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THE DESICY OF A LULTIPLE INTAKE DRAINAGE WELL

INTRODUCTION

The reclamation of water-logsged land by sultable yet
inexpensive forms of drainsge is hecoming = problem of con-
stantly incressing megnitude., A fairly loage portion of the
extensive land areas, once considered zs worthless has proved
to be valuable by the introduction of proper drainsge sysitems.
Land arces, in which drainsge in ite simnler forms has vroved
inadequate, could perhsns be made valuable were it possible
to develop an inexpensive yet effective form of drainsge.

This paper has been prepared primarily for & consider-

tion of pocrly drained land areas znd a o sible weans of
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o)

their reclomation by =2 suitzable choice and distribution of

D

wells. Ve shall review o foew of the furdamentszl concepts of
soil hydro-@ynamics and attemyt to give to these concepts a
practical a- - lication in 2 special casc described hereafter.

As a prefzce to the following developments it may be
instruetive to consider, incident&liy, the source and sphere
of ground water; also its intimate relation to surfsce sat-
uration of water=logged land.

SCURCE AUD SPHERE OF CROUND-WATER

Nany familiar facts demonstrate conclusively the pre-
sence of water benezth the surf=zce of the land. The many

thousznds of wells in lands peopled by civilized men and the
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hesyy raintell - the sinkine of the ground wat tohle

ig Longs ord the rlze niore

notzile when the r2infoll is heovy. Turtherwmore, roint-11 is

e surToce wherever the soll is

sufficiently povous, "ni thence =88 to sreat zaths throush
ixds, eloy, sond, grovel, eto., lnown col-

rock., IZven the zo0lid zoels

frocture =5 to rrevent comiletely the pevr-

=11 which =sctually contributes to the
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The sumnly of grouni-weter in o glven loacs

restricted entirely to leend precipitotion. Croundewoter 1s,
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in generzl, in corstant motion, but the smournt of this move-
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¥y the porosity or nerviousress
of the soil, the existing pressure sredicrt, =and to o less
extest the tempersture, the movement incressing with rise in

+

tenpersture. Subtervarezn passzcpes arce occzsionally found in
Lirestone zyens in which the welter voves in reculor chazmnels
anglopous to those upon the surfzce. In genersl, however, the

crounc wzlter voves by slow percelztion, by far the gresztew

:nized inte definite sireswms. In recions

poriion peiﬂg not oxg
sf upnduloting topoprovhy thewater t:7le is ususlly higher
uncer @r glevaii-n thorn under sursounding lowlsnds while in
flat regions of uniform striucture the ground water surf.ce is
essentlally level though it rises and sinisg with the reinfall.
The depth to which ground water penetrates hazs not heen
determined by actual cbservation nor does it concern us direct-
ly in the Tolliowing develouments. Suffice 1t to say that th
deenest bworing = or execanvaiions extending wmore then a ile in
desth have not revealéd any indiestion of an apyroaching Linrit.
However, thezene of fraclture 1s bhelleved nolt to cxoeed six
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miles ever for ithe more vesistant rock - *“15 de:th helng

1

2t wnich the ceriticsl tensersiure
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nrobebly far less thaop
of water would he rexched.
nst of the wroter which sinks into the e rth reap enzs
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ot the surfoce after o longper or shorter journey. Some of 1t



ig evaporrited Trom the surface directly; sore of it is abe
sorhbed by nlant roots; sorme of it issues from thre surfoce in
the form of snriris or sce; sowic of 1t is drewn out throush
yells; o small porition entcrs into covbhirotion wit
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watter; the remainder
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belng s Srecte

3 mainteined frow a perched

water t-ble in uncornsnlidated ratevinls.

TOU a krowledze of the corponent esrth moterilals throwsh
hieh the woter passces 1e of prire ilvoriance in sy consider=-
ation or anclysis of pround walter moverent and
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ocesure that this weter

structure. urtherm nve, we

g sufficiently rnezr the land surface to
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besrive stonbow

fecilit te the use of ovdirory purning eguipnmens.

DARCTYS LAW
——— l:m

The wvelocity of Tlow of & liquid in =
Gircetlon through o celumn of =zoil of uniform structure is
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trhous Lo
inrerscly 23 the length of the column. This relation in the
ore of an equation wey be wilh
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where v is the velocity, p the pressure hend difTerence, =ond
h the length of the column, the wminus sicrn wmerely indiec.ting
that the direction of the veleceity vector 1s t=ken onposite

ar pressure function. The const=n

l—"

to thft ot thc increcas
. . i IS /OT ) . ) 4 . . 1
known = the Troigaconsiant, depends uwoon the porosity of the
¢oll =nd wviscesity of the liguid, =and ney be defTined o5 the
guzntity cof ligquid transmiitted per unit of time throurh & tube
of so0ll of urnit length ond unit cross-section, under unit 4171

grence of hesd. Dardy's law has been shown Lo Teill in the cease

of high sre=sure gradients, however, Tor nost zraciiczl pur-

e

roses the law -may he azssured to = 0ly.

il
j.
3
®
| -
o

in which the liquid is »ot conztr=ined to meve in 2
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dircetion but is at likerty to wove in any horizontal diveet-
lov we LT 54 wew Doosllle to suppress the externzl force
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upon the liquid pariicle fue to gravity, equation (2) world

crnress the wotion in theee dirensicns.

this discussicr thet the fluid wmoves

It is zssumed in
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with reszect to time.
The wotion of o fluid in 2 soll 1 =snalogous to the Tlow

a hypotreticsl fluld whiceh we way suspoese to replsce hoth the

fluid in the soll and the =0ll 1tself whieh hos the lzw Tor

= oL

stewty Tlow given by the abhove equaéion,
Vi = —/fgL:
ﬁ%sumiﬁg thot no extrorceous forces zre overastive, the
equations of wotion of the hwopothetlcal Tluid in three dim-
ensions nay be wrilten |

(5] im e =i

end eguation (2) becowmes,

o i3 riggensg]
(4) s

ES

We way ohscrve that for this specisl case the veloeity is

oronortionsl to the force ner unit of voluwme but inssmuch =2s

the density of the liquid will %e talen =3 constznt in the

O

f
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developments to follow, this mey then be stated as being
proportional to the Torce ser unit muss.x
Denoting by ¢ the external force due to gravity acting
on o unit moss of tic fluid and Wy e the density of the fluid,
Bouation (4) moy be wriziten ir the more generzl form
V=~ revig+rs)
(5) =—w'VE
where X' = xe and &=2-¢
The equation of continuity
%g = TeV)
totes thot the seszler product of the vector operator V and the
flux density vector ev is equrl te the time r=te of chance of
density. Ty expanilng the vl
2€ . _ drev) _ aev) _ s

ot = = 2

/ +‘Ja’ él’z _waP-vyoP‘\/L;P

B

= _.eV,v—ng.g—- giﬁ— X1

and 85+ 3L V2L AV2SE = — eV
But the expansion on the left of this equsation is the tiwve vt
of change of density of an element of the fluid., TheveTore,

the equéation of continuity tokes the form
-afe.:r—ev—v

If the fluid is incompressible e ig constoot wherein

(6) =0

If, s in this case, the motion ile irrotaticnel v nay he
# Tor = statenent on the veetor notation Mercin used

the resder is referred to "Vector cnd Tensor Anslysis", by
Wills, and othors.

Mt gide of this eguation we outuein,
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expresced as the gradient of a scalar Tunction of position

b Lenlsce
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equ on

i

=5 shown in equation (5), =nd we arrive

)

given by
(7) v-vé=
In hydrodynemics this scaler function of position ¢ is

-
t
i

Inown 28 the veloclty potentizl since the vwelocity is obhtoined

from it in the sewme manrer as thet used to derive the force
from potentisl energy in the cese of a conscrvziive syster.
Wnile the solution of Lanlaces equation given Wy equation
(7) scems essential in any detsiled mathe ma,lc.l develomnent of
ground water moverent, 1t a2 -ezrs thaet, in the special case
ihed in the following parsgrspns, such an an

ticnl pro-

‘ u

] 4 e

ceedure is not irmpersntive. The course of wiligdom scoms to ine

dicate thzt the present problen involves but 2 siwole divect

anolicatlon of Darey's law.

LPPLICALTTON OF DANCY'S TAW
In the coze of a single cylindric=l well penetrating
comizletely o horizontal strasiur of uniform homaéememus grovel
ilied with water under oressure, Lhe siresm lines ooe horizons
tel and the potentiszl levels sre vertical concentrie civeulor

cvlinders whose centers lie in the =zutis of the well,

Since, in this cose, the potentisl does not very verticolly

in the stratuxn, it is nossible to determine a so=czlled

Piczometric surfoce chersctcorisiic of the stratum. This
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the entive batiery with the some pressure distuibution fer the
levels, that 5
a2t noints
By the edding potentisls Tor = scries
of "sinks! it is no=sible to develon zn exwression for the potent-

he "two divension:1" water be ring

. . a2l P - ) - - . du Y
cratun, Tor the hattery of welles thus detern: the ple=-
zovietric surface, =nd by ceguaiting the expression To & sinilor

furnction Tor the eguivolent sivw le well, we succeed in estahlish-
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plezoneiric surfaces in their curve of intersceetion.
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A short devel 'urenz e given t: a paper called
"Drainege of Land Overlying Artesian Basins", by Willard
ferdner and assoclates.

he GQU&tiOH tzlen Trowm the shove Jjournal rcelative to the
totol flow @&, paseing through egquipotentizl |

o verticsl well penetrat

the water bezring stratum of thiclkness 1, is given by

R= 2orrifev

L

in W deh X ois nown s the porositi constort.
Bat, from equstion (1)
V= 2f
& 7

If this valuc of v, given by Dorey's Law, is subsiituted in

hetwoen

s

equziion {8) =nd the resulting o:rl'%ﬂi&n
the linmlts » =nd Po, and R ¢ni R, restcebtively, we oht-ln

&

(¢) 2 :/;2;%7,;»] in%
If Po is taken =85 the pressurce st the weil, that is, zero ob-
atmogsghere nressure, this equaticn affords o wesns of deternining
sressure ot sny rondon solnt P distant R frow the well of
e

redius Re The constont quantity, within the braclets, mzy be

replaced by €, whereln

@
C= zwie kK

’

erd Equation (9) becomcs, siwply

(1-0) = CInk



Now it has been proposed, ag oreviously stzated, to in-

troduce & haticry of circuler cylindrical wells unifozxy

ut the clrecurTercice of -~ clrecle of rodius Re which would

Y

Toeet nracticonlly the sume pressure distributicen =t the rore
rerate potential levels as thot of the equivelent sing

‘i3 1s cle=rly illustrated by the granh, given on pace (16),

+3

e
i

-~

ghowing the noventizl levels of =z beitlterr of six wells,.

Ty mesns of the source =nd sink method of adiing potenticls

the toitzl pressure effect or contribution of the entire batiery
is given by,

(11) PeZpi = £ s

¢ Loe .
N . i X . - 1 . . 1 - . - - ;1
in which pi represents the chonge of potentiszl due to the o
. , : :
well of the n wells of ro comprising the baticwr, and
r, the distonce from this well te the voint in question.

IT we =zelect any point ¥, as shoun in Pig. L, the vziue
of r in Re, =«nd e , he detervined from the
familizr relation
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end Bquation (11) may Te written

L5 ‘= 2
P Tloi = @ S a2
£ gf;x 7 (%:: ”

or (/2)

P P — 2 [P Sn Lo

By equating this vzlue of 4 to the siwmilar function for the
eguivalent sinsle well, we obhvzin the relotion
Zﬁ%zﬁ

1l
~
"‘-\.,\r"t\

]
3
o

H

( = Zn[?%‘ fin e 2 e Cos 1@»]
+ F Zn/fr'2+ Fafe 2 ffee Cos(@+5E ) +. .

P Lf/fff YAy @5(@+£”—j—,€5¥’1}]-4 i f’;}

LG.L R'—"’Dtl?q 3

in which e vzy as-sune zny positive wvelue, znd the
zhove expression may he reduced o,

A 717* {—é* Z,-,L;[cg PP T B — AZ‘ac/‘l’zzLCaJ-e—]

+ EIn [N IS 2o S Cos(er BTN 4

APREN

+  F lnf T b L 2o A Cosle +.@7’7:ﬁ‘?’2‘1’f)]_- ridn /7}

?/n [Zﬂ /f'-vf[xz*—/ — 2w Cos -9—]

+ 7 /f;[aﬁﬂ-—2-96‘0569--#%715)]7‘:,,,,,,.

+ 2 Kﬁz[a"‘ ~f — Pot Cos(&--p@—igg?yﬂ z5 i 17}

._.73177' {2/1!”/?(4 w 21 lrr 4+ Zﬂ[c‘ci-p‘-/-~£a1é'gr519_ [ ..]
4

.”.“%]dt*hzw&még+gg%mgﬂy

Zif ﬁq »-Zﬂ/’, v’*’j{";y Pz (3:::.9./7

WNCLe COmon = /;f Zpon .?dCdJ-e—][“k’ /- Zalosfo +3,

,?‘Vg][,',,.j'otz+/~?‘af<(”'45(6-+4&=%z—z)j]

-

Zroexn

rember of Equation (13) it is clear that
sead, S£Lving

Innce —in /5 = —Inr + 2% Zn Geor
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(14) 7n Cf’r = Ina — B5 Ln Gaer

For the values of «x=2, =0 & ~=¢ the equation

(14) becomes,

= 207 55
R, = Eg—zsﬁ% ry
(15) = frsem] "

Trom this expressicn it is evident

and

the ratio 4+ is nesyly

g R, = orooches v,

onding plezometric surioces

approzech o clirele of infi-ite cylindricsl
surfscé desecribed by the Inlersectiorn of the piezometric sur-

(-
[

Toces, Tolls ot thils

e

icclly eoincide hevond
o

he ratio of the potenti:l to ihe constant ¢ st the wells

of the batltery may he coempuied Trow the expression gilven &%

'.ﬂt, /?:Z/Fa.,‘@':' . .L«G

o FR - ~

votion of the piliezowmetric surface for the singlc centrel well will
equzl that of the betitery plemometric surface at the battery v

" R, (O T e A e s
The troces in the verticsl plan

65396
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Pig. 2, will aszist in making this clear.
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The ratio of the potentiazls for the single central well me,

be written

(16) Lo IR
B 2 Zﬁ.ﬁ?ﬁ?

and for the battery wells,

(17 ) _ﬁ’_x. . [2n f{?‘ +3t7 I Gaarnf,
[z” /Pn ~E5 ZﬂG’aaq]z

Vow if A=r=pm ; 6 =0 ; /fle=«efa ; H=ax4a =0l equate the

s

right hondé members, we obhtoin

Irnce — Zn B — —In B FFn LG, on
Lrroeg — En B —ZnfB FHr InCuzer?

:‘.‘n'd (18) Trae :( Zrr B +F5 Zﬂéﬂ,ﬂJ{Zﬂ«g—fnﬁ) 7B

2n B FES 7 G

For the specific case in which «, = 424  w. =2 ; v=4; B =z
we have

- logihs + A Zosfa e 1)

lag et :/z ?:ig = s ) /Zaazecﬂ-fc rz0
~Zeg ik, +i.=?’z"f(2’zf-—fz g G L=
= [Zer120 + & togfizyf ), #40) - 729 /”‘J

e Ly A S
wherein (approxirately) .- cs
and. e = xe /i
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We may observe that for this special case the diameter of
the equivalent single well would approach 26 feet.
Py means of Equation (18) it is possible to comoute the size
of the equivalent single well for any given circular baitery
cf n equally spaced wells, ir wnich the values of &/, «z,

a&d.p are knovwn.
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