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..Nfﬁlm and not on the absclute dimensions,
W

One night expect that a poassible solubticn to the indeterminate
_gener&l caue nay be found by considering vthe boundary conditio
at r, = (U . The writer has concliuded, however that the discharpe
will g? zero for any finite value of h, and that the discharge and
flow pattern wlll be indsterminate for h, = 00 , (Appn .«";o) '
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Leplenishment

The sand island, of course is not a practical case, In practice,
a stcady-state flou pattern for an incompwm':nulc‘ fluid canncht exiat
in a bounded region unless the repion is replenishad at the boundar?

The total replenishmont pmst, of course equal the dischar pe of
ell, If § 1is the mnit replenishment ealled “reolonlisimanb”
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5¢ L1l 2 sosg " Lonal onditicn
ISP R 5y | raquir » & golution. Th
: 1 \\/””' wuater is held at the
; / AN helipht . at the radius, r, ,
} . ol the land., Vith the imposi
‘4 Ry, | tion of ithe well having tThe
t i c teristics =, and hy
=k e the steady-state i'low pattern i
T, complebely established indepen.
“___w___“y"’m__'_-:}:_‘s__ Pl N dently of the total discharpge
e > and the permeability k « A
Fiq - inereased value ol k simpl
causes an inereasec in Q »
The pesition of the waber surface and the Tlow pattern-remain unchange
in other words, the flow pattern as represented oy L‘.J and @ is
-uniquely determined by the four boundary valuves ¥y : h.s g s by
If )k is edd to these | Lerac i on the discherge.
Q » as well 11 g on may be stated
¥}
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vhwere tho Inkegral ls talten over boundary of the region, lgquation 3
atatee the Law of continuity In an integral form, 2 :
ohlem riny be made dstermiy a’w by introducing the scond
ag o property of the media, Thus

and one ney welte
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General .- i of ‘c’na law of
- e w B in (in diffeveniial form)
z with that of Darcy icads to
) : Laplace’s G\.ll' ation Jor describ-
1T L ing the flow and hsad p ;an;ter*l i
= | 1 a2 permeable isotropic medla,
\A . Yhe effect of gravity fowx the
e B unconfined case is that the
. ) —_ . location of the upper boundary
N ¢ of the flow region is nol known
o B . in advance. Solution to Lapiace
e ‘ B equation however consi 8ts prine-
V. ——& cipally in discovering mathe-
J Y ' matical functions which satisfy
o o e Y /“\,M.;“ B the boundary conditions, For
T ,__7[_“‘ =7 W the case of a well in unconfiins
W, l , ! H“ ﬁ;sq nedisn. Lapla}‘:?‘?s equation must
e car e a s e e e i rEp be sxpressed in W'l indrical
b rerenr-ataie . & T c~ordinates rather than polar
Fig 2 ©7  co-ordinates because thers
exists & flow component in the ¥ direcction, This requirenent as

a0 'w‘wly to the mathematical
solutlion.

cll us the unknown boundary adds _m.,\.e
difficulties of obtaining a theoret!
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The fres I 50}}35’»91"{, The free bC"‘l‘:ﬁ‘LﬂI’:}" is I-POpl‘GS’BZ“'GuJ. by the flow
surface Y o As a unlt welght of wator moves frow the iso-head

:’;%uu ace qzl to surlacs ¢ p the losg of enargy 1s s equal to

$q Qo= ,f;ci & wTali of Tthe unit r.»::z;?,g;“-. t. called
head; 18 equal to by o wnare p is the pressurse
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: come othar position Y/ less \Jc the
“internal yu it ke patbern would extceed ¢ al('.»n;, v;lf s houever,
i el z‘,z:_::'! 14 i'; net confinad, a-,fat;ei_ﬂ will raise in ths vores;.
Ju:t ag in & piezoneter In a2 confi ing until the [ree condie

. Elon is :1*,1.: iﬁ-xa ]f 2 n=wv valus
1gogaad, wabor arkd draln frorm bhe
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Zhe_lecpaie Sur ace
el j The skeieh ropreoser nts
ks o SR the flow in the regicn
e O SR of the wvell, The sure-
Tl face at the radius of

t

the uell betueen h,
and h _ is called
seepal 8 surrac 5
‘Tinite seepage surfnce
aluways exigts ]

in a2 wnconfin

coeuiss Thi
T A T N ceuUrs as a 'mnjt,.,.,n—
é(-& b, Q,! = tion of the principle

— i A - - of‘ least action, The
4 , ) ;/ valus of’ & at the
Yo [T‘ 4L well radius forZ2<€ ¥
e e i G Tl o7 P el T i ia n,.. but ‘
. ¥
Fie Y hy ¢z hys
of the general case 1s determined by:s .

£ b‘— P):O . P (6)
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vhere h and r are variable co-—ordinctes of the Crec wabler sur-
face determined by measureriont. Ho mabthenatical solution for the
vaiue hs has been found. however one ay rewrite squation 6

S8 =g E‘ h r
s L. SR N AV
I{I"‘_’l_. =2 IP“‘I‘ B § I’w

a—
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h = hy, so that

and for the case where r = r.
7y

N hg
Maﬁ = F? u-_i:-;}.'L‘ = w:\it':«—u_u < '. ( 8 )
ke~ ’ W W . y

as nrono ed by Vaughn Hanser in h-,s dOGuOJ al thesis Zquation 8 wasn
plotted by Hansen on the basis of a number of exper _unan al solutions.
Potorson and Isroolsen added the six ~rp,ul,,_'ms cf Yang mads by
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Another inter- S’fJ»HL t}»eore..icu, fact about the seepags surface
iz that the slope of ¥ = W 13 tangent to the secpage surfacs and
3 that flow lines of lesser values of W intersect the aeepage sur=
& facse at dec neesul( vaiu_e: ¢f slope until £ = hy; wvhere they inter
: gact the well at 90° to thse well boundary. Proof is nst ‘r_;é'.vcn,
The reader is referred to the works of Iuskstl and Hubbert®,
soms Inboresting consejuences are swpiied by Zquation 8. Leti
hl
T8 R 5 ) _ o~ . . - 21
(;)t =2 -~~'::-§ reprosent the free sueface and hold the value of -
ki i .. . _ A ) ):'”’
cc‘nscanf An infinite number of fres surfaces are possible is the
vaiue of \Jt Increasss; the cor: PESpol rve besomes steepsy, The
geenter the replenishment factor steeper is the free
surfdce curve. All of these curves thecrcbically oxtead to »r =0
Thoe values of T and kg, for the sand Island are sinply particula
values of r and h with the sxcepiian that the infiow swweflace [or
the island la a vertical cylindsy r v than the curved ise<head
surfaee of the goneral case. The gr is T ithe closer tae
an-roximation of the sand island bec
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_ Dupritis Solution
The classic solution of Dupult, See #ip, 2, Involves three
approxira btions. g X
(1) That the evwss-sectional arca at right ansles toe low
‘ at » is Z9'r h and
{2) tuat f'ht; piezomotric gradisrnt across sueh o cross sectio
is everyunere dr/ih .
(3} that h Tor 1y 1s hy rather than h,
4 3 fee Siow ol bono: cneogs (luldds threish ripoen dit... few York
N (e 1Y 1937 : . o -
o Liecry o 113t datop rotiond _ losr o i : HYV =t 4
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iors of the ssiid island are .ntroduced
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In spite of its thecreticel shortcomings, equation has veen
found Hy expari : o give correcht wve discherge within
normal crrov of measursmeni if one 100 varisble limits

I
r and b -

(12}

Substituting the wvalues of Q firom equatien 12 into equation 11
yilelds the Dopelt dravdown equation "

ax

o -
(h().“ ea 1}1.;(" ). ok }1»,;..2 (13}

Zauaiion nj gives accurats resulis for the position of the free
wator surfacz at fairly large distoances from the well but is
1naccu"t‘at,n naar the well. IS5 has been sald ©6 Ls accurate y
for the niezmesiric head along the botion impermesble boundsry
and Harzen hag advanced theoretical rcasons Tor -bhls.

Sclubions Considering cplenisbrent

Poterson andl Isgreeisen 1950 propes
for threeo cases of repleniszhed wsllis sy
involve a degree of avproxinztion,

:ed golutions of equation 5
stems., Two of these solutions

The Vertica llv roplenished well.- or the symetrical well replenicshed
only by Tlow vortically inco the rogion the rollouin. sclubion s
nroposed., Uaation 3 yields ‘

\

- g, - a5
Q = 2 (Yo~ « Pw™) or approximately o = WZy (1:'<.-w)2 {(14)

t and is ths unit replenishment for the case undar
the totel discharge. Proceeding as for ths Dunulf
n _

if &9 g constan
dis cus. Fon. 9 ie
solution onc obvtalins
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> \'ira I‘

(3 © ?ﬁx‘rllﬂﬁ (15)
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fubstituting the value of ., fron equation U into equation 15
i Intepresting between the Linmite r, , 2, and hw » he yields
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<
&
e

5 = 2
., e lf: e 1 (I e

A Ty Tk
Sy intreduclng tha aopproximats relstionship Q =464 Te ™ and nakls
: § 2 & B 0 Sile
the apnproxination
= - .
s ¥ T = 2 {?
rh 2 fu 'LG
ot may reurits equation L7
(13)
2
L4 L J
Or .
T 1 - - ~

2 s y
Iﬁ
A ° v & s =
If the substiituvkion ¥, = «ix; 18 nmade cns obtains from

Q & - T 15 L e et aA T LS - PV (2())
- Pe
in =--
Rt

The dilischarge fovr iths vestically replenished well is thereforg the
s 11 with radiva 1.6L3 (g 1/2)

me ag for a conventlonal Dupuit wall
es the radius of ths aciual well,

- 2 ~1 % =" b) = 2.
arisbles » end h. as 1L

1 5 %
itubing the resulting valus of - Q

o
o
]
1o T3
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e}
ct
Eq-‘
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-and subst
equation

(21)

e
) . > 0 e hs f 7~ /:‘ T ~ L 7
results. DBy substitubting vy = & L2 ¥, » oquation 21 may be
transforned to




way be
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this transformation the curves of Fig. 5 may be utilize © solu-
tion of Lhe seepape face for The veritically replenlished well,
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hrougn the unconsolidated sediments of
the discharge of the well at steady
copied by the region of infiuence

If the water fleuws
valley vith a slopc of
flow equals the water in
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synmetery of the
m 1ls somswhat dizlorted:

sysoen g
howyever this will be snall
because i, is normally
griall, A funectional relation-
ship of the tyme of ecuabion 5
may be {found by solving
eqguation 23 s 1v"1ccrﬁcr~=y
with tho Dupuib equation
to ottain
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Ly ,et Gy eaqual the discharge origlinating fron Vortical

i e P o . - ; iy
__replenishrent and Qp bthat originating fron horlzgntag replenishrient,
Then. O, = o % 0. for .a stesdy-sbate well. Lot ' = ? « ror this
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1 A sinilar method of treatoent consldering rvnl{nzalront hoa also
beon auppested for vells In confined nwdia,

<



-~

cage the fol lowing foimulas rmay bs
to that for the vell sysitem rechar

= 4
; Ty (Pe? . )
\( . u-»:.cax--r.m
in Y& . X%

]
W

&

w

i
ot

hi: sysiem mey be trausformed to the Dup '1’: sys;;en in

7
neighboriioad of the well. by .rmo..'.;;- 2 the trans

., 2
/ *':. e
g o e
Ty ° - VP
. -

if stead ¢ : 1la
$ 1 4 PR . o T R 0 R | ..'.= - s o,
ig 8 charactapistic of tae media In 'nc.. U;u s-?_,-;; t,f:z'z exis

n vdst A ! :
ins !;n¥i1cunb antd Bhe gupply ko 1 bime., but net
indefinitely, This Yact is recoguized and ic:urnced tor by

unber experts,

¥ G |
'

= - FN A ) = - &% = - ~ ,«. = - g X,
nouwsver, the 1deal cagss wmay e a rceasonavly (oo

" s ) G | "~ g~
1;'?-0 -»'.r"t;'.tl' Cds*.:;,

steye= Yhe ratio g rh.z' seenl bo have
in well flow, 'or any particalar
nn infintte rumber of valucs 60 S p
upon tho nannee of :
conditions, ‘oac  roaskbor t

eone of nfvtc:z--' s 1gpaelsen and Je

16 ri_’_ufli aanrITi. O t;:‘.‘ﬂ.}

=

‘nararieter 104! cs the secponsy of o waell Yo ils S aATInY kde s b

sorh :u‘;':‘z ?,.sv\, e s oghed thal it be designated th Aroles Lot

numeer or sivnly "iivdrolopie” runmber A Covionies

chirabed that this ~aramater Is simply the ratic of 2 Pronde  numdep

to the Jaynelds noaber and 18 anecpdingd reinbive

Ihk@ertoncy of the Ingrtlia Sorges 1o 90 rorces.
STy Ty g aareel Bt BE Ln deaiona

f 1
he valuz of Ofk ry~ 5 the -stespor
Loraon have su pested tha

may bs ond
.

o natiienatical csses heroin reporsed aro rvewggnliied bo
ldeallized., Ratweal cases are net thus., In many ine

{

the

3.
ne

26}

nees,

aprroxination

1
<L
IR

t Livis

3, -
L St

v lary



liypothagls: Mor a sand |
3 be zero Tor on s
and the discharge and

Nt 8 3 on P2
~riipate if h, 13 infin
”""t‘\m_“
-\\'P <7t
T
}
% al Ty
\\/
W | ¢
¢ Enmm e S I )
~—— !
7 I E—
v T A L S S e
B 6B i
et
i
...—,.-A—_._,W_‘.‘ ——
e '3 e
Tpom Dare .
- PR T = M
Q = IgLGETIRE L
“) - :‘l -‘., «5{-
() / !1 3 o
*
g3
3 R
axl for an infiaive voluc of
o
i 5 5y
2R / ,/.7 AV
":..’?'.,, [‘v.:..'

~
ot
S
<
b

flow pabte
2 L‘ T )

oLy L e

for

5 2
savig

“d

=
-

R
{4

vaive of n at -
e flow paltern

ite at the infli racinus

Th

bu

inf

I'ror . i

ltn::"u it aa S'x,l’-'t:') tions beconas moro

ear Ly : LEsuria !"3 g
2 d,,g tance such that the 21 {ect
of’ the Du ¢ apnroximations

, "
ara nagli

3

o cage for a finite value of
-~
- £
~T" VY e %
f Yy | e i P
9. P U 4 - - . - Ay
.l
—— ) a5
¥ I ,--___,__,_,__;;,),_1
-
o - v Y
5 PV, i il
~ G-
2 R ) . 5
19 (o £ QIS e 13

AoeYw




g of Steady-State Wells in

fSome Remarks on the Hydiaulic
eterscn, Jr.

¥ 2
Unconfined Media", by D. F. P

A

Pieass make the following corrections:

Fig. 6 and Fig. 7 Appzndix

In Figs. 6 and 7 A»pendix the gymbols H, and H,

signify the parameter —=— in both casz28 so that the

6, Appendix, the sywbol q

- . = = T | N ¢, 0na, - ™Twe . %
Insert the word MiAppendix™ after "Piz. 5" on the last
2 B P I
line of page %

Add the fcll

A Y Yot v s

paragrapn: "Using

juation 20 to yie
< DL on PRy T

in I".‘.&h 6‘ ﬁ.p;);;l?.} A

o

First line btelow ecouation 24. Changs Fig. 6 to Fig. 7
Appendix..
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