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Content of last week and this week’s %@g
lecture -
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 Fluid flow In fractured media — last week

— Cubic law

— Permeability defined in fractured rock

— Characterisation and Discrete Fracture Network (DFN)

« Some useful steady state and transient solutions — this week
— Flow to a well in confined aquifer
| Steady state solution

] Transient Theis solution

— Method of measuring hydraulic conductivity and specific storage

1§ Curve matching method, Time drawdown method & Distance drawdown method



Fractured rock fluid flow o),
Cubic Law

2

2
average velocity,v=Q/ew=— ¢ i(p+pwgz)=_ e d

—p,gh
121 dx 124 dx Pud

Hydraulic conductivity (K) of

T Q=

p,,: density of fluid
g: acceleration of gravity
M: viscosity

— Cubic law: for a given gradient in head and unit width (w), flow rate

through a fracture is proportional to the cube of the fracture
aperture.



SLETR
Terminology
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— Aquifer (CH==3): a rock unit that is sufficiently permeable so as to
supply water to wells.

— Aquitard (& Ol == 3): beds of lower permeability in the

stratigraphic sequence that contain water but do not readily yield
water to pumping wells.

— Artesian well (A= &): a well that flows at the surface without
pumping — hydraulic head lies above the ground level*

— Reservoir :1.X == X|, 2. A subsurface body of rock having

sufficient porosity and permeability to store and transmit fluids
(Schlumberger oilfield glossary, 2009).

— Geothermal reservoir: reservoir suitable for geothermal energy
utilization.

*Oxford Dictionary of earth sciences, 2003
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Diffusion equation i
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B v — For a confined aquifer of thickness

e m. Transmissivity, T is defined as
|| (hydraulic conductivity defined in a

O o A unit width);

Figure 4.6 Diagram illustrating the storativity for confined T — Km

conditions (from Ferris and others, 1962)
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- Storativity S is the product of S, and

Domenico & Schwartz, 1998



Steady state solution
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| impermeable r ar 8r
h : layer
' r@_h:Cl h=C,/Inr+C,
| | or
| H permeable
J‘ ' o > aquifer
— Applying BC (known h, and h, at
Fig. 6.5. Flow to a well in a confined aquifer. [ and M, respectively)
h=C/Inr,+C, h,=C,Inr,+C,
(h —h,) oh oh
= = —KAZ = —K(2zrH) =
T In(r, Ir,) Q - = KQ@zrH)—

ah: (hl_hZ)l _ (h1_h2)
or In(r/r,)r Q=-27kH In(r, /r,)
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Analogy with heat transfer { ""’

SEOUL NATIONAL UNIVERSITY

 Much of solutions for porous media fluid flow can be taken
from heat conduction.

1D steady state solutions
radial conduction in cylindrical wall
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— Temperature distribution
associated with radial conduction
through a cylindrical wall

T,-T, (;°
T(r)=t s m(’ LT,

a In(z; / 1)
— Heat transfer rate is,
27Lk(T,,-T,,)
qr :—
In(r, /7;,)
— Thermal resistance
_ In(r, /1)
2xLk

r',‘

t.cond




Transient Theis solution

Flow to a well in a confined aquifer
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h,: original heat at any distance r from a fully penetrating well at time t equals zero
h: heat at some later time t

s: drawdown, difference between h, and h

Q: steady pumping rate

T. transmissivity

S: storativity
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Transient Theis solution Wty
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FIOW 10 a well In a continedad aquner SFOUL NATBNALDNVERSTY
e rL?.h_,, o — Based on the work by Theis (1935)
ZZ?\ /‘L,’hr)——gﬁm = Usedthe analogy with h.eat fransfer |
_ e _,_Epiifope'e( — — When a steadying pumping is conducted in a well,
e the head difference at any given radius is expressed
T s onees S Tollows.
0 e—Z 2
ho—h:s=& 2 dz=&W(u) u:rZS:rSs
AT <risiatt 7z ArT ATt 4Kt

h,: original heat at any distance r from a fully penetrating well at time t equals zero
h: heat at some later time t

s: drawdown, difference between h, and h

Q: steady pumping rate (m3/sec)

T: transmissivity (hydraulic conductivity x thickness), m?/sec

S: storativity (specific storage x thickness), dimensionless



Transient Theis solution g@g
Flow to a well in a confined aquifer "
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2 3

j‘”e dz =-0577216—Inu+u-— 44 Y
.7 2.21" 3.31 4-41

— Expressed in terms of exponential 4inteqra|,

+. = Ei(x)
r’S r’s,

where u = =
4Tt 4Kt

— Initial and boundary conditions are expressed as follows
h(r,0) = h,, h(eo,t) = h,

_ Iim(rahjz Q fort>0<__K(2ﬂrm)a_h:Q:2ﬂTr
— Assumption: °\ or) 2zT or

oh
or

{Homogeneous and isotropic medium

] The aquifer is infinite in areal extent and infinite amount of water is stored in
the aquifer.

|Well is of intinitesimal diameter and fully penetrates the aquifer.

{2D approximation € hydraulic head does not vary in the third dimension



: : : FRR N,
Transient Thels solution Gy
— . g " e 1 . vl
FIOw 10 a well In a continea aquliter e ——
— Well function W(u)
w e—z u2 u3 u4
[ =—dz=-0577216-Inu+U-——+————+--=W(u)
uz 2-21 3-:3! 4.4]
Theis Type Curve
s=—2 W)
AT
@S 10 =S Ssmm— e —
U=—=—=—= Bl
4T@ : The shape of drawdown curve as
s a function of time at a fixed
_ distancerr.
Type curve: curves showing the ™ =i
relation between W(u) and u (or If 2S/4T is too big with respect to
1/u more precisely) oo = observation time t, expected drawdown at
the point of observation r becomes small
00 0 T 0 | A

107 10° 10’ 10° 10% 10* 10° 108 107 108

1/u



Transient Theis equation i),
Curve matChIng procedure SEOUL NATlO:iL UNIVERSITY

B — Data collected at a distance of 150 m
1.0 : —
- | from a well pumped at a rate of
| 5.43x10° m3/day.
- W(u)=1,s=0.2m, 1/u =103, t=990 min
(0.7 day)
— Transmissivity:
33
T =iW(u)=5'43><10 il /dayX1:2.2><103m2/day
= Ars 4x3.14x0.1m
— Storativity;
-3 33 -1
F:‘Igm'e 6.6 {|1':l]'¥'|'|'~HElt|'J|.1L'|.l| data and (b) superposition S = 4u;rt = 4X1X1O . 22X1O il 2/ dzayX7X10 day = 2'7Xl0_4
of the ficld data on the type curve to obtain the formation r 225X10 m

parameters. Domenico & Schwartz, 199



Modification of transient equation y
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0 for smallu

j“”e—dz — _0.577216—Inu4u
u 7

2
h —h=s=—2| _05772-In">
4Tt

ArT

h—h=s=—2 (|n42Tt—o.5772j= Q ( adl j
AT

In > —Inl1.78
r<S AT r<S

hy—h=s= ‘QT In Z'ZiTt = 239 lo 2.22&'1Tt < In x =2.3log x
47l ro 47l o




Modification of transient equation (03
Time-drawdown Method
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* One observation well for various times

« |f a drawdown observation is made in
a single well for various times, a plot
of drawdown versus the logarithm of
time will yield a straight line.

2.3Q, 2.25Tt
hy—h =s = log——
ArT res
| | N 23Q . 2.25Tt
Y 1000 DT AT ) r’s
Figure 6.7 Semilogarithmic plot of drawdown versus time S, —S, :—23Q lo t—2 :—Q |nt—2
in an observation well AT t1 AT t1

Domenico & Schwartz, 1998



Modification of transient equation %."’
Time-drawdown Method (example) O

« 305 m from a well pumping at a rate
of 5.43 x 103 m3/day

* Drawdown from 10 to 100 sec
1S 0.24 m.

T - 2.3Q |Ogt—2 _ 2.3x5.43x10°m° / day
4rs t, 4x3.14x0.24m

=4.1x10°m?* / day
We can select any point in the
1000 graph. When s=0 is selected

3
Figure 6.7 Semilogarithmic plot of drawdown versus time Convenlence, > 72'-? log
R T g _ 2:25Tt, _ 2.25x4.1x10°m" / day x5 min
r2 93025m? x1440 min/ day 1
=4.1x10°m* / day

Domenico & Schwartz, 1998



u VL — '
Analogy with heat transfer Y
Time-drawdown Method - analogy with thermal transfer sl
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Hydraulic conductivity measurement
Transient Method (2) - an example
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— With a line source of heat
and a temperature sensor
packed closely,

k=(0,/4r)(8In(r)/ oT)

Temperature (°C)

- Q,: applied heat per unit
R length(W/m)

T e t: time (second)

o T: Temperature (K)

aF

ask

i — Find a linearity and obtain k

i P=Vx1=5x025=125W

0 Q=P/0.1(cm)=12.5W/m

U_;: Gradient between 60 & 200 sec is ~3.449
% e > o > T K = 125/4-” X 3449 = 343 meK

2
Data from Beardsmore and Cull, 2001 Temperature (°C)
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Modification of transient equation %,ég
Distance-drawdown Method .
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 Observation at two or more points at one instant of time

_23Q 2.25Tt
C 42T T KPS

_23Q, 0 2.25Tt
 4xT r,’S

2
Sl_SZ —Q gl_dzi"']rl_z
— I | 2T - 2zT

Figure 6.8 Semilogarithmic plot of drawdown versus dis-
Lance

Domenico & Schwartz, 1998
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Content of today’s lecture
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« Some useful steady state and transient solutions
— Terminology

— Flow to a well in confined aquifer
§ Steady state solution

] Transient Theis solution

— Method of measuring hydraulic conductivity and specific storage

] Curve matching method, Time drawdown method & Distance drawdown method

» Wednesday
— Exploration techniques

By Tae Jong Lee from KIGAM (Korea Institute of Geosciences and Mineral
Resources)

— One question gives 2 points. (attendance of one lecture = 2 points)
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