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A B S T RAe T

Relationship between ~eep tubewell spacing in square
grid tubewell layout and ~quifer characteristics has bsen
studied using unsteady ground water flow equations. Both
constant discharge and variable discharge conditions were,

considered and unsteady ground water flow equations were
solved with the help of an IB1 360 di~it81 computer.
Comparison ~msmade between SP:1cinrc:of ~Iells subjected to

mutual interference ann spacin{; of wells wj.thout interferenrJ8.

Discharge, coefficient of tr~nsmissibility. stor~ge coefficient,
time of pumping, static lift and peak monthly irrigation water

requirement have been used as variable parameters.

The ~tor~ge coefficient should be the determining factor in
selecting deep tubewell spacinG whon ~Tlifer characteristics
are considered. Soma amount of nutual interference is allowable
in seJ..ectin~deAp tube"el:l spf'.cingf'r.dnon_interference spacing
is not always practic~ble. It is not important to consider the
variability OI well discharge due to increase in drswdown at
the well with time,

A design chnrt has boen devoloped for the selection of
deep tc:;;:~:211 ~:"ncj n" f'''nRi deri n.CCflquifnr charr.cteristias rmd

irrigation water requirement in square grid tubewell layout.

Ili. f ", ••••••••• -
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INTRODUCTION

Bangladesh, one of the great population centres of tha
world, is now facing the challenging task of increasing har
agricultural production. It is by no menne possible to meet
the increasing demand for food and fibre without proper
develcpment of irrigated agriculture. In ncheiving thia taak'

optimum utilization of her available water resouroes is a
muat. Major oonstraints to irrigation development inolude the
soarcity of surface water and low irregular rainfall during
the dry season in Bangladesh. The average rainfall amounts
to only 2.5 to 4.5 inchee during November through March whioh
is insufficient to grow crops. Moreover, flows in rivers are
significantly less during these wint~r months. Navigational
problem restricts the withdrawl of water from many rivera
during this period.

Ground water constitutes a majnr source of water to areas
where irrigation from surface SOUroBS is ~ifficult or impossible.
Good quality aquifere, with static 1rater levele not very far
from ground surface, make it possible to extract ground water
by tubewells economically. Recharge condition is also excellent
due to heavy rainfa11 during monSOOT_. It is now well accepte'd
that utilization ot ground water rN\Ources is essential for
the development of irrigated agricuJ.ture_during dry period in
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~nglade8h. In~cnsive tubewal1 irrir,ation projects undertaken
.y different govcrnosnt and autonomous bodies indicate expanded
.sea of ground water in agricul ture. According to the national
"'lan, about 19,000 deep tubewells will be sunk in the country
o extract groundwater for irrigatj_on.

In order to ensure the ~axioum and the most beneficial
S6 and conservation of available gl'oundwater, :l--t 1s essential'.,
hat there should be technically aetnd plans for sinking tube-
elle in the country. But uptill now there is no scientifio
asle for spacing tubewelle giving Iroper considerations to
he a~uifer characteristics and wat~r requirement by_the crop.

_ cfluSSrnproper spacing of tubewells maYLeither olosely spaced tuhe-
ells leadin~ to exoessive lowering of water 'table or widely
paced tubewells leading to problem~ o~ inadequate water supply
or the area ("",ered. Thus to optimise the distribution of
ubewells and yield from aquifers, it is required to dotermine
he proper apacinr, between deep tubewells. At present, the 2-cfe
apacity deep tubewells in the country are spaced about 3.000
eet apart. No detailed investi~tion has been made to justify
he use of such spacings for the existing aquifer conditions
nd irrigation w~ter requirenent.

Ths specific objective of this study is to determine spacing
etween two adjacent wells in square grid tubewell layout analy-. ,,
1cally ccnsideDing aquifer response and tc relate well spacing
ith aquifer characteristics and irrigation water re,q~:-::;nn!n':,.4WMit.;..Jt;,\-'--"•..•....._.-~.....
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CHAPTER II

EQUATIONS OF GROUND WATER FLOW
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General flow equations of grou:1d water l!lovementare derived
from Darcy's Law and ths equation OI continuity. The approximate
partial differential equation govenling the unsteady radialflow
in a homogenious, isotropic and com~ressible confined aqui~er
of uni~orm thickneas as shown in Figure 1 in plane polnr oo-ordinate
1,

(')

in which h is the piezometrio head; r the radial distanoe from
the well axiSj S the storage ooefficient; T the coeffioient of
transmissibility and t is the time. The Oorresponding equation
for an unoonfiLed aquifer has a nonlinear fcrm, whioh makes
direct solution impossible. By apprc'xil':lation,however, Eq. 1

oun be applied to unconfined aquife)'s as shown in Figure 2 where
variations in the saturated thickneE's are aMrUl.

Unsteady Radial Flow to a \'fell with Constant Discharge

Theis (1935) obtained a solutirn for the unsteady radial
flow to a well in a nonleaky confined aquifer from Eq. 1 based
on the analogy between ground water flow and heat eond11&tio,D

In the analysis the well is replaced by a mathematical sink of
eonstant strength and as~ed to have an infinitesimal diameter •

.. . 1""" '. ,f ,
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For the boundary conditions
h ..•.hO as r •.•infinity for t,}0

l, C. """) Q
Y'-io 0 1"ar -:::--'-~-T
and the initial conditions

h(r,O) = 110 for t '" 0,
the solution to the problem ~igure ')given by Eq. 1 is as follows:

("-)

before puMping starts as sho'~:
r2s4Tt •

equ~.tion to well hydraulios nnd

-u.
e ct-u.
U.

Q the discharge of the well; and,u =

'"h.-h - ~ f
- 4]\:T

U
""the piezometric head

]'heis (1935) first applied this

""'herehe is
in Figura 1;

this equation is known as the noneqvilibrium equntion.

With the exponential integral expressed symbolically as
-'Cul. that is,

"" -~
WCu.] ~ J e a."-

~ u.

••••(u] is read as the "Well FUnction" for nenletJcy isotropic
~onfined nquifers fully penetrated by wells and constant discharge
~onditiona.

Expanding the el:ponential interral in a convergent aeries.

W[u] u."- -O~5772.-lnu.+u._ i.-v +
•

.----
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Eq. 2 may be r ",rritten in the gallor-day-foot system of unit in
abbreviated form as

•

(4)

Jacob (1946) modified the nonequilibrium equatj,on for s:nall
values of u( <,.'0.01) 9.lldenn be expressed in g:::'.llon-day-footsystem
of unit as

26"'lQ
T

(5)

Unsteady Radial Flow to a Well with Varinble Discharge

Jacob and Lohman (1952) gave a solution of Eq. 1 for unsteady
flow to a well with variable discharge but with constant drawdown.
In the analysis it was assuned that the w~ter level in the well
drops instantaneously to a lotrer stc:ge, nnd a constant drawdown
is maintained thereafter, resulting in a vnriable discharge
governed by Bq, 1. With the boundary conditions.
'h""'boas r- .• infinity for t > °
=d

h = hO-sw for r = rw am t >0,

and the initial condition
h = hO for t'o

and for all values of rw'
the solution given by Jacob and Lohman (1952) is

., ,
61=.!1.1tT6w"1' !xe->:X [~

, ] dx (j,)
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where sw is tl:o drawdonnat the we:1, :r~T the radius of the well;
Ot
- 2 i JO{x) the zero-Ol'der Bessel function of the firfltS rw

kind and YO(x) is the zero-order Bpssel :f1mction of tho second

kind.

Actull11y seldor:!drtHldownremains CO'1stllntbefore stefH]Y

stflte is •.reEtChcd.The drawdownat the well continuously increases

with time as ptl.'!lpingcontinuGS. An( a continuous lowering of the

water level inside wells normally Corresponds to a decreasing

pumpingrn.te. Abu-Zeid [mel Scott (1963) gaVGa solution for this

situation considering a discharge_til'Je exponential function given

by

Cj(t) '" %(0< + ~ e-a~) (7)

in which Q(t) is the discharge at tiMe ti QO the initial diseha.cCe
and a,o(, ~, ".re the discharge parn:neters. The drawdownat any

radial distance r from a well, at any time t, was then expressed

in fps system of unit as

•roC 1

+ ~1~~

J]

([3)



~ ,..-. "" --.-.'-...-_. _..~""_~"i "••__

7 \•
\

) the logarithmicexponenti~l integral; ~.(
. ,th,

) the ~irst kind Bessel fUnction o~ the ~ero-order;

where Ei ( ) l.fl
inte~ral; JO(

-y = eO = 1.781072 and c is the Euler constrl!'lt.

The above Eg, 8 further ~odificd by Abu-Zeid, Scott and
and Aron (1964) to u fern expressed as

•
Ml',t) _

+ P->&o
4" T 0)

Aron and Scott (1965) gnve a s:r.lplif1od solution, considerinG
a well discharge with a starting value QO' Which decreased in 0.q~~l
steps AQ: €. QO' occuring at time t1• t2 ••••••• tN us shown in
Figure 3. And the solution is

~(l',t)~ q«) 1",/ 2..25Tc)~~ (10\
.q7'iT ~ ,"'-S I e /

"IoIhereBe = [~.;5Qkt1L; Q(t) -; (l-N E ) QOl Q is the average

-discharge during tj,mc 0 to t and fl'the number of steps of flow
~hange in tine t.

Relationship between di'scharge :lnd til"c, as was sugp.;esh'd
JY Abu-Zeid, Scott and Aron, ~ay not be unique for a well. Sternb~rg
lnd Scott (1967) auggested that the pumpi~ rate of a well will
lsually decline after a deep well turbine punp of constant speed
ldjuata itaelf to the lowering of th" water table in accordance

••• M tt' , "".•••.,'"
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with the hOD.d-e;Elr;ncity cu,ve - [l char,lctcl'lst'ic of the pump.

Accordingly they gave a solution which can be expressed as
k-~ ,

s(r,tk) '" 4J'\1T ? IQ(tj+1) - fI(tj)J Wlu(r,tk-t
j
)}.. (11)

j:::o L
where s(r,tk) is the dr3wdo,m at distance r ~ron~ the well after
time tk; tj the tiEle interval (to' t1, t2, ••..••... t

k
); Q(t

j
) the

average dischargiJ during the time ir_ter1ral t
j
_
1
to t

j
: Q(t

j
+
1
) tll"!

average discharge durinG the time irter'iral t: to t
j
+
1
; W(u(r, tk-t

jrJr2s -is the well function ~nd u(r,tk-t
J
.) = t •

4(tk- j)T

The varintion of discharge wit}, time in Eq. 11 can be obtained
from head-cnpacity curve which c'~ 1e exprsEJsed r:JA.thematicnlly
by a polynomial;.

Mutual Interference of Wells

If the punping tiDe is long nno or the well spacing is not
large enough, the dravdo,m in an incividue~ well night be influ8~ced
significantly by thc t'.d,i~,ccntWCDR in n.nnJtiplc well I'lysten.In
this situation, drawdown n.tany poirt can be evaluated by adJin~
every drawdawn produced at that point by indivjdual wells. Ste~be-
rg and Scott (1967). Krizek, Knrrrdi and Rn.a (1971) also used ahove
procedure i.e., the pr.inciple of sUlorpol'litionto calculllte drnw_'.
down produced at any point by a "roup of pUrlpin9'wells.

~", ..•-
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Thns ror " nUMbor of ',;elIR wj t,-, const.'mt rlischrrrge the

total dr1l\rdO~1llat

1
4 ..•• T

any point after t,DO

"f QiW[uiJ
£::1

t governed by Eq. 2 will be

where 1'1 is th0- nist~nce
the i th veIl :cnr]ti

i
'"

frOQ the i
1'1 2S

•4Tt

The gencrQl equation, given by sternber~ and Scott (1967).
for the drawuown at any point after tine' tk when I'lwells are
operating with variable di~chnrge if

')Tl 1 <; N-l

L. "17iT 1 :z::::. Oi:(tlo;) W [. LG( l"t , tN_/<) J[=1 1(""0

N-2

t"D QtUK) WI,-,-(Y',",t N-K-l)J} CJc')

where W(u( )] . du; n(r., t k) =
" N-

r 28i
4 T tN_k

The foregoing Eqs.' 1 to 13 rcdcr to confined aquifers. By

apprOXil'lfLt:l.on, however, thcl30 equ".tinns can 118applied "'-Iso to

unconfined aquifers when the draWdow;1is H':1,~.11oompfJ.rod to tot?1

saturated thickness of the aqu'fer. Assul'lptionsinvolved in the
derivation of those equntions ~re

1. the aquifer is hono~encous ~nd isotropic;
i1. the aquifer is infinite in 3renl extont and is of the
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iil. the fQi~:lntion rec()ivEJs no rcchuTi'0 fran [illY source;. .

1'1. the pumpedwell pen(,tr~,tos 1'\\11thickness of the aqui.fer

and the flow is radiQl thl'oq:;hout;

v. the wator rOMoved fro!";lstore ge of the aquifer is disch:nged

instantaneously l'ii th the layerinG of he'l.d.
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General

DETERMIlIATION OF WELL SPACING

Uptill now no suitable !'lethod is avnilnble for the sGlo~tion-
of spacing between irrigation wells giving proper considerations
to aquifer characteristics and wa~er requirer.ent. Spacing of
wells should be such that \/Flterrcquirerwnt is fulfilled and no
adverse condition arises llithin the Qquifer. Keeping this in mind,
analyticnl n",thoflswere <:levclop8rlin this study for the deterninc-
tion of spacing between two ::cd.1acentdeep tubewells in square
grid tubewell layout ~s shown in Fi@lre 4 USUIS nvniJable ground
water flow equations. An IR~360 digital cOr'lVutarhas been used
to solve these equntions ~nd to pGrfor~ iter~tions necessary in
the !'lethoddevelopod. V"'1.rioussituntions ,lere comli,lered rmd thljse
were constant discharge condition at tho well; decreasing disc~~rge
situfltion at thG well; wcJls subjecterl to Mutual interference;
noninterference sltua'ti,onIlllover the well fi,8ld.

Computntion of Drnwdown

Drawdown at any point due to a puy:pinCwell of constant
discharge was calcul~ted usinG the equation given below:

114.6 g
T

1'/ [u]

• •
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The well function 'tI (u]wnEl calcul:>.tedby tho following
equation (flow chart shown in
W[U] '" _ 0.5772

in which u ==

u -

•

Figure 5)
u2 u3

2 2' + -, 31' -4 ••••••• •• •
( 3)

Drawdown at any point due to a punpinF,well with decreasinF,
discharGc condition ,10.3 calculatcd by converti,ng Eg. 11 into
gallon-Jay-foot SystoM of unit as follows:

In this case the discharga of the well has been auppoaed., to
decline in accordance with the head-capacity curve of tho P~P.
Three head-capacity c~rvcs for 2-cfs (898 gPM) capacity doep
tubewell Pl8pS as shown in Figure 6 supplied by KSB (Klein,
Schanzlin & Beoker AktiengeSellschaft), Dacea, were selectc~ for
this study. These he~d-capacity curves were expressed mathenatice_
lly by the followilCG POlY"'lCil.ls:
U == 0.1H-2.U (15)

Q == 1410-1 08U_100(U-1)+2. 833U(U-1 ) (U-2) -1 .91 67O"(U-1)(U-2)(U_3)

+ 0.2667U(U-1)(U-2)(U_3)(U_4) (16)

for curve 1 •

U == 0.2H-4.0 (17)
Q == 1550-97U-4. 5U(U-1 )-0. 667U(U_1)(U-2)..:0. 375U(U-1.1(U-2) (u-:;)

+ O.0667H(U-1 ) (U-2) (U- 3) (U-4) -0. 1764U(U-l ) (U_2) (U-3) (U-4) (U-5)

for~we2 (~8)



U = O.2H-3.0.

Q'= 1425-125U-4.167U(U-1)(U-2)

for CUNe 3.
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(19 )

(20)

.4 t1, L'J.t2•

such that

The total punping time, t , was rtivined into 8~~11 incrG~ent8
p .

..6.t3' ••...•..••••• Atk of incrcflsing magnitude

Atk", ,,«.:::).tk_1 where (.-L is a constant gre:,ter

than unity. Value of ,;«. ,11-'.8Vf~ried fron 1.1 to 2.0. The intieol
. ,\ 'C,

time incrCT:lent

It waa aasuned
remained

nsntL constant.

~tl' was taken equal to 0.0001 dny (8.64 asconds).
toot disoharge, of the well durinG each tine incre_
The disoh~rge, Q(HO) , of tho pump during the first

time increoent, ~tl was obtained fron the head-capacity relation-
ship corresponding to a hc~d equal to static lift, Lo' i.e.,

(22)

Using this discharge, Q(HO)' the incrc~cDtaldrawdown, ~sw.1'
at the well after first tine increnent, ~t1' wus calculated
using Eq. 4. This inerc~ental drrrwdown, ~sw'l was added to the
static lift, LO' te get the new head, Ht' after tine tt '" ~tl.
Therefere,
li, =LO+ ASw,J

A new discharge, Q(H1), corrcsponrting to the new hearl, H1, was
conputed using the hearl-cnpncity rcl~tjonship. hgrrin with this
new discharge, Q(Ht), the increnontrrl d~wdown, ~sw,2:at the
end of the second tine increnent, ~t2' was c~lculated and has
been added to the previous head, Ht, to get the new head, H2, after
tiDe t2 '"t1 + At20 Himee totnl hee.d (Le. lift) ufter ti::;e,

.-
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(23)

This process repeated upto the last

tho total head, HIP ('liter tine >oU

ends. Tterefore the fin~l lift is

tH-l

increnent, ~tN, to get

+ ..6.. tN whenpumping

The static lift, La ;,'USsuhtracted fro'l 11-r to got the drawdown

at the well i.e.

(25)

The drawdown,sR/2' ut the f'i,'dle point betwoen two adjacent

wells wns obb.ined by acl,linp;:111 the incre"'ental dmwdowns,

~ sr,2 ......••.........•.. ,.,.ASr,l'

that point ufter
A' k; produced o.tr,

each of tine incror.lents,6t" 6t2> •••~-~;,L3.tlr'

(26)

The total d:ro.~ld,:,wn(It any point due '';0 PUrlpinGof rrtnrmbcr

of sane capacity wells sllbject"rl to rJL:tualinterferonce was

calculated by convertinp, ~qs. 12 and 13 into gal1on-day_foot

systen of unit as follows assul'Jil'lGevery punp has sane head-cQpncity

relationshi:9:

114'{,-,-
and

t-w -. eo -
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~B)

In this case the lift at the well nfter each tine increment
increased not only by the increnental drawdown due to punping
of the well itself but also due to increnentnl drawdown contri_

(29)

Atk, and

the i th well

he"'d n.iter increnental t11'18
"'" k +" .

fron surrounding wells i.e.
~
L .0. S1 k
L""J.. •

L>.'1c is tho increClse in

"" k the 1ncre~Ental drawdown at tho well due to ~p_"well itself after increncntal tine,

butions

in which

At,,'
ing of

the increncntal dr3wdown contribution fro~
increMental tine

For the conputation of drawdown at a well, the drawdown
contrHlUtions frOD surroun(ling oight walls wern considored as

e~plained in FiGUre 4 i.e.

114.6Q
T
+ 11

tW'[u(r}f,t)J

[U(R,t)] X 4 j
+ if [u( V2R. t}] X 4

(30)

For the cOnputation of drawdown ~t the niddle point between
two adjacent wells, the drawdowncontribution from eight ~rround_

ing wells as shown in F;i,,":UTCl 4 were consitlered i.e •
•
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-.;,1.*&'L-l w [n(R/2,t) ] X 2 + W

+ 'II [U( V5R,t)]X 4}
[U(1.5R,tlJ x 2

(31 )

SuccessivQ steps in co~puting drawQown as described earlier
is explained with the flow ch~rt shown in Figures 7 and 8.

ThfJ spacin~ between two ndjaccmt HeJ.ls in squD.ro grit! tubmrcl.

layout nIl OwingSOl1e Q'lount of interference was detomined satisfy-

ing conditions outlined helow:

1) The drawQown, sw' at the production well is equal to or lese
thnn u vnlue, DA sO that the li:ft at the well rennills-w,
equal ~o or less than the T'lo:'.xi"rur:t n110w,"(01e11ft as explninel
in Figure 9.

2) at the ni~dle point between two adj?cont
wellR is equal to or less thnn a seleoted value, D

A
_

R
/

2
, as

ex~ln1ned in Fi«ure 10.

The first condition will ensu~~ thLt the dischnr~e will not
decrease bclow the design vp.lue. Thc second condition will prevent
exce,'lRi.,,-'"l""''''T'ing of wator to.ble so tho.t 8.dverse condition is not
created wi~hin the cquifor.

The nRxi~~ allowable lifts which correspond to design dische~~
(898 gpo) or the well were obtainod fron heud-capacity curves of
pumpas Rh0;~;:. in Figure 6. They (::re 59.0 ft, 45.0 ft, and 33.5 :ft •

- • -...,.. ••••• ' v
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for curvos (1). (2) 'nnd (3) rcsp,,:;-c.iveJ.y. 'rIle n1101')>l1)10 drfnnlo~'i,,'.,'

DA_w, at the well were obtB.incrl by o\lb-~Tacting static lift, Lv:

from mnxinul'l ililowable li-::'ts "'''' Sr,l)..rtl ]n PiGUTC 9.

An iterntive proc8dure was aeveloped to rleternine spacing
betweentwo adjacent \'rells M~ly['icc.~ly. J...ni,nitial vaJue of

spacing Ro '" 10? feet was selected. 'E,l!:n total dr[]wlownsSw and

sR/2 at the well 2..nd at the Dirlrllc pojn~ of the Sp8.c;ingl'espoctL-.,-

ly ~Iere cQ[.1putedaccorrlinr:' to the Jll"jSV(l;Y'~'outlL'1",d pr"v.L()ui11~'"

Then it was checked whethr the CCQ}'\'trd :!-,,';;,,',rdOlmc;, EWand SR/~'"

were greator or less them the r8Sp,]r.o;J.Vbr,l1.cwabJc vT\LueS,

DA_Wand DA_R/2" If nny ano was fot;],-cl{';l'et,t",r. then spacing R

has been increased by ::m incrercel. ~ L\?' "- 25 fee'~ c lmfl 8:g,~inth-o

process was repented. This rcpe~":~Gt~:mcontimwd un'Gil conput",r',

drawdowns Sw (lnd sR/2' were eqqilJ .co "1' ''-8~:"th~n :ccspect".ve

allowable vrrlues, DA_w<::.nclDJ._R/2' 1il .~ll.iB1.,::'-Yspacing COl'rczpOl'-,i"

inc; to various values of ,1i sch2.r{';u; coc:f:ficien'~ of tr(lnsf1<_!S~i,h:i.:L'."

ty; storago coefficient; s";~tj,c lif'L; tinc of JlUTIping;c.llOl,.:oc:!lo

drawdowns; were deteMinecl'rrnc:.lytioally. Both vf1.1'ifl.bledi8chc:.r[io

condition and constrrnt flischarG8 ~onditien were eonsidere~ in

f",utual interference sitwltion. SlJCCOSG1Vesteps in cleterTIining

spacing between two acljrrcent wells in i1'1up.regrid tu1;~"~:: J.'-',vo~

as describetl before iEl Gxpl"inoil 'd th tho flow ehnrt showr, in

Figure 11•

•••__n , -" -
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Detemination of Spacinr: "lJol{ing no Interference

In this case also si~ilor iterative procedure was ~ollowed.
The noninterference spaci,ng betl{oon h,-a Hells is consi~ereil to

be equal to two tirJes thp rndius of influenoe of the well. The

lmCl13;l'-Mostpoint of the radius of influence was US8UJ:ledto be

at a distance where drawdown WRS enu~l tc a selecton tolerance
value and it was 0.3 inch. This itcnative prOcedure is sj.l:l.11a1'to

previous one. :But only the drnwdmTnat the mirldle point bet,leen

two wells was conpe-redwi til the tolerance value n8 shown in Figure'

10. Constant diSCharge condition was considered in this case.

COD-puter Procral'JDing

Iterative procedure outlined previously for conputation of
drawdo,m snd for deteroininG well spaoing were solved with the
help of an I~I 360N-FD-479 3-6 digital oonputer located at Bureau
of Statistios, Bangladesh Plrumin". COf"l:\isSion.3ecretaril,tG ouild ..
ing, Dacoa. Co~puter proGran~es were fornulntod_using FORTRAN_TV
language"as presented in Appendi~ c.

A sub-routine was made for the calcul~tjon of 'well ftlnction'
W"[uJ,.using Eq. 3 find prosented in l,ppendix C.

While using the cqu.,tions in tho nnalytJcal !'lothoddeveloped
to detergine well spacing, simplifyinC nssunptions were made to
nake this solution possible. However, these assUf'lptionsare found-- ". ,.~-
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valid as will be disow';f,lo(l IlltGr on, The ::SBUF,ptionsare as

follows:

1) Every well in the l:l.YOl,t i[] 0f Sfr.8 c:l.pQcity.

2) Effective Tuaius of eVGry well is equnl to one foot as
GUg-gested by Karim (1976).

3) Depth of every well is SIlDC,

4) Static wr:ctcrtable is hori.zontcll hefore puMping.

5) Static lift at every well is s~e before ~lDping.
6) Every puop sturts nt the s<%,eir.sk,nt Ilnd continuos for o"'.rle

tiDe length. Although every PU."lP nay not start I.lt the aCLlC

instnnt Qnd noy not continue for snne dur'1.tion, this 3ssur:p+;:i-.

takes CQre of worst possible co~bination.
-7-)\{ell less cooponent of total d;ra",'downat the well is nngl1giY__

duriN1 pumping
8) The aquifer does not receive =y rech~]T(~eLActu<uly sone port.

of rainfaJ.l. if any, :.md irri{0-tj_on;Jut£rwill reach the £1'01:

water table due to deep porc,-'lo.tion.This will rcn.uce -~hew"t,,__-
table lowering as co~p~rea to c~lcul~ted vnlues. Rowever tV~8
will nude the calcul~ted well sp~ci~g co~serv3tive.

Spacing to SRtis~y Water Rocuire~cnt

Spacing required in ~ s~uaro grin tubewell layout to satisfY
irrigation wuter requiro:1or.th~s b0en c~lcul~ted on the followinG
basis:

Spacing =~QX 60

= 360J
X 60 X tp X

D
10 q tp

D

30 X 12
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where Q is tho well disclmrGe in cf's; tp the rlrtily punping hours;

und D is the pe~k nonthly irribution water requirenent in inches/

Month,

Variables

Variables consirlerad in this 'stllrly are discharr;ei coefficient

of tranSr:lissibili ty; store.go cooffici cnt: pumpini;tine; st3tic

lift; mnxiTIwJnllowahle lift nt the well; m~xinumallowable

drnw10wn[It the ~iddle point betwoont,m udjncont wells o'1i1,pcc.k

Monthly irri,'71tion ~r"ter requircJ:l"pt. They ure prosentod in tn€

followinG tabla.

Table 1. List of Variables

Vnriable

Well discharge, Q

Coefficiont of TF"UlSJ1issibility, T

Storage coefficient. S

Rronge

1 cfs, to 4 ofs

O.5Xl05 to 5.5X105gpd/ft,

0.01 to' 0.20
Puoping tine, tp
Static lift, LO
Allowable lift ut the
variable discharge

8,16 hrs/dny,1,14,28,&
to,20,30 feet.

well in
cOndition,DA * 33.5,45.0,59.0 feet-w

0,25,0.5,1.0,2.0,5.0 ft.

lllowuble lift ut the ',fell in
oonstnnt discharge oonditj,on,DA_w 33.5,40,45,50,59,60,70 fElet.

Allowable drnwdcwnat the ~id.pt.
between to ndjacent '.I(Jlls,DA_R/2

* Obtained froD head-c~p~city curves shownin Figure 6.

•••• <Ito. i
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CH.iJ'TER IV

RESULTS B~D DISCUSSION

This study shows th~t nuch grQ~ter sr~cinGS between ~djrr~e~t
tubewells ure required to ~8ep w~tcr table lowering equQl to or
less than allownble velue nt th", f'lirMle Jloint blotween two h()fH'(!st

"ella in square r;;rid tube~rcll l[Cyout th= thoRe required to keep

the drawdownat the well equt'.l to or less thr.m the f.1a~ir.l\llil :,110',,,:b1(;

value. Sons o~ results h~vc been prosented in Tnble 2 to sh~w
This suggests that the ~11ownble drrrwdown at the niddle point
between two ndjl'.cent wells controls the deep tllbewell sprrcil'{'

when some anount of interference is ullowed.

"'l,~..,"- - - '.' .

Equal vnlues of well spaciTl{; h:,s been ::lbtQined froo b()th

variable dischrrrge oondi tion nnd constant dischar'ge condition ""hnn

spacing is equal to or Greater t~~n 1200 ~eet as seen from Tablo 2.
For spacings lees than 1200 feet, vrrri~tions arc mostly 25 to 50
reet i.e. 2.22% to 7.14% with a ~aximun or 100-reet i.e. 18.18%
which can be neglected ~or pr~cticrrl purposes. This is because the
high initial diSCharge corresponrting to stntio lift in accord~noe
with the hend-capacity relationship of the PUMP decreases to the
vicinity of design discharGe within short interval o~ tiMe ns
seen fron Figure 12 before it could produce air,nificant effect at
dist~o8a fer -way fron the 'well. Hence it i~ not so iMportant
for practical PIlrposes to conB1d$l" the variability of ~isehHrge
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due to increas" in drawdoun nt the lIell 1.11thtime ~

Effect of formation const~nts upon depth, shape and extent
of cone of depression is shown in Figure 13. It shows that Craw-
down at the well decreasos significantly with the incr"ase in
trunsmissibility. But chango of stoTQge coefficient has ne~ligible
effect on it. This fir,ure also shows that radius of influence of a
well increases or decreases ns trrcnsmissibility increases or
deorenses reSPGC1;ivoly. Fror:1DnrcY'll Inw it is Gvident thnt, for
s~e diacharge, aquifers with lower transmissibility value will
hnve higher hydraulio ~radient than those with higher trnnsEissi_
bility values. Hydraulic grf1.dienti:ldependent on difference of
head and length of flow path. Henee hi~hor hydraulic ,osradientj,s
associated with large drawdown nnd smnller. radius of influence.
This is why, with the incroase in t"onnsClisstbility of ::maquifer,
depth and extent of cone of depress~on decrease ~nd increases
r'eepectively •

Curves presented in Figures 14 to 17 show logarithmic plotting
of spacing against coefficient of t~nnsDissibility for various
values of storage coefficient. Only four cOMbinnticns of discharge,
puliping time and allowable drawdown at the Middle point of well
spacing are shown in these figures cut of 48 cOl'lbinationsetudied
as they are similar in nature. These figures show that spacing
at first increases slowly with the increase in trnnsmissibility

.•••.",' N"-_ '.•••",' Ii,'



value and reac:l<3Sthe t12.xi;mm:for intemedifl-te values of'
transmissibility. Then it a~ain decreases showly with the increase
in transmissibility. Lower transnis:,ibility value is assooiated
with smaller radius of influence ~s ~xpla1ned eurlier. Hence, to
keep the interference at the nid.'le poi,nt between two adjaoent
wells below the nllowable linit, wells need not to be spaced ~uch
further apart Rnd spacing is s"alle~'. Now as transmissibility
increases, influence area enlarges. This causes considerablc
umount of interference at the oiddlo point even with larger
distance between adjacent wells. Hellce ereoter spacingl!lare requil'-
ed. If transmissibility increases further, atill radius of influe_
nce increases exponentially. But in this case drawdown is very
s~all as seen fron Figure 13. Hence to produce given amount of
.interference at the mddle point, J.csser spacing between wells
is required.

•Curvea presented in Figures 14 to 17 alao show th~t vnript_
ion in spacing due to variation of storage coefficient ia !!lore
pronounced th2~ those due to variation in transmissibility. This
is because, aJ:lountof water table loworing d'epends on the etor~ge
coefficient of the aquifer and not on transmissibility value •.

Relationship between well spacing and 8tor~ge coefficient
are presented in Figures 18 to 20. These curves have been drawn
by selecting naxirnurnvaJ.ue of spacing fren spacing versus trans~
missibility plottiDgs for each vaJ.ue of storage ccefficient.
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As the rlMirau,' <.!.lues of spacing flY,} selocted froD spacing versu.s

transoissibility CUIV€3, this will 01imin~te the effect o~ trans-
nissibility on spacing. Fi8Ures 18 to 20Show that spacing incrc~s~s
with the decrease in storn~Q coeffi~i~nt. This is because, gren.ter
area is to be dewatercd in C2se of 30aller storage coefficient for
aame ~ount of punping.

storage coeffioient is mainly :lependent on the type of

aquifer material. It cen bo estimat"d rellsono.ly by -c011el!'lt1l1g

BmapJ.eaof aquifer oaterinl. Repres(mtative values of storage

coefficient in water table aquifers are listed in Table 4 for
various types of aquifer naterial. 3ut it is not so easy to
deteITIine coefficient of transmissi1>ilit"y in the field as it

requires test data fro~ well. Hence, selection of storage coef~ic_
ient as the deciding factor in dete:nining well spacing when
aquifer charar-t"-c-isticsare consine:'ed will make the process
easier fron pra.ctlcillconsineratiOll[J,

Noninterference spaCinG, which is two times the radius of
influence, is plotted agninst trans;'issibility for various values
of atcrag() ccefficient and ]J1lr.lping-;il:l€.Two sets of them are
shown in Figures 21 and 22 out of 2,~sets, In this ca.M it is
seen that both trans~issibility and storBge ooeff1cient have
significant effect on radius of inf:uence and it increases with
the incrense in transmissibility bu'; decreases with the increo,se in
storage coefficient. This can be senn also from Figure 13 •

•
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ProD the conparison of spacings presented in Table " it
is seen that for the selected range o£ transmissibility and
storage coefficient, spncing varies between 875 to 5050 feet for
2-cfs discharge when interference fran surrounding wells 18 allowed.
But with no interference, spacing varies between .1475 to 12,600
feet for 2-cfs discharge which is very hiBh. Henee spacing between
adjacent wells without allowing so~e amount of interference is
1mpracticable.

This study also showe that the amount of interference frOD
surrounding eight welle in parcent of total drawdown at the well
is between 0.1% to 10% for the selected range at aquifer character-
'iatica as can be seen fram Figure 23. It is noted that inte~
terence is higher for greater values of transmissibility. This
is because of larger radiue of intl\l.encefor high values of
transmissibility.

Total drawdown at the well aleo 1s not very high as seen
from Fi~re 24 and the range is 2.85 to .,0 ft. when interference
tron surrounding wells is allowed. Whereus drawdown at the well
without interference varies "fran 2.6 to 29.' ft. as can be seen
from Figure 21. This justifies that acceptance of soma amount of
Interterenl'lein selel'ltlngdeep tubeuell spal'lingwill not be very
harmtull to aquifer condition.
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Figura 15 shows the effeot of pumping time on spaoing VS~
storage coefficient relationships for 2-of8 discharge. ~he epacilng
increases slowly with the increase in pumping time. For exampla,
spacing increases from 870 feet to 1600feet only whenpumping

time increases from 8 hours to 24 hours tor storage cOefficient
equal to 0.1.

FigUre 20 ahows relntionahip between spacing and etorage
coefficient for various vnlues of discharge. In this ouae also
the spacing increases slowly with the inorease in discharge.
For example, if discharge is increased from 1 cts to 4 ete.
corresponding increase in spacing is from 1140 ft. to 2240 ft.

only for storage ooefficient equal to 0.1.

Instead of total irrigation water requirement. peak montly
irrigation water requir(ment hae been selected as parameter in

this study. Because length of growingseason Ie no~ same~or all

types of crop and water requirenent varies with time dUring

graving period. Well 8pr.toings required in square grid tubewell

layout to, satisfy irrigation water require~ent ie shownin

.Figures 25 and 26.

A ohart as presented in Figure 27 hae been prepared ~or the

election o~ deep tubewell spacing considering aqu1ter characteri13;"

tio and irrigation water requirement. Spacing corresponding to

storage ooe:f:ficient !!light result 1:1.Maximumdra.wdowno~ 0.5 ft.
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only at the middle point of two nearest welle. ir eve~ well in
squnre.grid tubewell layout runs continuously for 24 hours. On

~h. other hand spacing corresponding to peak monthly irrigation
vater requirement haa been calculatod on the baaiB or 18 hours o~
oontinous pumpingper day. O~the tvo spacings, based on storage

coe~fioient and irrigation water requirement, grenter one is to
be selected. Because, if spacing co:,'respondingto water ~quire-

ment Is larger. it is unnecess~ry to select ~maller apaoini.
But whenspacing correeponding to St.orage coefficient Is larger.

it might Oauseadverse effect wi thin the aqul:fer by excel'ls~ve'":

lowering at wl'ter table, it sr:mller spacing Ie selected. In th'ie

oase 8o~e portion or the land ~ight renain uneerved.

Aquifers in Bangladesh are moetly water tah1e tYP4.Llthologi_
ea1 a~yeis shows that thickness of aquifers are several tho~and
teet and these aquifers have no defined impermeuble bottom.
Hence full thickness of aquifers can not be penetrated ae required
1I.Tthe aoaumption 1n ground water flow Eqa. t to " and moreover

tu1l penetration is not possible. HEnce 1n this aase the coettic_
leDt 0'1 transmissibility is equal. to the product 01 utu.rated

thickness at aquifer penetrated by the well and average perceabili_
Vat aquifer. As a result sameva1ue of transmissibUity oan not

b. u.ed ror tubewelle ot dltferent depth. even 1f aqu1fer pernea_

'Uit,. dou not vary with depth of aquifer. At a gi'Ven 14lca1ity

eoeUiclent at transmissibUity will vary 8lmost directly with

the tube"ell depth 1r pel'l'leebillty BasUl!Isd to rern.e1n conetent •

. ',_,,•••••••.••.'-1'''7' " f
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For this reason, it haa 'boen iiaSuned in this atudy that the

depth 01 every wal1 in tho.:lD.¥?ut 1a same. ~bis o!l.lIl1W']ptlOtt will

not 1'elltrict the application of the design M£l.rt presented. in

:Pigure ZI. while seleoting spacing between deep tubewolls of

difterent depth. Because, effect of tranenisslbl1it7 oa IIpneing
has been elioinated BS discussed earlier in developi~ relatlo~
shipe between storage coefficient a:1rl well spacing presented in
!1gurss 18 to 20. It is important to mention here that s~e value
of trenBl!liseibUity can not be used While d!'!ngning tubeweUs II~

different depth for a given locality.

Effect of recharge during punping period 1s not oonsidered
In this study. Actually Borne portio~ of rainfall, if any, ~d
trrigBtion water will reach,the ground water t e ~qe

,~,. '-if
peroolation. Thie will reduce the 'water tab ,bar1ng,ha ompared

~, -;;,-I'.

to eal.aulated values. Howeverthis wiJ,1 ma\'.r.~.~,~d~~_.i.,Q~~well
.paoing oonservative.

-'<- ~. Ii
'~<'

Well ~olls c07npoNlnt of the tota1 drnwdownat the well 1me ba~

zeg1eoted in thie study. Well loes is a funotion of capacity. sl~e,
oonatruotion and oondition of the woll. Aquifer ,erforcanoe hae
DO1"e1.e.t1onwith it. Ce1cu1ated vaJ.uee of water table lowering

ta the aquifer whioh depend on fo~~tion constanta have not been
affected by this eS8UI'lptlon.But eaJ.ou1a'tedvalues of totaJ. lift

-a'llthe well ha" been mnall.er than the actual 88 the yell loss

Oomponent of the total draYdoWn at the wall he" been na~ted.
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Thi~ no doubt g,,~'egreuter values of discharGe obtained froll!
:Ii'head-capacity relationship in the va~iahle diaoharge ~qr~~~t~TI.
. '"Howe"'Ter: 1'<; t".- '7~"':'i"O.'::~_:::,~;:;:;;::',;: c,; •.~::::.t::':>::ldoes not controi

the spacing between de8,) 'c',loe;-cJ ls, ~hjGassumption will 1I.ot

affect the result of this study,

I'~ is assumedin thic; study the -;water table is horizontal

before pumpingstarts, ThL'3might no'; be the actual situation

in the field. Because it is moot lik~ly that there will be
natural ground water movement.But t:lis will not limit the

application of results of this study 8S natural ground water
velocity is very smallwith very lit-;le ~8ter table slope.

It is further assumed that stat._c lift at every well :1.13

_same.This' maynot be true ss elevat~on of ground sur~ace level

lIlIlightdiffer at llifferent -'ell. Difference in static l:1.ft will

-cause different initial discharge in different wells4 But as

the variab:i", ..iiC:GnEli'g8ccllhli.1..l0,1 aOG[;not control spacing, this

~ill not affect the result of this ~'udy.

Amountof withd!'awa~per :iear f:'o[[,a ground water basin

should not exceed the amountof rech£.rgewould oocur during

a year according to safe yield conceIt. Hencemaximumnumber

of tubewells possible in a basin 1s [ependent on annual reoharge.

It requires extenssive study to dete)mine the ground water

recharge due to withdrawal of water 1y tubewells. Safe yield

?~
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1s also dependent on the €ztent of water table lowering, vate~
quality, cost of pumping, water rights, possibility of saline
water Intrus8ion in coastal areas, etc. So, d~ermlnation of
safe yield ltsa1f is a highly comple~ problem~. It might so
happen that spacing between tubewells as limited by the maximum
possible number of tubewells in a ba~in 1s Rreater than the
spacing obtained from design chert. lence this factor is also
to be considered in the final selection of deep tubewel1 spacing.

,,

i
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CHAPTER V

CONCLUSIONS

The conclusions that can be drawn from this study are 63
:roliowsl

1. Storage coefficient is the determining factor in selecting
deep tubewell spacing when aquifer characteristics are
considered.

2. Someamount of' mutual interfere_loe is allowable in aelec::t:l,ng

deep tubewell spacing and noninterference spacing is no~
always practicable.

,. Of the two spacings, onBconsid"lrinR aquifer characteriutics

and the other considering irrig~tlon water requirement, the
greater value to be selected fr)m the design chart prepared','

4. It is not of practical imporlance to consider the variability

,

,

of well discharge due to inorease in
with time.,

drawdown, at the well

5. Variation of storage coeffici8n~ haE negligible effect
on the ,amount of drawdown at the well.

5. Radiueot' int'luence ot' a well e:1largeswith the decrease at'

and increase ot' storage coefficient and transmissibility

coefficient respectively.
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Compute I
W[u(ri'"i;pX; • W[u(rj,tp)l

W[u(rw.tp~ J+ m [Ww • L VIu(r.,t )1, p.
L~1

'"WR/2 • " 1'![U(rj.tp)] .,..
.

114p Ww'w •

BR/2 • 114.6...,9 ~r ,T R/2

\!'tP"t~s,r,sR/2

* Computntion of WrU(r,tp)] is
shownin Figure ,.

Figure 7. Flow chart showing computation of drawdown
in cot:sto.ntdischarge condition.

•
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Input
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l - 1
IffR/2", J;l w [u(rj,tB

A

IH",H+4sw
f

sR/2 '" sR/2+ 4sR/2

X", Y

t 14. 6
T

114.6
T

k ". k+l

y ". X+ A tkl

Q "'; f{H}

Compute
W[u(ri,t)J .~.I[u(r ,tTI

w;., ,., W u(rw'-\'); + ~"-'11Lu(ri't)j
,- .

WXR/2 '" .-::'1 w[u(rj,t)J

Output
\SH' sR/2

8

t '" -to _ yp

itcm'lPJ.'t."l.1..10nof W [u(r,tlJ is s!1own
in Fi"ure 5.

Figure 8. FlOH chart shoHing comput'ltion of drawdown
in v~riablc di8charge condition.
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Table 2 lli.l_f::~:J..ciD£in Various Conditions
Discharge of If-,':t, Q=2cfs I,Allowable drewdown at the mid. pt. of spacing, DA_R/2 = 0.5 ft.

"Maximum a11owab:3 lift = 45 ft.
static lift. La '" 30 ft.

" V.:~~:-~~ SPi'l.C in.; due to oontro:'- of waterin5 S Ii" 1- ii; the well10 ':1":80 Varia e Coustnngpd/ft I__.•__. ..••opee :ft case ft ,
16 2450

,- 950 2450 I
0.01 24 1225 3025 3025

32 3625 3625
16 700 650 950 875

0.50 0.10 24 725 700 1075 1025
32 900 875 1200 1175
16 525 475 650 ,-" 550

0.20 24 575 525 750 ,700
32 650 600 850 O:i5
16 400 350 4100 4100

0.01 24 575 400 5000 5000
32 6iiO 475 6100 6100
16 250 175 1300 1300

2.50 0.10 24 275 200 1600 1600
'0 325 250 1925 1925"-
16 200 150 1000 925

0.20 " 225 200 1150 1125-' 300 250 1375 1375~.
16 225 150 3950 3950

0.01 24 300 150 4825 4825
32 350 175 5875 5875
16 150 100 , 1275 1250

5.00 0.10 24 175 125 1525 1525-- 200 125 1875 18150-

16 125 100 950 900
0.20 24 150 100 11 25 1100,

-2 200 125 13?5 ',25---,_.-.- indioate allowable drnwdown at the well excGsded by drawdown
due to pumpingwell itself only.

~ __ """,a' ni' •
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Table 3"Comarison of ilell S acin Sub ected to Interference ::md
nO-interference for 24 hours pwnpjng 0, 2 ets lole1k

Spacing in feet -
~d5gpd/ft

S
allo~ing interference ,rithout interference

0.01 3025 5700
0.50 0.05 1325 2550

0.10 1025 1825
0.15 875 1475
0.01 4175 7500
0.05 1875 3300

1.00 0.10 1325 2350
0.1 5 1100 1900
0.01 4925 9500
0.05 2200 4200

2.00 0.10 1575 2950
0.15 1275 2400
CD.01 5050 10900
0,05 2275 4550

3.00 0.10 1625 3350
0.15 1300 2775
0.01 4900 11500
0.05 2225 5100

4.00 0.10 1575 3500
0.15 ' 1275 2950
0.01 4750 12600
0.05 2150 5600

5.::;0 0.10 1525 3950
0'.15 12~0 3175



--------------., ---'-'---"""---~-.,"",~'-_' -'_.'_""'.A_,M' __'''__ ' .00•.••••_..

Table 4. Re.p.~.s()n:!'[;tj,'e S~GCjfie .X.:j.e~.:.d-i s.t2I,ag'i _o~tl:,e!ficie~,t
?-!l.. .water table A~llifer) Ennges fQr Se.:J:pct£<).Rock51..

Aftl'r Walton (lg70)

ROCKS

Clay
S::>.nd

Gravel

Sand and gravel

Sandstone

ShaJ.e

Lime3tone

Specific yield

0.01 O. 10

0.10 - 0.30
0.15 .. 0.30

0.15 - 0.25
0.05 - 0.15

0.005- 0.05
0,005-0,05

--_._--- '~------------------
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c
C DETERl';rrrATICH 0:; SP.UntIG BET\'lEbH HFJ.J,S
C
C
CT ••••• TRlJ;S!USIJI:i3IL:rrY III GI'D/FT. LTD EQUn, TO 1'1' IM,TIFL]
C J)[ 10"0(')
C'; S ••••• S~'ORAGE COEPFICI!;JTT
C DEL'tl' ••••• H7C!IClT.;8IJ'l' OT.' S1'rJR!,G-r,; COBli'rrCIB!l~
C SPC••••• SI'.',CFr, n: 1"1'.
C DEIJSPO••••• If/CR VENT OF SF ,~OIr[(j. m FT.
C JUfSrC.•••• I!J1TH.L SP.\Onm IN FT. (c ,'TonI,,' TIOll 131',\!lTED lUIE
C T~IS SPi,OIlrG '[HEll Il:CBB;,f,B'rJ HY r:SJ/3PO SUCCESC!P'.-
C RW••• , .EFFEGTIVE ll,'.DIOUS (11" 'l'H"!i: T•••r-:r.T, IN FT.
C TP,', ..• Ptli<iPI!ll} I'm.": J~~Tii,YS
C DD. , ••• DRA¥DOWlJ TIT FT.
C ::lUIFf',.,.,ST"TJC ],I1-'1' In FT.
CARE!.. •••• AF2,'~ DER \'!'EIL In ,',OJBS
C TOTDD•••• , TOlnL DD ,~1' 'i'[E ;r<:LJ, IE li'1'.
C D••••• HTTWlFERL!lCR /'.'1' 'j'llE '•.'BJ.T, II, 'i"f, OF TOTDD
C DHT'';:F. , ••• DD Cml"rRIBIJ1'IOH 'i'O T01'DD D,n '1'0 INTERFEREnCE OF
C SU~.].OimDI!!G\\'EI,LS OnLY IN FT.
a H1 ••••• HTJ-..D Ii; FT. D'lffi TO PUHPum \.lEU I'l'S:;rr,F ONLY
C H••• , ,TO'LIlli LIFt' 11I n. wnr.:r.: Sl'i,1'IO LIF'i', JIQUIF'ER LOSS DIF:
C TO PUHPI1IG I!ELL ITSELF i,-NTlAQUIFER r,oSSES DUE '['0
a If,'1'ERFERIW, ':/ELLS LRE HlDED.
a TIHEI!I. , ••• S'Tl-RrmG- TH-;E Il'ICH.E1.mJ;'1' Hi DAYS (Cf.LCUL1,TJON
a S'l't.~'YI')D \'lITH 'i'H1S TJHE mCREJI1E!-lT)
0.. DGDISC ••• '•• DESIGli DISCHJ.RGE Iii GU'!.
a WHEjJ) ..•••• LIFT' Hi FT. CORRESPOHDDIG TO DESIGN DISCH!.RGE
C Q•••• ,:DISCHARGE 1!T ap;.]
C '!lU••.•• WELL FUEC'i'IOU HI 'l'HE1S SOI,lJTION
C
C

WRITEi3,1111)
1111 FOID-IAr( 1Hi ,'HRI.T, SP;"...m-l'i ;,'OR V;,RHBT,R ,T)J,'lCEkFW.I'JC01TDIT10!T! l '

"I'IRJTE(3,1112}
1112 FORIlfT(3X,'RKlTJI/1'8 "Oil SQU:.RE f;RJ))'//)

1-IRITIl( 3, 276)
276 Fom,u'I'( 5X, 2HT'r, 9X, 1HS, 8X, 6HSTI.-IF'1'. 5X, 2H1'P, 9X, 31ISPC, 7X,

24HAR3A, 7X, 5HTOTDn, 8X, iHD. ax, 6iI:9DSPCl'i, 2X, 6HDGHEAD)
DGDISC=898.
lclTSFC",100.
RW=1.
DGI-IDi.Do=45.
P",1.5
IlT""11
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-911
9f2

-.•.•
:'555
"556
',5'7

""""852
22

US",,3
START~""6.0
DELS3=O.05
TnlE11bO.0001
TT""ST;,RTT
lITiN=NT+l
DO84 I=1,Nlm
IF(Hll--I) 911,912.912CALL EXIT
DEL1'T",O.5
1'T",1'T-DEL1'1'
IF(TT)911,911,8888
1'=1'1'*1 .OE05
KKK",,!13+1
DO84 J",l,KKK
IF(J_1)555,555,556
38",0.01
GO TO 557
S8J",J-l
Ss",m:WS*SSJ
8",SS
DO 84 1"'10,30,10
8TLH'l'",L
DO 84 KPTT",S,32,8
P1'T=KP'~'T
IF(PT1'-24. )851 ,851 ,852
1'P",P1'T/24.
IF(P1'1'-6.)853.853.22
Sl'C",ANSPC
GO TO 22
TP",14.0
~1'nIEIN
X",O.
H1=S1'LIF1'H=STLIFT
Y",X+Z
U",H*O.2-4.0
U1=U_1.
U2",U-2.
U3",u- 3.
U4=u-4.
Q=1550.-97.*U-4.5*U*U1-0.667*U*U1*U2-0.375*U*U1*U2*U3

2+0.0667*U*U1*U2*U3*U4
1'II-ffi",1'P-X
RR,,,R101
CALL HEL?CU(S,T,THm,HR,\'lU)
W1 ==VlU

. ,. .•.



RR==SPC
CALL WELFCU(S,T,Tlrlli,HR,WU)W2==WU
RR==1.41421*SPC
CALL ImLFCN(S.T,Tn'~,RR,WU)
W21==WU

31 W~Wl+W2*4.+W21*4.
51"IF(TF-Y)3.3.5
5 TlME=TP_Y

RR=R'nr
CALL WELFCN(S,T,TIME,RR,lru)'W5==WU
RR=SPC
CALL wBLFCN(S,T,Tll.ffi,RR,tm)
W6==\lU
RR==1.41421*SPC
CALL WELFCN(S,T,TIME,RR,WU)
w61=1'rl]

61 W7=wS+'..r6*4.+'1161*4.
GO TO 14

3 \{7=o.
14' IF(H)17,17.7
7 EJ,NDDo=(114.6*Q* (W3-1.'7) )/TDINC==ABS(EIMDn)H==H+DIHC

17. ELI-lDDl=( 11 4. 6*Q" (ill-,'15» IT
. nIHC1=ABS(EnmDl)
Hl=Hl+DINCl
X=Y

951 z=z*p
952 IF(TP-X:)S2 •. $1, 9
52 IF(Hl-DGHE1,D}122,53,53
122 IF(H-DGHEAD)16,16,308
16 nnr'l'.F=H-Hl

'rOTDD=H-STLIFT
D=(DINTF*100.)!TOTDD
AREA=(SPO**2)!43560.
TH1E""TP2222 Iffi;=SPG*1.5
CALL WELFCll(S,T,TIN:E,RR,'<'IU)
W101 ='Im
,RR=SPC*O.5
CALL 1'1ELFCU(S,T,TI!;E,RR,WU)
'W102=WU
RfbSPc*:::. 2301 6
CALL WBLFCN(S,T,THIE,RR,WU)
Wl03"'WU
Wl05",W101*2.+Wl02*2.+~103*4.

I
I

n' "t1-' 1
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DL~P~I~(114.6*Q*Wl05)/T
WRITE(3,23 )TT. S, STLIFT, TP1SPC, LRB!I. TOTDD, D, DDSPCM,WHEATI

23 FOTIr-1AT,!\F9.3, 3( 4X,F7. 3), 2l2X,F9, 3), 3( 4x,F7. 3). 3X.:F5.1)
GO '1'0 84

308 DELSPC=<,:~.
44 SPC=SPC+DELSPC

GC' TO 22
53 WRITZ(3,54)TT,S,STLIFT,PT,H1
54 FORI"lAT:20X,4(2X,F7.3).2X, '110 SPAcnm ]ffi.AIJ:,'F7.3)
84 CONTINUE

END

~ .,

t,
I
!

1



68

c
C DETERNHlATIOil OT<'j'/ElL S?,WTlTG (COUSTU'T DISCHARGE)
o
o
C T••.•• T!VJ!SIUSSrmLI'.f{ IN GPDjFT.
C DRLTD••.•• nWIlEj.1Bl,'1' 0" TlUJJS!USSIBILITY
C S..•••STOR~GE COB?FICI~TT
C DBL8S ••••• INC"-~,,mNT OF STOR/,GE COEFFWnNT
c SPC .•.•• SPt.CIHG m 'PT.
e DSISPC ••••• IUOrtEr.EHT OF SPACING IN FT.
C Pl!SPC ••••• JIlITIAL SP,',CnTG IU FT. (C1J",CUJ,t'TION ST,',RTTm '.'IITE
C THIS SP!,CING TRW IJlCR8ASE P,Y DBJ,S"PCSUCCESSIl'1'T,Y)
C Q ••••• DISCHARGE OF l'HE 1'rELL II! GPM
C RW••••• EFFECTI1JE RLDIOUS OF TIill \}EI,L lIT FT.
00 T:R••.•. PUHPIUG TJl.JE III DAYS

Sl'LIFT ••••• S'l'i.TIC LIFT Il! FT.
COD ••••• DRAl'mmm II! FT.
C DDSPCM••••• DD III }'T. AT THE IUD. PT. OF T\'IO ADJACENT WELLS
C D••••• HTTERnPXIWE AT THE '/IELL nr ~: OF TOTDD
C j~REA., •••• ARE" FER ~IELL' nr ",',CRES
a DINTF ••••• DD COinRIilUTIOU TO TOTDD DUB TO Il'TTERF'EREHCE OF
C SURROUlJDIllG }/EJ,l.S DilLY IN FT.
C DDiT ••••• DD HTFI'. DUE TO PUHPING WELL ITSELF OULY
C SPOAP ••••• SPECIFIC CAPACITY IN om/FT.
C TOLER ••••• ALH1WJ.•.PLE DD .AT THE rUD. PT. OF SPACING
C ~IU••••• 'dELL MiCTION II! THEIS SOLUTIOHoo

AHSPC;;100.
STLIFT;;10.
R'•.r;;1 •
NQ;;7
NT;;11
Ns",4
STARQ;;O.
STARTT;;6.0
DELSS;;O.05
WRITE(3,1111 )

1111 FORr1t,T (1 H1 , 'WELT, SP:".CII1GS POR COllSTJu.;T DISCHARGE CmTDITlr.:'.,'
WRITEC3,1112)

1112 FORMAT(3X,' REsm,TS FOil. S'1U;,RE GRID' / /)
WRITE(3.1113)

1113 FORIL'\T(3X, 'IUD SP',JiTNG DRJ..1'TDOVmCOtT'I'BDI,'//)
WRII'E(3.276)

276 FOm,lAT(7X,'(j', 8X 'TT', 9X,'S',10X.'TP',7X,'TOIJill',9X,'SPC',
21OX,"AREA1 ,6X, •TotDD' ,Ox, 'D 1 ,8X, ''ll~', 1ox, 'DTVI / j)
IDTQ;;IrQ+1
DO 84 KO=,l,NNQ
IF(NQ-KQ)911 ,910,910

911 CALL EXI'I:'



910 ',~'V-KQ
':r- i'I'!.RQ:-224. 5* (QK+ 1 .)

903 m~'U=o._?
J.;:; 84 )"",1,11T

91<.' '1."11=1
TT~~T4RTT-u~~~~+TTI
I'F{TT)~.' 1.911,8888

868Gj~IT*1,~~05
KKK=NS~l
DO84 J=l,KKK
IF(J,.l )555,555,556

55~- ~!I;.'{)_01
GO -Ie 557

556 GJJ,~,r..1
SS=lJELS.'3*SSJ

557 8~SS
DO 84 KPTT=8,32,8
l''J'T=KPTT

851 nOo,tilf,"?A4..
22 TJ!.1Eoo,['P

S.FC~MTSl'C
DO 84 KTOLER=1,4
TOLEHK=KTOLER
IF(TOLEfdC-2.)601,601,602

6p1 T01ER~2.0/TOLERK
G-) TO 604

60~'I0Lt;n,o.5/(ToLERK_2.0)
60-,!- RRc~,spc/2.

CAIL ~~LFCN(S,T,TTI\ffi,RR,WU)
\'l'02",WU

2222 :EiR=Sl'C*1.5
Old,L 1mLFCtJ( S, T, TW.1:, R.Tt, 1m)
W101=WU
RR=8PC*2.23016
vALL WELFCN!'J,T,TH:B,nIl.,\W)
W1O~=iru
Wl0J~W101*2.+W102*2.+Wl03+4.
DIiS.PCN= ( 114. 6*C;*':11 05) II'
IF(DDSP~-TOLER)88,88,301au ARF:A=(sPC++2)/43560.
RR=R\'f
CALL 1'IELFCU(S;T,THlE,RR,lfU)W1=WU
AL1'I=(114.6?~Yj)/T
RR=SPC
CALL WELFCN(S,T,Tlt1E,P~.ilU)
'1i2=ltlU '
RR=SPC*1~41421
eJ.I.' iJiIT:;?~:{trSl;nIITN~R"~)
ltI3",~JU

W" 'lor ••
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W4~W2*4.O+W3*4.0
DINTF=(114.6*Q*~4)/T
TO'i'DIhW,oI+'Ji t,lYTF
D=(DINTF*100.)/TOTDD
SPCAP=Q/rOTDD
WRITE(3.23)Q,TT,S,TP,TOLER,SPC AREA.TOTDD,D.SPCf~23 FO~UT(F11.2.3X,F2.3.3(4X.F7.3~,2(3X.Fl0.3),3(4X.F7.3))
GO TO e4

301 DELSPC",25.
301 SPC=SPC+DELSPC

GO TO 604
84 CONTINUE

END

.', .
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c
C DETERMINATION OF liO!l-IIlTEfu'ERENCE SP!,CING BETWEEN'•.IELLS
C
C
C T••••• TRANSNISSIBILI'i'Y III GI'D/:FT.
C DELTT4~' •• Ii::..r;EllElil' OJ,' T;i:iJISl'iISSnUITY
C S ••••• STORJ:GE COEFFICIENT
C DELSS ••••• DrGHEi.JEW!' OF S1'01lLGE COEFFICI~lT
a Q ••••• DISCRi.RGE OF THE '!lELt IIi GPl-!
a DD•••.•DRAWDO~~ IN FT.
a TP ••••• PUHPHW TIl-JE III DJ.YS
C .•.,RElJ.••••• 1Ji'Ei, PER WELL ill .WilES
C 3PO •.••• SPl,CUW IH p.r.
C DELSPC•.••• INCRE;'-illNT OF SPJ..OING III F'l'.
o l.NSI'O •.••• INITli.L SP/.OHm III FT.(Ci,WUM'l'ION ST1,RTED 'ilITP.
C THIS SP/_OHfG 'I'H:J! nWRELSED BY DBLSPC SUCCES3IVL~,.
C DEL••••• LIFT Hi FT. CORRESPonDInG- TO DI';SIGN DISCH!,RGE
C DBr,DL••••• mORBi.IEnT OF LIFT IN FT.
C SPC;'~ ••••• SFBCIC Cl.PJ..CITY Ilf GPJ'.1/FT.
C TOLER•....!~LOWLDLE DD AT THE MID.PT.OF SP~CING
C wu ••••. \'lELL FUNCTIOH III THIES SOLUTIOH
C
a

•

•

WRITEO,1111 )
1111 FORNAT( 1H1 !4X, '!!OlTnIT"SRFEREUCE l'!ELL SPWINGS'II)

I'IRITE(3,27 )
276 FOTlf-1.'.TB(5X.'TT I • 9X, •S' ,1 ox, 1TP' .7X, 'TOLER' ,9X. 'SPC' , 11X,_

2' AHEA' ,1 OX,, 1>1.\1' ,7X, 'sPc/,P' )
Q=898 •
.•1lrSPC••100.RW••1 •
NT•• 11
N8:3
ST!.RTTdJ.
DELTT"'o.5
DELSS••0.05
1JNI'J"ilT+ 1
DO 84 l=1,miN '
IF(!iT_l)911 ,912,912

911 CALL EXIT912 TTl••I
TT••ST1JtTT+DELTT*TTI
T••T'1'*1.OJiJ05
K:KE",NS+1
DO 84 J",1,KKK
:~F(J_!)555,555,556555 38=0.01
GO TO 557

-556 SSJ ••J-1
Ss",DELSS*SSJ

557 S",SS

.tt-'hWtr I " -. ,
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DO 84 KPTT=8,32,8
PTTo>RJ'TT
IF(PTr-32.)851 ,852,652

851 PT=P-rT
l'F=PT/2~,.
GO TO 77

.85'2 TP=14.0
. 77 SPC=fJ,SPC

Tli'IE='I'P
DO 84 KTOJ~R=l,3
TOLEltK=KTOLER
IF( 2 .O..TOLERK)601 , 602,603

601 TOLE~O,01
GO TO 604

602 TOLJ'.R=O.05
GO TO 604

603 TOLER=0.1
604 RR>=SPO/2. 'OALL iffiLFON{S,T,TJME,RR,lW)

. W1=WU
DIb(114.6*Q*111)/T
:OOPOJ.I=DD*2.0
IP(DSPCM-TOLER)88,88,30B

88 1~A=(SPO**2)/43560.
RlkIDI
G:C::.r. ',;ELFCn( S, T, TlI1B, RR, WUI
lit 02-tR1
ALW=(114.6*Q*W102)/T
SPOiJl=Q/ fJM -
VRITE( 3, 23)TT J S, TP, TOLBR J spo, !,REi,; AV1, SPe}..!'

23 FOI1Ni.T(E9.3.3~4x,I7.3),2\4X,F11.3 ,2(4-X,F7.3))
GO TO 84

308 DELSPC=25.
310 SP~SPC+DELSiC

GO TO 60<1-
84 CONTIlJUE

END

•
.,' )
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• SlffiROU'.i'UiB WELFCIl(S T,TTI1EtRR,WU)
UU={1.87*(R?~*2)*S)/\~~TI~~)
ERROR;;O.005
TOGo=ALOG( lIU)
WU=-O.5.712-TOGIF(UU_O.01)444,444,77777177 GG=-1.0
NlbO

333 NlJ=NN+ 1
M.=1nT
GG==(GG* (_UU) / IJi
VV",GG/ Ali.
BB;.fLBS(VV)
1m_I'rU+VV
IF(BB-ERROR)414,444,333

444 RETUffi1
END

t
~-

c'0
c
c

CALCULATION OF WELL FmlCTION
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	00000001
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