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Hydrology

Lecture 23: Transient (Time-Varying)
Well Hydraulics; Superposition
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Confined Aquifer

& Theim solution

Pre-development \5tr) (dravdomn)
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Homogeneous, isotropic, confined aquifer. Flow in radial direction only.
~ Steady state. No internal sources/sinks.
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Confined Aquifer

# Theim solution
Derivation in affached reading
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" Pre-development
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Homogeneous, isotropic, confined aquifer. Flow in radial direction only.
Steady state. No internal sources/sinks.




Unconfined Aquifer

® Several solutions:
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Superposition
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Superposition
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Superposition
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Superposition
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Superposition
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Superposition

100 m3/d

2000 m
real well

drawdown due to well
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Well Interference

$ [Two (or more) wells operafing near each other produce
a combination drawdown that might affect operation

of the wells

If the pump
impellers are not
deep enough, the IR il i,
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Well Interference

# Superposition Is used 1o model such
situations




Well Interference

# Superposition Is used 1o model such
situations
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Well Interference
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Well Interference
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Confined Aquifer

# [ransient flow to a well
(sketch of derivation — more in readings)
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Confined Aquifer

¢ Governing PDE and BCs

Oddly enough Drawdown is lower case and storativity is
upper case “S"— need to be aware When reading.
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Confined Aquifer

¢ Governing PDE and BCs
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Confined Aquifer

# Solving the PDE — apply a Boltzman Transtormation
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Confined Aquifer

# Solving the PDE — apply a Boltzman Transtormation
& Convert PDE into an ODE
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Confined Aquifer

# Solving the PDE — Algebra and Calculus
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Confined Aquifer

£ Apply IC and BCs




Confined Aquifer

£ Apply IC and BCs




Confined Aquifer

£ NOW We have d Solution, pbut now To evaluarte the
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Once upon a fime you would look up values in a table
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Confined Aquifer

& Now we have a solution, but how to evaluate the
iINntegrale
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Confined Aquifer

& Now we have a solution, but how to evaluate the
iINntegrale
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Confined Aquifer

& Now we have a solution, but how to evaluate the
iINntegrale
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Confined Aquifer

## VBA Code (to evaluate the well function)

OO0 TheisModel.xIsm - Module1 (Code)
|(Genera|) 'v] |w

Function W(U) As Double

'Theis Well Function -- actually the exponential integral
If U <= 1Then

A0 = -0.57721566

Al = 0.99999193

A2 = -0.24991055

A3 = 0.05519968

A4 = -0.00976004

A5 = 0.00107857

W= (-LoglU) + AO+ A1l *U+A2*UA2+A3*UA3 +A4*UA4 +A5*UAY5)
Exit Function

Else

Al = 8.5733287401

A2 = 18.059016973

A3 = 8.6347608925

A4 = 0.2677737343

Bl = 9.5733223454

B2 = 25.6329561486

B3 = 21.0996530827

B4 = 3.9584969228

W=(UA4+A1*UA3 +A2*UA2+A3*U+A4)/(UA4+BL*UA3+B2*UA2+B3*U+ B4))/ (U *Exp))
Exit Function

End If

End Function
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1 |ModelName 1D_radial_flow_confined_aquifer_transient | | | | | | | | | |
2 |Model Type:  Hydraulic Model [
References:  Theis, C.V. 1935. The relation between the lowering of the piezometric surface and the rate and duration of discharge of a well
3 using g d-water storage: i ical Union Ti i 16th Annual Meeting, v. 16, pt. 2, p. 519-524.
4 Walton, W. C. 1989. lytical d deling, Flow and Ci igration, Lewis Chelsea, MI.
Method: P app! ot integral
Author: Dr. T.G. Cleveland for CIVE6361/7332 Students; Spring 1995 Pon-Deveioprent Hesd
7 Rewrite in VBA Mac Excel 2011 Fall 2015
Notes: Infinite Confined Aquifer e vt
] Steady Pumping at Origin
10 C at radial distance, r, for different time values t
11 Uses ial approxil to well function (see
12 |Macros: W(U) %Well Functi‘ons d in Module1 as local to this worksheet macros
13
4 | C C: (Use k to find U.S Ci y values for S| Units)
5 Q 25 <=gpm 3.342246 <=ftA3/min  4812.8342 <=ftA3/day 0.094715 <=m*3/min 136.389 <=mA3/day
16 |T 0.76 <=ftA2/min 1094.4 <=ftA2/day 5.6848 <=gpm/ft 101.7252 <=mA2/day = 0.070642 <=mA2/min
17 . . . . l . ,
18 | MODEL INPUT VALUES [ [ [ [ [
19 | Input Data (must use length and time units!)
20 |item Value  Units D\ Drawdown history at 96 (feet) from pumping well
21 |Q 11 ftA3/min  Pumping well (LA3/t)
22 |1 0.76 ftA2/min  Aquifer (LA2/t) s
23 |s 0.0005 Aquifer storage i
24 |r 96 Radial distance of observation well from well (L) 5
25 |C d Constants o v
26 |Q/(4xT) 115178 —
27 | Chart Title D history at 96 (feet) from well 6
28 |Time D
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= T 5 &
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2! w I E) 3 ) <] a
3 5 96 030316 0.897932 1.034219  0.9615503  0.005281 1O
3 28 96 0.05414  2.392464 2.75559  2.6659802 0.00803
32 41 96 0.03697 2757051 3.175514  3.0855088  0.008101 o
33 60 96 002526 3126297 3.600804  3.5109705  0.00807 ° 200 400 ‘°:I s timel h’:"" 1000 1200 1400
34 75 96 002021 3.344445 3.852062  3.7625233  0.008017 apsed Time (m
35 244 9 000621 4510219 5194776 51081853  0.007498 ==prawdown(®) O Obeerved Drawrlown ()
36 493 96 0.00307 5.210429 6.001264  5.9170095  0.007099
37 669 96 0.00227 5.514896 6.351943  6.2687644  0.006919
38 958 96 0.00158 5.873277 6.764719  6.6828359  0.006705
39 1129 96 0.00134 6.037278 6.953611 6.872329  0.006607
40 1185 96 0.00128 6.085625 7.009296  6.9281921  0.006578
41
42 SSE => 0.078904
43




Superposition
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Superposition
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Superposition
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Superposition
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Superposition
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Convolution

# Convolution == Superposition in Time

/4 Vo o) &

Lo dowVozurrear I yIme .

@
TN o Eile); v

EsSTImAarE CESFoNSE  OVER SAvEedl  PranniNé-
PErtods éS EQ(J&/”AI_) MTH  PIFEECLVT PumpP
RATES .

Qo




Convolution

# Convolution == Superposition in Time
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Leaky Aquifer

® Hantush Model
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Leaky Aquifer
£ Hantush Model

* WELL- DBCHARGES AT CORSTANT RATE Q ,
®* INFINITESMAL LIELL DIANETER
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Leaky Aquifer

# |[eakage prior 1o pumping
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Leaky Aquifer

# |[eakage atter pumping begins




Leaky Aquifer

# |[eakage — drawdown relationship
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Leaky Aquifer

# Governing PDE and BCs

Basic ELAMCONS
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Leaky Aquifer

# Governing PDE and BCs
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Leaky Aquifer

$ Solufion(s) SoLoTioN  BY
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Leaky Aquifer

$ Solufion(s)
L (u)vx \d So METMMES DENOTED BY

W (e 578,

“1He TEeem ' Z
Tf; - | T\D \'s cALLE D
W<’ ,

THE LEAKAGE FACToR

OBSERVE : W(u) f/5) = L[U, .2\/)




Leaky Aquifer

$ Solufion(s)
L (u)vx \d So METMMES DENOTED BY

W (e 578,

“1He TEeem ' Z
Tf; - | T\D \'s cALLE D
W<’ ,

THE LEAKAGE FACToR

OBSERVE : W(u) f/5) = L[U, .2\/)




Leaky Aquifer

# Example
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47
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Leaky Aquifer

# Example




Leaky Aquifer

# Example

| @ Proce Dara
. ?=/ =L7,- . Qo = SO/
‘= F 640" m/d
7= 8. m."/J.
O =0.0005
é'-’ /on

U= r’-(o.ooos s oS,

4 96.4)(r)
va- rt (§.e4 007> = 2.5 Jo-5,2
4 (86 4)(r)

o A Soo = o.46
X ) (F6+4)




Leaky Aquifer

# Example




Leaky Aquifer

# Table-look up

0 5
30
0 6
296
83.398
21Q
)
55
3068
539 638 B2
2348 2342 226
60 4. 7256 2
g ET]-: 882
0 0379 037 0356
35 3546 6
2.959 9590 05
579 679
08 508 D6
0 8229 8229 822
2226 2226 222
905 905 9056
0 y '-' 5.
0489 0489 0489
0130 0130 0130
0 0 00
000 000 000
()

3
5
2470
A'_w’a
23
2 s
068
906 854
6 8530
997 g
20 992
079
B 522
B 2960
B 0"
016 8150
24
9523 887
6 27
48 232
8 8050
222(
90 3018
J0 S
29
! 9(Q
048 0488
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0
sy
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Leaky Aquifer

# Table-look up

@ a0y - @= (o, L)
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Leaky Aquifer

£ More Modern Approacn:

& VBA Script in Excel fo evaluate W(u,r/B)
©@ Complex uses:

ERFC (complimentary error function)
BESSELI (Bessel Function Type |)
BESSELJ (Bessel Function Type J)

# Script foo complex to display — but
ultimately it is just a function that can be

evaluated just like SQRT(Z).



Leaky Aquifer

1 HantushLeakyModel.xIsm

[ [ Yo [ I o o —"

| 1 |ModelName  1D_radial_flow_leaky_aquifer_transient_hantush
ﬂ___
| 3 |References:  Hantush =

[a |

{ 5 [Method: | [ |

| 6 |Author:  Dr.T.G.Cleveland for CIVE6361/7332 Students; Spring 1995 |

Ea (Rewrite in VBA Mac Excel 2011Fall 2005

| 8 [Notes: infinite Confined Aquifer | |

{9 | steadyPumpingatOrign | [ |

110 |  Drawdown at radial distance, r, for different time values t in leaky aquifer system

(11| UsesPolynomial approximation to well function (see references) | | |

| 12 |Macros:  W(U),LEAKY(U,V)  Well Functions contained in Module1 as local to this worksheet macros
N I N A RN N R

T30 [N A N N N A E—
| 15 | Conversion Calculator (Use GaaISeek to find U.S Customary values for SI Units) _
(16/a | 25 EEEB <cftag/miy 481283 <~f3/day 0. 09736
_ <fth2/da) 1.28806
ECH [ [ T |

m—— [
{20 [tem  Value [Units [Description | [
21 | -m— [
(22 [T | 017 ftAo/min Aquifer transmissivity (L2/t) | [ ]
123 s | 000017 Aquiferstoragecoefficient | [
{24 [k | 57806 ft/min  Aquitard vertical hydraulic conductivity (L)
{256 | 14t ‘Thicknessofaquitard() | [
Ir | 9 Radial distance of observation well from pumpingwell () |

7 I I I R [

r/B [

[ 1]
[
I
m_-za 7
(35| 28 9 008017 014802 197392
(36| 41 9 005475 014802 230223
_za‘xalmm 4.103
[ 38 | _ 430
lmza
6142
_
-EE 627 0.00488

01 02 636019

I

Elapsed Time (min)
Radial Distance (ft)
Observed Drawdown (ft)

5

nﬂoo
F88
&3S

7:
.08
5.47 202

" wlo
qechce
3 83
x: £S5 8 orawdown(t)
6

_
[
[
[
[
[
[
[
[
[
[
[
[
I
I
I
I
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Lo0g0s3
Cs07
Looa02
T T —
10024
__
I

600
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Formatting
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Next [ime

® Contaminant Iransport Concepts

Advection, Dispersion, Retaraation, becay




