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nonsteady drawdown distribution for wﬁ% partially
penstrating an artesian aguifer of infinite gﬁﬁi extent and #a«
liznited thickness is solved., The confined squifer is of uniform
hydraulic conductivity and uniform epecific storage. Two flow
gystems aremiﬁamﬁz {1} wells just tapping sﬁa artesian ng«-
uifer and {2) wells penetrating en srtesian aquifer. The solutions
zre obtained by the method of superposition using the solution of
& spherical wﬁ?y located at {o, ’i}"‘ this basic solution is:

/!z'_ + {z - ;s1§3 /;3 + {4 szf

.8 [*"“?9.@ ), ete ()
© 4TR | e, ., o

8

AP T wiil

The varistion of drawdown with time, end distance, for aguifer
of unliraited thickness is compared with known solution for aq-
uifer of limited thickness by means of graphs.

o
=p
The function Flu, =) = K % erf(/F) 4P , involved in the
@

mathematical solutions is evaluated numerically {table 1}.Craph-
ical mmethode based on the derived solutions sre ocutlined for de-

termining the formation constants. These methods are: (1) The




type=curve method, {2} the inflection-point method, and {3) the

two~point method. Applications of the typs-curve method are

illusterated by treating data from Luna and Quey Counties, New




The wzfités wishasﬁ to es;sawgs izis Wmmm to ﬁr. 3&.

g, ﬁimk; of the New Mexico Institute of Mining aid Techaol-
OEY. wk:a suggssted this problem m&. served as theeis adviser.
His guidance was extremely helpful st all stages of the study.
Thanks are also extended to Dr. C. R. Cassity for the prive
ii#g& of discussing with him various phases of the study, and also

to Dr. E. H. Kase for reviswing the original copy, and to Mrs,

deline T. Miller for typing the manuscript,



INTRODUCTION

Frequently, producing wells do net penectrate completely
the aquifer from which they are pumping. The hydraulics of such
wells is therefore different from wells which fully Wrﬁ&a the
aguifer,

The problerm of partial penstration has long been recog-
nized, and approximate solutions for various fisld conditions have
been advanced. Most writers {ses list of references} bave assumed

that the ground-water flow toward the well is stabilized; in other

words, that a steady-state condition is sttzined. Such a condition
ravely obtaine during periods of actual well operation.
Whes dealing with nonsteady-flow problems of partial m»

etration, the current practice is to make use of the nonsteady-flow

formulas for complete penetration either with o without adjuste
ments. Theee adjustments, if used, are based on the steady-state
flow formulas for partial penetration, depending on the presumably
known characteristics of the aquifer, For example, if it is desived
to compute the drawdown values in aress fairly close to the well,

and if the horizontal permeability of the aquifer is very high, the



bottom of the partially ?&ﬁ&m@ aquifer often is assumed to co-
incide with the bottom of the pumping well; that le, the flow con~

- depth of

e Gbe
tion holes that completaly penetrate
the aquifer, {2)the drawdown val

servations are made in obees

es are reguired or ohserved at
distances which aﬁ far away from the pumping well {that ie, at
éiﬂiﬁaeﬁ% such that the {low in the anﬁfgr is more or less purely
radiald, or (3) ik& wmgé of the drawdowns observed at the top
and st the bottom of the aguifer ig used in determining the forma-
tion coefficients.

oximating the flow probl

sme by procedures such as

med sbove may give fair results in the case of an age

uifer of relatively small mﬁgam, provided that the cond

asgumed in each case obtain. In the case, bowever, of extensive
aquifers {aquifers of very great thickness), such procedures ars
not dependable, Either my My giv@ srronecus resulis because
of the ag;sgms m&m‘a of the issgmgmiaaai involved, or My

may not be practical to carry a&t, éﬁ* both.




Formelas for nonsteady flow toward s steady well partislly

wuting an iafi
for nonsteady flow toward a well partially penstrating e thick water-

be artesian agulisr of limited thickness, and

(1954} respectively. Because of the nature of the assumptions

made by Boulton; bis formula cannot be uesed in the case of con~
fined (artesian) flow; that of Hantush, on the other hand, describes
the flow in leaky and nonleak

r aquifers of both limited end unlime
ited thicknesses. The Hantush gaz%i&i penstratios formula can
sleo be amé, w@z es#rt&iss @an&i%imt. to é&mri&a the flow in
free &g&xﬁaxm @amg@aﬁm a;iag tkis formula in its present
forme, although maﬁy wietm for aguifers of relatively :m&i&
ti;ieﬁmaues‘ become lengthy and tﬁm in the case of very tbkzzit
aguifers ’_‘w&i&ge the infinite iaﬁgtﬁi appearing ia the uﬁm form

of the solution is tabulated,

The purpose of the present work is threefold:
1. 7To obtain solutions, for different flow conditions, for the draw-
down distribution around s steady well that partially penetrates an

infinite elastic artesian aquifer of unlimited




Z. To determine the degree of penetration in as squifer of lim«
ited %k%amsg below which the flow pattera cen be computed by
ed for squifers of unlimited depth.

3. To describe methods by whick the formation constants can be

obtained by aquifer pumping tests, when the appropriaste solut

sre ugad.

The problem is to determine the drawdown distribution
around wells that are éﬁm a thick artesian aquifer of infinite
aresl extent. I is assumed that the hydraulic conductivity and
the specific storage remain constent both in space and tims. Ini-

tially, the drawdown distribution ie sero throu ayuifer,

Two flow systeme are considered:
Wells just ta

pping an ariesisn aquifer. In this system the

water ie éiﬁ&a&gﬁ. through a semispherical cavity at the bottom
of the well, the radive of which is equal to that of the well bore,
In practice such & flow system may represent flow toward: (a)
wells of sero penetration and of constant discharge {fig. 1) or
{b) artesian springs or wells of zero penetration and of constant
bead {fig. 2).



enetvating an artesian aguifer. In this system the

water is discharged through & cylinder whose length is equal to

the depth of y&gﬁrﬁi&. In considering this type of flow, two

cases may arise in practice, that of flow toward a steadily discharg-
ing well, and that of a ]

ving well {well of constant drawdown).
Only the first case is treated in this thesis (fig. 3),



R, =

Radial distance from the axis of the pumping well to

any point in the space. (L)

Depth of any point below the surface of the impermeable
layer, (L) o | -

Locetion of a sphericel cavity at r = o, (L}

) ri * sa, the distance from the origin of the coordinate

system io any point in spece. (L}

)/;2 + {z - ﬁiig, the ﬁs&&aea from s point  located st %y
to any point in space. {L}

Effective radius of the spherical cavity, (L)

Effective radius of the well. (L)

Tims since ?mgiafg#am. {17}

Time at which tiss inflection point takes place. (T)




£

B2

Laplace transform, or the image, of f{t)

Depth of the pumping well below the surface of the

iﬁmm%iﬁ layer. (L}

Length of the perforations in observation wells: {1}

Drawdown at any point {r, 2} in the aguifer at any time

t since startup. (L)

Drawdown at any point {r, 24 t} in the squifer due to a
spherical cavity at the point {o, mi}s

Average drawdown in an observation well of perforated

length b's (L)

Maximum drawdown at any poisnt {r; gk (L}

Maximum sverage drawdown in an observation well of

perforated length b's (L)

Drawdown &t the pumping well at any thme. (L}

Drawdown st the inflection point. (L)

Rate of discharge of the well during pumping. (L°/T)

10



K Hydravlic conductivity of the aquifer. (L/T)

= 9 Specific :’%é?égf&i defined as the amount of %ﬁeﬁ which
2 unit vﬁm of Eia ag%r raieam Sfam ﬁﬁi’%ﬁ& under
8 m&h&s& decline. (L }

o Ratio §~ . {;?.egf‘i*i
8

%8

% mmm 453

| g L B [T A
erifx) E:mg iareﬁm = \T’frﬁg f e ap.
o

, 2
erfciz} Complementery error function = 'ﬁr‘” / a’é{ aB.,

= 1 = erils)

i1
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In the ﬁyﬁaﬁﬁeﬂ mﬁmt. the @qwsziaa is

2~ 2 2 )
N D & %3; , 08 258

de* o 2ROV '

For purely spherical flow, the equation reduces to

32# 238 s
% - ?
E?E PRT

For the derivstion of these mm, the reader is ree«
ferred to Jacob {1940), Muskst (1937), and others {see list of

reforences)

-



Boundazy-Value Probleme and Solutions

siﬁkwagk several procedures can be employed in solving

the problems trested below, the one followed heve ie bel

ta‘be the simplest and the most direct. The method of Laplace
transformation is ueed to obtain a solution for the drawdown
around & spherical cavity {fig. 4) draining an aguifer of infinite
depth and of infinite areal extent. ¥From this, the solutions of
the different cases treated here are kﬁﬁ@ up by the method of

superposition,

Flow toward & spherical cavity

The system of {low being spherical, with the origin in this case

taken 2t the center of the cavity (o, sgh the boundayy-value prob-

fe is:

2 )
S . s 0%
dw” wdn

3{5)&} 2 G

& {oo, £} = o

%{r;ﬁ;t}aa

where B = )/3 it {2 - si)z;, and <o,

14

(1)

{z)

{(3)

{4)




By using the Laplace transformation with respect to {t)
and applying boundary condition {2), the transformed boundarye
value prodlew in (R, p) will be:

B

2.8 0 A28, 8 | it o {B)

M*  rIn

i, p) =0 e

1 o

Ao ovpl= 0 , ~ Cm

Eguation {5} 1& ﬁsémi&e to tha "&fi Bessel squation by the

'i;“?; mx ﬁaiﬁ substitution, equation {5)

%ﬁ‘%ﬁ&ﬁi@n of =R

asswnes the form

| gax m“

Conditions {5}, (6}, and (7) are satisfled by

B Kilz{/;‘;% {s-&} /—} ;;§i/f %{x«}x}}g /—;
g“ég[ | J(ﬁ)

$
[z %iﬁ*siil ‘ [fi‘?@'*ii}]m

_where K, is the half~ordered modified Bessel function of the

gegond kind.

i5




By using the relation (Watsoun, 1944) Kz () = '/% v o ®

equation {9} can be put in the form

.i . [ W[“‘,/ﬁ{"_* fiwi iz [,_,}/E ? 4&7 *j*sw_‘ﬂ

: ] {16}
¥ % la 4 xii'

The propes distribution awsmé the sis%erif:ai cavity will de-
pend on the value of the constant (<) aggearigg in equation {10}, which
in turn depends on the mﬂy e&éﬁm of the case to &a mﬁé&raﬁ.
Having obtained the elementary solution as given by &gmi&a

{10}, the solutions to the diffevent cases follow.

Epherical Cavity
The boundary-value problem of this case is given by squations

{13, {2)s {3} {4), snd the following condition:

2 9 N
2 s -0 (1)

4TER
R—>a
By applying the Laplace transformation on {11}, the trans-

formed boundary condition in (B, p} will be:

i6




{iz)

1 4
el
i
wis

The value of the constant {c¢} is obtained by applying condition

{12) to equation {10), which gives ¢ = iﬁg. Thus the solution

can finally be written as -

oxp [ = /B{7 + s ma)] e [=fBET + e n)))

4 {2 = =} ¥ 4 {as-%wi‘i

Eszm-g%m[

* T ] 313}

{a) Nomsteady solution
By using tebles of inverse Laplace transformation (Churchill,
1958}, the drawdown distribution will be given by

T X

o TN O

ra——

%

] (14)

Average drawdown in wells of perforated deptht Equation (14)
gives the drawdown at any point in the aquifer. “Eke drawdown observed
in wells of perforsted section b’ is the average value of the drawdowns
at each point of the perforated length, Thus to obtain the average drawe

down in & bore hole of length b', eguation {14) iz integrated with respect

17




to 2 between the limits o and b’, and divided by b'. The average

drawidown ssa can be obtsined se follows:

(Y & . B 2 Z
g’?f%; ’é' (g - s}}_” &,&:/3:2 + {2+ si)
|5 (e Lot B -

r 4 {%%513

ca . ATED
o
bt °o oo
.B% ad
. § [ 2 & gb
NN RN MO N s SN
3
o

3:2 + i - 53325 3’3 4 {z + 51}2
e a— g

The substitution B = %gz 4 {g-—-g}_}gg and 53 = }/;-3 + (w4 gz)gy

2

gives dB = )/rﬁ + {z—-ai}‘zé'g, and é@i = }[3 + {a+ ziizwﬁy

Thersiore oo
%’ ) . %!
.2 ~zty’ s - giﬁ?’g (s + 8,)y"
ﬁsa. * éﬂﬁb‘[ﬁ e dy { & dw 4 & dz)

The substitution {z - zlig’ ez and {8 ¢ gi}? = %y gives vy dg = dx = ggxi,,

18



2.2 2
"o T dTEL|F | ¥ ¢ e ¢ )
TisE et o
[~
22

R 4 ,
gﬁ%,[ ;§ dy [ exf o' =2 )y + exi Eﬁ‘*iiiy]]

1
R

z 2 8

The substitution r vy = gives .zrgyég = dP . The solution

can finally be put in the form

=B B - g, b4z
0 [ i 1 ] 1)

{exi {«-«—;m*\/?} B VB §]aB

{b} Steady-siate solution
8trictly speaking, a steady-state solution is never attained,
a8 an infinite aquifer is a closed reservolr into which flow from

other sources does not take place. However, at any given finite

19




distance from the center of the spherical cavity, however large it
may be, the drawdown may, for all practical purposes, attain 2 con.

stant value after a relatively large period of pumping (theovetically

the drawdown is still changing, though at 2 very slow rate). Thus
a8 time becomes greaster {provided B remaine finite, however large
it may be}), the steady state is approached. If t goes to infinity,

eguation {14} reduces to

, ﬁ[ \ 1 , 1 ] .
em  4ATH N ii“"s;} RN iﬁé%ﬁ}

The average steady drawdown in wells of perforated section
can be obtalned by integrating equation {16} with respect to 5, from

the Mmite o to b, and dividing by b%

{17}

28




Wells Just Tapping the Aquifer

Case 1. Wells of constant &iﬂ:

The boundary-value problem of this case is given by equa~
tions {1}, {2}, (3), (4}, (11}, and the following condition:

= e (19)

{a} Nonstes

By applying condition {18) to equation {14}, the solution can
be found as | | |

'Y
R - TR TP S :
Average drawdown in wells of wfiém*a%eé depth: The average
drawdows in 2 bore hole of length ', can be obiained by applying
condition {18) to equation {15}, Thus the solution cen be put in the

form
| o B
% = IRy T T {z0)

oo

B o’ '
where Flu, f;} = s erf {*;* V@ 4P

5

21




{b) Steady-state solution
As stated before, the steady~state can be approached provided
that gi remains finite, however iaégé it may be, Thus if t goes to

infinity, equation {19) reducss to

.o, = ﬁ%‘z | (21)

The average steady drawdown in wells of perforated section
b', cen be obtained by applying condition (18) to equation {17). The
golution can be found us |

, - Bt »
$isn ™ ﬁ%"g‘ﬁs sinh”! f“;‘*? . {22)

Case 2, Wells of constant drawdown

The boundary-value problem of this case is given by equs~
tions (1}, {Z), (3}, (4}, and the following two conditions:

si L {23%

s R, = (24)

22




By epplying the Laplace transformation on {23} and {24}, the trans-

formed conditions in (R, p) will be:

%y = o {25)
§ fgws el & o (26}

Applying condition {25) and then condition (26) to equation (10), one
obtains a8 the value of the constant o

R JE

c = swii*—

wle

Thevefore, the transformed solution ie:

{27)

where Ew is the sffective radius of the spherical cavity at the

botiom of the well,

23




{2} Nonsteady solution
By using tables of the iaverse Laplace transform (Churchill

1958}, the solution can finally be writien as;

E; ; . erfc e {28)

£ =

Discharge of the well

The discharge of the well at sny time t is given by:

T

4R

, (R, t) (29)
1

G = e ZTWER
w

By finding = {kw, t} from equation {28) and substituting

in equation (29}, the discharge variation will be given byt

R
, . g, w :

@ = Zm Kiwﬁwli e = + 1 ] {30}

Average drawdown in wells of perforated depilu

By integrating equation (28) with respect to & between the
limits o and b', dividing by b', the average drawdown 8 ina

well of perforated ssction b, can be found as:

24




{31}

{b} Bteady-stats solution
As stated in case 1, the steady state can be approached,
provided that B‘i remains finite, however large it may be, Thus

if t goes to infinity, eguation {28) will reduce to:

8
w

g B i st

™ 3.3 : {32}

R’

The average steady-state drawdown in an observation
well of perforated length b' can be obtained by integrating equa~
tion {32) with respect to z betwesn the limits o and b', and di-

viding by b":

Ry -1 b o
8 ® mop—  sinh == {33)

The minimum discharge of the well is that of the ateady

state. From eguation {30}, it is:

ﬁm s ZWH azwaw _ {34}

25




Wells of Finite Depth
- The solution for thie case is that of epherical cavities each
Q2

having & discharge b distributed continuously along the whole depth

{b} of the well., Thus the boundsrye~value problem is that giv#a by

equations {1}, (2); (3), (4), and the following conditions:

PSR —
I“i’f”’a_—»q“m = -

oo

- 38)

o

{36)

where £, is the drawdown due to & ;;a,gig 3pke:isni gavity héﬁﬁ@é
at peint {o, ;i}, as given by eguation (10}

i the Laplace transformastion is applied to (35) and {36), the
transformed condition in (R, p) will be:

- >4 9 '
Limg o ATER ' o _ - 437)

{38)

o

26




By applying condition {37) to eguation {10}, the constant ¢

can be found as:

With this value of ¢, the transformed solution is:

{g{r ¢i:#:;§}

. ﬁ%ig%a

27

39)

(40)




{2} Nonsteady solution
§? using tebles of the inverge Lapla::a %raa;iﬁrm,
down distribution will spposr as:

where E{a,%; %) = %% (ﬁit\/ﬁ ? ap

(o]
-B ,
gl . o Bes _

28

the draw-

{41)




Average drawdown in wells of perfovated depth:
By integrating equation {41} with respect to z between o and
bf, dividing by b', and simplifying, the average &r&wﬁm in & well

pesforsted throughout its depth will be found to be:

.0 b | |
* g S T 3
[

B |
. 4 ‘ N —
whers Efa, 2 Eyel | k___g»w;g_% . ezf;@e‘-‘i‘glﬁ) a6

E 3
a
o
bob, e bab
SR =L * erffemm—yB) dP

2 L2
*»;%%; o™t [&9 t~ {3%3;} “}*éﬁ?{“@f‘x} “}]

;3&/ :hq»’g‘)' # 1 - azft[{{bi‘%} + 1}

-i-&/{% §'54~ 1. erfc ‘/{{?m%ﬁ}zd— i} @




{b} Steady-state solution

As stated previously, & steady siaie can be approached as

timse becomes very large, provided that r remains finite, Thus,

sation {41} reduces to:

a8 u goes to zero,

RS T3 I iﬁgz(k?a\]

Similarly, squsetion {42) will reduce toi

‘o [ web .1 hw b - b
*am“m[*‘“’f‘”b sish ) - w‘

{43}

=1 (b= b
n™! (22 o

z 1

%* llﬁ”’w’g + ¥ + LA I l‘&

o

} (44)




DISCUBBION

The nonsteady drawdown distributions around a steady well
that penetrates an artesien aquifer, infinite in aresl extent, have
been obtained by Hantush {(1957). For an artesian squifer of thicke

ness m, the solution is given by either of the following:

g = m[%{a} + *ﬁ? % ga@s%ﬁ‘ #céziﬁg ﬁ%aigt%f}] {45)
n=l '
[08]
o] o F bes b+ w
Q?E%ml *‘”pﬂ*ﬁﬂ {exd \/F‘f“ﬁﬁ \fé‘}*
9
oo
Rl Zom+ b -8 Inmn = b+ 2
S ap {ent@BRIDZE /B _ (BRI ELEE)

{(46)

=]

ere (BRIDLE B ) o opp (BB

The flow pattern around a well partially penetrating an ave
tesian aquifer of limited thickness will, during the initial period

of flow, closely approzimate that of an aquifer of unlimited depth.

3l




The length of the period during which the two flow patterns ap-
proach sach other depends on the depth of pen

Computations in Hantush's solution and in equetion (41}

for w»=o show that for fg;ﬁiéaiy short periods of pumping

for values of g < ,01, the two solutions will yisld the same re-
sults, Thus, for large values of m and/or small values of
{that is, for relatively small values of punetration and/or short
distances from the pumped well), equation (41) can be used in-
stead of equation (46), provided that the period of pumping is
relatively short, Consequently, it is possible to use equation

{41) for determining the formation coefficients by smploying

ping tests on wells that partislly pen~
relatively large thickness., Equa~

data collected during puwm

etrate an sguifer of unknown

tion {41) can aleo be used to predict declines of water level éarn
ing short periods of waii operstion. For long term Jgﬂﬁeﬁiﬂ&? ,
equations {45) or (46) should be used, | |
Gomparing equation (42) with the Theia formula (1938) for
an squifer whoee thickness is assumed to coincide with the botiom
of the pumped well shows that the two solutions will approach each
other during the ecarly stages of pumping only if the distances are

k¥




emall, They deviate greatly from each other for large distances,
although the general trend of the variation appears to be the same,
The period during which the two solutions approach each other may

range from & few minutes to several months, d -‘ eﬁ the dis-

tance, thickness of the aquifer, and the formation coeffic

Thus, if it is known that the well partially penstrates a thick aq-
uifer, %ﬁ?ﬁa baged on the Theis formuls, the aguifer m&aguﬁ
sumed to end with the bottom of the well, may or may not give
reliable results from dats collected during a pumping test.
Figure 6 is constructed for a given set of the parametere

involved, to {llustrate the points discussed sbove., The values

%8

ased are ¥ = 104, b= 100 &, me‘gﬁa 1, and the ratio of pen-

etration is 0.1,
Vigure 7 is constructed to demonstrate the bebavier of the
drawdown curve given by equation {42) in comparison with the Thels

formula for different values of v, the values used are v = i, 10,

L a5
100 £, and a&i«-—:égmrg.

In Figure 8, the drawdown observed in a well that is per-
forated throughout ite depth of saturstion is compared with the

drawdown that would have been observed had the same well been

3z




open at the top of the aquifer alone. R is assumed that § = 10
3;% a
and that =~weee = 1, The same figure also shows the contrasts

4K
in drawdowns for different depths of the observed well. Thus,
in analyzing dets observed in a perforated well or in an open hole
{except in tha pumped well), agmim {42), which gives the ave
erage drawdown, should be used instead of equation {41), wkiazh
gives the drawdown si: any point {r, 2, t}. Apart from the well

ioeses, the water level in a pumped

 well that partislly penetrates
an aqguifer will covrespond to that sxperienced of the top of the
aquifer. Thervefors, equation {41), with 25 and r= o is

to be used when predicting

water levels in the pumped well or

when analysing data observed in such a well,

34
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TABLES OF FUNCTIONS

Te make use of the solutions obtained in the present work,
_tabuler values of the functions exvfc (x), o %, sinh™  (x), and

oo

P : ,

¥lo, x} = % erf (x/F } 4P should be available. The first
/ | ke ,

three of these iﬁaaﬁi&#& are svailable in the litersture {

Mathematicsl Tables, Dover). For the f&aeﬁm Plo, =), pre-

viously not available in tabular form, suificient tabulation for

all praciical purposes ie given in Table 1. I is obtaised through

numerical éntagratism by using the trapezoidal rule. Although the

teble is not ;:ai%ﬁ!éis for linear interpolation, it gives, bowever,

2 sufficient nusaber of points to construct smooth curves {F versus

w, and ¥ versus x), that can be used to obtein intermediate values

with sufficient iﬁ:ﬁﬁﬁ‘##?- Pigure 9 is 2 plot for ¥ (u, =) versus =
« 01

For v « -y > 10, the function ¥ {u, x) can be approxis

24 AP R |
Flu, x) = (25 = - Merfim — orf (N) = = 5 VB =g e 7))

38

{47)




For u > %, the approximation is
x

Fia, ) = Wia} - ‘ {48)

where W {u) iz the exponential integral, or what ia the field of
hydrology ie known s the well function. The function has been
tabulated in the literature {Wengel, 1942; Wisler and Brater,
1940},
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APPLICATION:

In the guantitstive study of ground-water regources, it is
essential to determine the field values of the so-called forma-
tion comstants; namely, the hydraulic conductivity aﬁm epecific
storage. Based on the solutions obtained in each of the flow sys-

tems discussed above in the section on theory, method

lined below for determining the formation coefficients by using
deta from an aquifer test., The methods can be classified =81
{1} the type~curve method, (2} the inflection-point method, snd

{3} the two-point method,

This method is essentially that of Thels {Wenszel, 1942).
The appropriate type curve ie 8 plot of the related function of
the flow system versus é—i on log-log paper. The observational
data are plotted against t on log-log paper of the same scale.
The two curves are matched, the axis of the two sheets being
kept parallel. A matching point anywhere on the two sheets is
gslected, and the usual procedure is followed in computing for
the formation coefficionts.

The systeme of flow and their aygr@g&ia;afzﬁm for

the type curves are listed below:
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It should be observed that the type curve is not the same
for all the observation wells used in an aguifer test; rather, cach

observation well has ite own type curve. This aecessitates a

lengthy procedure; however, it is the only method yet devised,
in actual spplication, the early part and probably the latter part
of the observed data may have to be rejected. Du

period of pumping, the probable varistion of the formation

efficients will ceuse the observed date to deviate from the type
curve. The devistion of the data collected during t&a latter pe-
riod of pumping may be due to the fact thet the flow system is
beginning to be influenced by the impermeable bed of the aquifer,

Inflection.Point Method

%is method can be used only if & steady-state flow is es~
ssﬁi&ﬁg attained and if both the pumped and the cbserved wells
" are §i§§t tapping the squifer,
The method is based on the observation that the curve of

ilog plot has an inflection point st u, = 1/2.
_This being the cage, the drawdown at the inflection poiat s, is then

equal to 0,317 B e where 5., is the maximum drawdown, Therefore,
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if the maxirsum drawdown can be exirapolated from the time«drawdows

semilog plot, the point of inflection can be located on the graph by

scaling the value 8, = 0.317 &, The value of K is obtained by us-
ing equation (21), and that of §_ by using the relation w = 12

I the flow system is thet of 2 flowing well or & spring that
just taps the sguifer, the same procedure can be followed, subject
to the same conditions, to obtain the effective radius R, @nd the
formation cosfficients, by using equations {32), {34), and {28) suc-

cessively.

This method can be used if the observation well is open only
at the top of the aquifer, It cea also be used to anslyse data from
the pumping well, provided that the well losses can be estimated

or are very small, The method is based on the followin

g analysis:

Let t. be any convenient time, snd let n be say number

i
{in practice n is convenlently taken to be 2). Then, if s, {tz}.&ad
5, '{33:1_} are the values of the drawdown at time € and nty, it

follows from equation {41) that

8,4} Fylu b/r)

%3 : 7 (u/n, B77) = flo 2
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s and 50 U can be read from a table

or o graph of fiu, %i, which function is tabulated in Table 2 for

n = Z, When u is found, ?i éﬁ;gi is ﬁm&& frovs Table 1.
Hence K can be computed from
o

" 8 from @ s e B
Fyfezh ond 8 from  u = ﬁg "

The procedure is carried out for several pairs of points (usually
tys 2640 26y, 485 %‘t"i, &ig » s« ¥ the computed values of K and

& » then are averaged.
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Table-2 f(u,x)

F(u,x)
£u,x) = F{u’z,xi

S e’ ax 3O 1xad®| ax 6 X197 X192 | 1x0” 1
1 1 .999 +999 +996 .988 2959 .851 137
2 1 .999 .998 +995 «985 +9L5 .815 +397
3 1 +999 .998 «99h .983 +939 .785 +391
b 1 +999 .998 <99k «979 «929 J76l
S 1 2999 998 2993 «976 2919 + 750

6 1 +999 «997 .992 £973 2911 iy
7 1 +999 .997 <991 «971 .902 L7
8 1 .999 .997 .99 .968 .895 740
9 1 +999 .997 +989 #965 .888 .739
10 1 +999 +996 +988 +963 .883
15 1 .998 2995 .985 +951 .86l
20 +999 2998 99k .981 +9ko 857
25 +999 .998 <993 .978 «931 .855
30 <999 2997 2992 975 .92l 8L
35 +999 2997 2991 972 .918
Lo +999 «997 .9% .969 «913
us .999 +997 .989 +969 .910

58 +999 2996 2988 +963 2907
55 2999 2996 .987 +960 .06
60 +999 .996 .986 .958 90k
65 2999 .996 .985 .955 .03
70 +998 .9985 +985 .953 +902
75 .998 +995 .98l .951 902
8 +998 .995 .983 2949 .902

85 .998 «995 .982 2947 2901

EY .998 «99h .981 2945

95 .998 .99k .980 2943

100 2998 +993 .980 <942

150 «997 +991 .972 «931

200 «996 .989 2965 927

250 .996 2986 +960 +926
300 +995 298l +955

350 «994 2982 2951

Loo .99k .980 .9L8

450 .993 .978 +946

500 .992 «976 i

550 .992 #97h 943

600 .991 .972 292

650 2990 .970 .91

700 «9%0 .968 29l
750 .989 2967 2941

800 .988 .966 2941
850 .988 +965 «9Lo
900 +987 «96L
950 2987 2962

1000 .986 2961

1500 .980 <954

2000 .976 .951

2500 971 +950

3000 .968

3500 2965

14000 2963

14500 .961

5000 .960

5500 .959

6000 .958

6500 .958

7000 .958

7500 .957 «950 .9Lo .926 +901 . 85L «739 2391
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EXAMPLES

Aquifer test dats obtained are used to illustrate application
of the type~-curve method, Two pumped wells have bean treated.
The effective radiue ias taken as the radivs of the gravel packing,
and the well losses are neglected. It ehould be observed that be-
cause of these assumptions, the results of the analysis undoubtedly
are in error, The analysis is carried out for the purpose of il
lusirating the method only.

The first well is located at 8E1/48W 1/48E1/4 sec. 20, T.
11 M., R, 30 E., Quay County, ite cesing is 12 in. diameter,
with 6 in. gravel pack, and has a perforsted depth of 30 &&. The
well was pumped st an average rete of 12 gallons per minute,
Figure 10 is a plot of the type curve using equation (38) with 2z = o.
« ;?is,e type curve is matched on the obeerved drawdown curve. A
matching point was chosen baving the coordinates; ¥ = 1, 2;% = 28, &;
g =5 ft; t = 20 min. ‘Iﬁm permeability and specific storage can
be found as

114, 6 x 12x 1.2 = 11.0 gal / day / e’

K xS
§ = 1) x 29 - .0032 "

P J440 % 25,6 = 1,87
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The second well i3 located 2t ES1/4NEL/48W1/4 sec. 12,
T. 24 8., R. 11 W,, Luna County, its casing is 12 in. diameter,
and has & perforated depth of 100 ft. The well was pumped at an
average vate of 374 gal / min, Figure 11 1is a glét of the type
curve ueing equation (38) with 8 = o, The type curve is matched
on the observed drawdown curve. A matching point was chosen
having the coordinates; I = 4, 3;% = 2.8% 1§§; s = 10f5¢ = 100

min, The permeability and specific storage can be found as

. 114, 6 x 374 2 4,8 _ _ S

I = 00028 &t
1440w 2.8 % 10 % 1,67

1

53




6 7 891

5

6 7891

5

5

4

6 7891

0 m! it =
9 g 9F = e
#d — wn\ -
o~ O [ \V) - —
B ol o > 1 -
< ..M W o ...b. i ml
= E= =
2E7 4§ He. = =
0 d o = =
HEZ R 0§ e i
WM g 8 & » =
(=] o O G+ o —
<] o g . o
o x oW
m“a _ °© Hwuwu
m o Elkon :
i i
e == & o
ESSE(: EE o
il
i
™N

3

1/u

54



6 7 891

5

6 7 891

5

T

i

s(£t) |

e EEERE R

Fig-1d
Type Curve and Time

Drawdown Variation

Type curve

o o o Observed values

Matching point

2.8 1ou
100 min.

3 1/u
s ©

F=1U4.8
s =10 ft

NN RRERERRRR TITIT T RRRRRRRRRE CAARL AR v LI

LTI

|

T

[EERY MO

54

o 0

55



REFERENCES

BABBIT, H. £., and D, H, COLDWELL, The free surface around
and interface between gravity wells, Univ, of m&: Buil,
374, Jan. 1948,

BATEMAN, H. (Erdelyl, A., editor), Bateman manuscript project,
MeGraw«Hill Book Qﬁ. s Mew York, | wb—— et S

BOULTON, N. 8., The drawdown distribution of the iattr table
under sonsteady conditions near a pumped well in an uncone
fined formation, Institution Civil Eng. ., London, August 1954,

ﬁﬁf&ﬂﬁ 5. .3 ;"* ; 2 . P?ﬁ%ﬁiﬁﬁ'ﬁ&i}@ m&#

CHURCHILL, R, V., Operstional azazmmas, MeGraw-Hill Book
' Co., New York, 1938,

DWIGHT, H, B,, Msth&mﬁieﬁ tahi&s, Dover Publications, Ine.,
Hew York, 1958,

HANTUBH, M, 8., Nonsteady flow to a well partially ?aastra&iag
an infinite leally aquifer, Proc. Iragi Sei, 8oc., 1, 1019,
1957, .

KOZNEY, J., Wasserkraft u. Wasserwirtechaft, 28, 88-101, 1933.

MUSKAT, M., Flow of homogeneous flulds through porous medis,
McGraw-Hill Book Co., New ?@zk, 1937, '

PORCHET, M., Hydrodynamics des puits, Annales du ministers
de Vagriculturs, 68, 203, 1930, ' '

THEIE, C. V., The relation between the lowering of the plegometric
surface and the rate and duration of discharge of 2 well using
ground-water storage, Trans, Amer, Ceophys, Union, 16,
519524, 19335,

 WATBON, G, H,, Theory of Bessel functione, Maemillen Co.,
Hew York, 1944, -

WENZEL, L. K., Methods for determining permeability of water-
bearing materials, U. . Ceol Survey, Water-Supply Paper
887, 1942, ” '

56




This thesis ii accepted on behalf of the
graduate faculty of the Institute by the following
committee:




*uorgerodaejut Teorydesd £q pourejqo axe (1 2[qeL 1667 |85%° E

ur POPNIOUT JOU) STRAISIUT IST[BIUS OY3 10 UOTIOUNJ Y3 JO SINTRA OYJ, % L9° - 4

€8 | 997 €

, | 801 | €8° C

i 096°1{080°T (0t *l

791 | 11°1 6

69°1| S1°1 8

9L°1| 81°L L

yg° 1| 221 9

s9v 'z | 19% 2| 6¥¥ 2| 12p 2| 99€ 2| 91272 | 16T | 69271 g

69°z| L9°2| €9°27| z9°2| 6972| 9€7¢| otz 1€71 i4

c6'z| 16°2| s8'z| ¥8'z| 6L7T| 2i'Z| zitz| 9€71 €

os'c| szvg| e1°¢| ere| 107€| 2w gzrz| €¥'l 4

856°¢ | 126°¢ | 898 € | c6L €| 989 °¢| 0€5 "€ | S0€°€| 69672 8E¥ "2 8€6°1 20T * 1

c0'v| 20'%| ve'e| 98°€| wL°g| 85'€| ¥E'E| 00°¢ 6

219 | 11°%| z0°%| c6ve| 18°€| ¥9'el 8EE| FOE 8

22'%| 12°%| 11w| 10°%] 88E| oL'el ¥wE| LOTE L

ge'v| 16| 1279 | 01w 96°€| 9L7e| 6vE| 2ITE 9

$2L°%| 21L°% | 2997 | 985 % | ¥1¥ "V | 12€ ¥ |€02°F| 9707 6€8°¢| 899 °€| 191°€ S

e6'%| 16°%| 98°%| z9°%| 95'%| ¥p¥| 2e'¥| €1°%| 06°¢ 29'¢| 12°¢ i

gz°s| 91°s| so's| os'y| 1L°¥| 85°%| 9¥H| VIV 66°€| 69°€| §2°€ €

19°s| os's| se's| 0o's| o6°w| 8L¥| 09°F| LETF 110y 8LUE| €eTE z

50679 | 822°9| €279 €51 79| 11079 | 09L "G [162°G| 117G | 986°F 26L°%| 855 °¥| 692°%| 506 °€| €2¥ "€ PO

0v°9| 99| 1e°9| €z°9| L0°9| 08°s| 2€’G| 8IS 6

15°9] 9%°9| ov9| 1e9| ¥i'9| ¥8'S| 9€75| s 8

29°9| 25°9| o0s'9| ov-9| zz'9| 68'5| O¥v'G| 92°S L

sL'9| 69°9| z9°9| ogr9| oc°9| g6'a| ¥¥a) 62S 9

bz0°2 |z20°2| 0z0°L| 210°L [210°2 | %00 °L| 586 °9| €26 °9| 576 °9| €06°9| 0¥8 9| 9¥L 9| 9099 26€°9| L50°9 | 6% "G |G€E€"S E

ezo1| szou| sza| rzor| 9zce| 9zvr| oz-r| o9r-r| ervu| L0°L| 00°L| 06°9| ¥L'9 6v°9| 80°9 ¥

951 | 9s°L| wsrL| €s°L| €s°L| os°L| €v°L| 6e7L| weTL| LTVL 0z°L| 90°L| 68°9 1979 L1°9 £

260 | z6°1| z6°L| Levr| 9s°r| 2scu| wicL| s9cL| 29°u| 2scL| TwoL| 9z°L| S0°L ¥L°9| 6379 t

266°8 |ses s |s1s°s [16%°8 [09v 8| sev 8| €8e 8 [ccc 8 |2L278 | 002 78| 211 8| 900°8| LL8 L | BIL"L 616°L| 9922 826°9| L9V"9 p-0T T
89°g | £9'8 | 09°8 | 85°8| ¥5'8| 05'8| ¥¥'8| O¥°'8| €£°8| 92°8| LI'8| 9078 26°L| 9L°L| SS°L 6
veog | zevs | 898 | L9%8| 29°8| 88| 2s'8| Lv'8| Ov°8| ce'8| vz'8| 2I'| 967L| 08°L 8G°L 8
cg'g | z's | 6L°8 | 9L'8| 1L°8| 29°8| 09°8| '8 | 9¥°8| 6£'8| 0€°8| L1°8| 20°8 vaL| 297 L
96°8 | c6%8 | 688 | 9878 | 18°8| 9L°8| oL'8| 29'8 | §5°8| 9¥'8| 9£'8| €28 L0°8| 06°L| 99°L 9
28076 65076 | 01076 |L96°8 |216°8| 198°8| 96278 |22L°8 [9€9°8 |8€S '8 | ¥2Z¥ 8| 062 "8 | 2€1 8| €¥6 "L €1L L ¢
526 | 616 | 91°6 | 0176 | 20°6| 66°8| 06°8| €8°8 | €L°8| 29°8| 0478 | 9€"8 v
056 | 966 | og6 | s2°6| 91°6| 21'6| 20°6| 96°8 | ¥8°8 | ZL'8| 88| ¥¥'8 ¢
096 | s5'6 | 6v6 | zv°6| pE"6| 82'6| 81'6| 016 | 86°8 | ¥8°8 | 0L°8| ¥5°8 ¢
16876 |c28°6 | 6526 |129°6 |¥85°6| 06%°6 | L8E"6 [¥LZ 6 |6¥1°6 |010°6 |G5878 |6L9°8 g1t
266 | S8°6 | LL'6 6
9676 | 68°6 | 1876 8
00°0T | 26°6 | ¥8°6 L
G0°0T | 96°6 68°6 9
G60°0T [LTI0°0T| ¥€6°6 El

_ _
00T G6 06 S8 08 SL oL s9 09 §S 0§ i 4 14 St de 52 02 ST 0T 6 8 L 9 G 4 € 4 1 :
x
[ I S S

«(x ‘n) d uorgouny oYy jo sANTEA € ATAVL




‘uonjerodaajur reorydess A

T PO ) st s 5 sy sy e et o0 o) il I

18° | 8L°6 | 89 | €

22°0T| T1°0T1| L6°6 | z

806°0T | €88°0T| LE8 0T | LGL 0T| S19°0T| £9€ *01 1

10°TT| 26°01| 26°01| ¥8°01| L9°0T| z¥°ol 6

ZI'TT| 80°IT| T10°TT| 26°01| ¥L°01| L¥'oOl 8

€2°T1| 61°TT| 2ZI'T1| 00°T1| 28°0T| €5°01 L

LECTT| TE€°TT| €2°T1| OI°IT| 16°01| 09°0T 9

609 °IT| L6G°TT| 8LG°TT|0SS TT|80G"TT|¥¥% 11| 06€ 11| 012 11| 966°01| 09901 9

Z8°T1 08°TT| 9L°TT| HL°IT| 89°IT| 09°IT| 0S°II| PE°TIT| 60°TT1| ¥L°0T ¥

80°2I| L0°ZI| 00°2T| 96°IT| 88°TIT| 08°IT| S9°IT| 6¥°T1| 02°11| z8°01 €

IP°2T| Le°21| 0€°21| »2'2l| €1°21| 10°21| S8°TIT| ¥9°11| %€ 11| €6°01 z

LSTTET OPI'ET| 0Z17ET| S60°€T| 590 '€T| 00 €1 626 21| 826721 | L18 21| G08 21| L12°21| 11921 | 289 21 | £2¢°21| €21 21| 02811 | pES 11| 020 1T 011

SeUEl €ZTEl| TZUET| 9UEl| FI'El| ¥I'€l| S0'€T| 00°¢l| €6°21 9872t 2.°z1| s9°zr| zs'zi| 92| 9r-z 6

VE'EN €E7€l| 0€'e€l| 9Z'el| zz'zl| €2'ell ZI'el| L0°€1| 00°c1| €6°21| €8°'2r| 1.°z| L5°21| ob'zi| 61°2r 8

PPIEY €VUEl) O¥T€l| vE'ET| Te'el| ze'el| T2°el| SU'el| 80°€l| 66°21| 6821 LuTr| 29°71| spizi| ezeel L

LS7EL €S7ET| 0G°€1| Gvel| T¥'€I| v €l| o£'l| %2 el| si‘er| 90°ci| 96°21| €8°z1| 89°21| os'z1| 12°zt 9

L897ET) ¥S9'ET| G19°€T| ZLG €| 22S €| 9V "€T| T0F"€1| L2€ €1 | 1p2 "€1| €51 °€T| 620°€1| S68°21 | 6L 21 | 855 21| L1g 21 s

€87€T| 28°E€T| SL'€T| OL'€l| S9°€l| 8S°€l| 25°cl| ev°'s1| e cl| »z'e1| or-ctr| 2621 i4

00°%1) 86°€T| T6°cT| 98°€T| 6L°€1| zL'cl| §9°€t| ss'er| #p'c1| wecr| oz'er 50°€l €

02°%T| 8T°¥T| 60°PT| €0'91| 96°€T| 88°€l| 08'€I| 69°€1| 85°c1| ob'€r| o0c°cr| §i°cl z

ZVYIST) 29€76T) 022°ST) 896°FT| 967 "P1| 82% 51| ¥¥€ "¥1| 9LZ 1| 681 51| ¥60 '51| 266 °€1| 628 °€T | 752 c1| 519 €1 09% "€1| $82 €1 L-0T X1

ESTST| ¥¥'SU| 62°ST| 20°ST| €9°%1| 9%°%1| 8€°1| 0£'p1| 22°%1| z1°p1| 20°%1| 06°cl 6

29°ST| €6°GT| 9€°ST| LO°ST| LS'PT| 0S°FI| T# 91| »€°%1| S2°¥1| ST°pL vpvl| €6°c1 8

LTS T9TST) FRUST| CUST| T9°P1| ¥S°%1| S%'%I| Le'%I| 82°%1| L1'%I| L0°%1| $6°€1 L

E87GT| TLYGT| TS°GT| 6T°ST| §9°PT| 8S°¥1| 6% '¥I| 19°%1| 2€'%1| 12°%1| 01°%T| 86°€I 9

6¥0°91| S96°ST| ST8°ST| 109°ST| S92°GT | 00L "F1| 229 %1 | 655 ¥T| 0% "1 | €5¢ 1| 052 51| L6T 51| 810 1 S

22°91| 60°91| ¥6°S1| oL'ST| se°st ¥

0%°9T:| S2°9T| L0°91| 18°S1| ¢p°sI 13

29°9T| 9%°91| €2°91| S6°ST| €5°ST [

826°91|62L°9T |GL¥°91 | 6£1°9T|5L9 ST g-0l* 1

00s¢ | 000¢ | 005z | 000z | 00ST | 000T | 056 006 0s8 | o008 osL | ool 059 009 0ss | 00§ 0y | 00¥% 0s¢ 00g 052 00z | osT .
X

(ponurjuod) x(x ‘n) g worjouny ayj yjo sonjep ¢ ATLAV.L




