head H(t)/Ho
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Summary and Take-Home Messages

Slug testing tells us about aquifer parameters and governing flow processes!

A linear head decay in a Hvorslev-style plot indicates Darcian flow:

negligible aquifer storage

significant formation damage / spherical flow entry into the well (/6/, /15/)
favor air-lift drilling over direct-mud rotary drilling when installing water wells

A convex head decay in a Hvorslev-style plot indicates Darcian flow:
significant aquifer storage

an imperfectly sealed well / rising background head trends -> static level in the
well may not represent piezometric level in the aquifer (/2/, /3/, /4/, /11/)

A concave head decay.in a Hvorslev-style plot may indicate/non-IDarcian flow:
dominant nonlinear flow (/9/, /10/, /13/, /14/).

an imperfectly sealed well / falling back%round head trends -> static level in the
well may not represent piezometric level in the aquifer (/2/, /3/, /4/, /11/)
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Cooper-Bredehoeft-Papadopulos (CBP) Model (1967):

H(t) _ 8res j . iuexp Trtzléz du

/

The right-hand side is independent of F!

The head response is convex in a Hvorslev-style semi-logarithmic format with
response curves collapsing onto a unique curve for increasing magnitude of the
initial displacement H,,.
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A Nonlinear Hvorslev-style Model Variant (Zenner, 2006):

2 2 2 p-1
—| H+z,+ %_1 Lp-{EB-FD}rCZ d H_gﬂr B+L+C(ﬂrc)_ldH dH
'y 8 r; | dt® Fk, dt dt
7 L v 7L +H 2
T PR
2|\ 2r.B 2rp 2r, 2r, dt dt

—gH =0 H

The head response is concave or linear in a Hvorslev-style semi-logarithmic format with
response curves potentially shifted toward larger times for increasing magnitude of the
initial displacement H,,.
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A Transient Nonlinear Slug Test Model (Zenner, 2008):
2 p-1
—|H+z,+ rc_2_1 Lp+[3B D} il H—g7zr B+C( )pl daH
r 8 r’ | dt® dt

(2 Y L' . Dr* |, z-L,+H dH ) |(dH Y
+—=|| = “1+8s—| T+ fi—5+ f = signf — | || —
2|\ 2r.B 2r; 2r. 2r dt dt

S C

dH
dt

4T (t—7)x?
SrD

x*[3? (2x)+Y ?(2x)]

2

t
27Z'ST J or’

0

dxdz =0

_gH_

'—:8

0

This slug test model for finite-diameter fully penetrating wells covers the entire range of
underdamped to overdamped head responses with response curves potentially shifted
toward larger times for increasing magnitude of the initial displacement H,,.
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The Model of Barker (1988):

H (t q=1+,st, t = SE t. = "
-1 - a a c
( ) — t L_l {[St + q 1+ S q) ] } kspherical 4kspherica| r-a
° ﬂ s = Laplace variable

The right-hand side is independent of H
The head response is convex or linear in a Hvorslev-style semi-logarithmic format

with response curves collapsing onto a unique curve for increasing magnitude of the
initial displacement H,,.

For small t, S, r, or large k S,

spherical’
If r, is sufficiently small the head is
FEAE = t (1 1S ) ——>  exponentially decaying, even if the aquifer
¢ - storage capacity is significant!
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Superposition Recovery Data Yield k :

Sr(rD’t) =

i=1

S0 -0 inft-t,)-Qu (-, |

47k M

Superposition Drawdown Data Yield S_:

2.25k M

2
Sr3

S(rDit) — 1 iQI _Qi—l In(t_t )
Qv 4KkME Q,
1, 225kM S +D[Q
+ In T
47k M SrZ 27k M
S(Q) =S, + D\QN\zzﬂkrM% —In(
N o
St:MXSW—I-Sp B2 = St
B 27k M

r

|

Residual Drawdown
Sr(rp,t) (m)

s(rp,t)/Q(t)  (h/m?)

Rate-Dependent Skin
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The Pseudo-Skin Factor S, due to Partial Well Completion

2 @ 2 JK, 7k
2M Z sin{nﬂl—}—sin[nﬂi} K,| n7z V5T
n=1 n M M |\/|

Flow concentration at a partially penetrating screen can be represented by an additional
dimensionless and time-independent head loss 25 as soon as the formation starts to
respond over the entire aquifer thickness.

Total rate-independent skin factor S,, mechanical skin factor S;, pseudo-skin factor S, and
linear well loss coefficient B, are related by:

St:M><SW+SIo B, = >
B 27k M

The linear well loss coefficient B, aggregates mechanical skin and pseudo-skin head losses.
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Simulation by the Model of Zenner (2008) (page 15):

Normalized Head H(t)/Ho

X  Slug Test ST-7354-8
(O Slug Test ST-7354-9
Model of Zenner (2008)

0 25 50 75 100 125 150
Time (sec.)

Simulation shown for:
k =1.14-10 m/sec., S = 2:10%, C =0, B, = 2119 sec./m?, B =14.9 m

Accomodation of formation damage and partial dpenetration effects by the
total rate-independent skin factor'S, yields good simulation results for the
current slug test example.
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