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ABSTRACT

Darcy's law has been currently utilized for deecribing
flow of groundwater, but it is not suitable in certain
cases in which high hydreulic conductivities and/or bdbig
hydreulic gredients are involved, that is why it has been
necess to look for nonlinear 1“6 to describe the flow.
The nocnlinear laws p ogsed by different investigators
have not been satiasfactorily related with the hydreulic
properties of the media, but the author has found exprees-
sions with coefficionts that are function of intrinsic
hydrsulic properties 2nd has established the basis for

iving 8 new general nonlinear approach to groundwater

ows Soms of the research results sbtained by applying
the new nonlinear approach that can be wseful in tha elis-
ing and construction of water table drewdown systems in
mines are reported, such as: the new criteria for the de-
finition of the exlsting regime of flow; the generel pic-
ture of the flow towards a pungini well and the dstermi-
nation of characteristic radisl dlstancesin the flow
field around it; the new equetions for enalyzing steady
and unsteady nonlinsar flow towards wells and the new
equations for describing steady nonlinear flow towerds
galleries and trenches.

INTRODUCTION

Darcy's law has been currently utilized for describing
flow of groundweter. This lew, that established & linear
relationship between velocity and hydreulic gredient ia
not euitable in certain cases in which high hydreulic
conductivities and/or big hydraulic gredients are involved
that 1s why it has been necessary to look for nonlinear
laws to describe the flow. Until recently the ecuestions
obtained by different investigators have not been satis-
factorily related with the hydreulic propertiee of the
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media, 4 result of hie regearch work it hLhazs been pos-
glble for the author ¢o ¥ind sxzpressions for the non-
iinear 1w of flow in which the coefficients are funci-
den of intrinsic hydrauliic propertiss »f the medis, and
to establish the besis for glving & new genarel noniine
sar approsch io groundweter flow.
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In thie wey the monomiel expressicon keeps the form of
equation 1, but being possible now to express &g &
function of k and C; &nd the binomisl expressioll of the
law takes the forw:

I ;k U«

c

2
el (3

whare: v, ¥inemmtis wiscoeity of the fluid
g, @&cceleration of greavity

The new monomisl form of the law as well as the binomial
include as @ particular caese the Darcy's law (U=E;I).

As it is known, in prectice, it has been cuatomary tc uti-
iize instesd a% k, the Dmian hydraulie zonductivity @g
and ths Darcian transmissibility, §R=n (where m=salurdi-
ed thickneas of the aquifer), as chireetfSristic hydraulis
roperties of the media, alihbough thsy are dependent on the
gl 4 viscosity.

By analogy with the Dnmia? enductivity and treansmissibi-~
IZty 4% bas besn defliped QST the turbulsnt hydreulic con=-
ductlvitg Egp and the turbulent trenmaiseibility, Tw;
establishing besides the following functional relstidn-
ships of the 4ifferent eonducitivitises with the imtrinsic
properties of the mediac

r 1
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K, = B (%)

Iy = E%i-r t6)

where: Hpy, W¥ard's Bsynoids number (Np, U sy )

g combining aquations (%),{5) and (6) the binomial law of
oy can be ezxpresesd 4

U e

I*-%-’*«T &
B

On the basis of the mew expressions chbialped for ine non-
linear lew of flow in monomial {equatism 1 cembirsd with
6q 4) or binomial form {e¢quations % end 73, 1% hes been
possible to devise a newv theoreiicel besie wiith nonlinser
spproach for groundwater hydveuiics. This more generel
Spproach mekes 1t possgible %o epallize bepides 8¢ particu~
iar ceses the situation in which Dareian £low occurs.

The concepts sstablishad above are ful spplicsile to
loose clasiic padimente and to frectured rocks with fine
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structure, and although in the casse of other frectured
rocks the continuum approach cannot bes applied without
reatrictions, there are many capee in which the results
of fleld tee{e in cuben carbtonate rock aquifers conform
fairly well with the analftical expreseions derived frem
the binomial law of flow [5] ae represented by squations
5 and Te

NEW CRITERIA FOR THE DEFINITION OF THE EXISTING REGIME
OF FLOW IN SATURATED MEDIA.

The propossed binomial equetions are best suited than

the monomial for describing the flow within ample renge
of gredients, and that is why can be considered as "exsct”
genersl laws of flows These equations cean be reduced to
monomial form in two pearticular situatione [6]. Yhen N

is little enough, the flow will be linear and ths secd
term of the second member of the equations may be can-
celed, cbtaining the approximate expressions:

U
I—Y"u-.g— 8
= z = (8)
in which we can recognize Darcy's law,

¥hen K is large enough the flow will be turbulent, and
the figst term of the seccond member of the squations mey
te cencelled, obtaining the approximate expressions:

1= _y2:.Y (9)

ext =3

in which we can recognige the pure turbulent law of flow
ae propposed by the author before [7??

If we accept an error, B, ip tha epplication of the ap-
proximats lews represented by equstions & and 9 sas com-
pered with the binomial exact nonlinesr law, it is pos-
T%?le to establieh the following ecritical Reynolds numbere

g (10)
I (11)

where: “RxD' Ward's Reynolds numbsr for the higher 1i-
mit of application of Darcy's lew.
Npxrs Yerd's Reynolds number for the lower 1i-
it of epplication of the pure turbulent
law of flow.

In fleld prectice it i1s not easasy to determine the places
where these valuee of N_. occur, nevertheless it is easy
to measure hydraulic grgsients that is why we have deriv-
od expressions that for a prﬁc{ical value of E=0,05 give:
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2 Ty 2
= 0,05 (—TD-— (12)
2 T, 2
361 T >
I = = 361 (1%)
ert g ck 2 D

where: Iord' critical gredient corresponding to Nm
Icrt' critical gredient corresponding to N

The exieting regime of flow will bs easily determined by
comparinon of the exieting gradient with the critiecal
values obtained from equations 12 and 13

GENERAL PICTURE OF THE FLOW ARCUND A PUMPING WELL

Applgng the concepts of criticel gredients and Reynolds
numbers referred above to the flow arcund & pumping well,
it has been possible to define the Darcian redius, r

and the turbulent redius, rs, &s function of the &13855:\-
ge of the well, Q, and the Rydreulic properties of the
aquifer [8]. These radii for E=0,05 are represented as:

+ T
- G . _ 8 . & .. D (4
™ 0,05 ¥ 27 a 0,11 ;T
+ - T
Ck ) D
DS st =
T 19y 27a 5% 2 (25)
Consequently, for E=0,05 it results:
T, 2 380 pp (16)

By a simple comparison of rﬁ and rq with the well redlus,
r , it will be possible to determifie the Adifferent regi-
e8a of flow existing around the well and the correspond-
ing zones limited by the values obtalned forug and r
for each Q. In this a comprehensive pict of t
flow around the well will be obtained, determining also
if it is adequats to utilize linear (Barcien) concepte
for analyzing the flow or it ia necessary %o use the
nonlinear approach.

NON-LINBAR F1O¥ TOWARDS A PUMPING WELL

Until recently the analysis of nonlinear fiow towerds
walls has been done utiliging almost exclusively the mo-
nomial exponential form of the law of flow [1]. The re-
sults obtained were greatly limited in their lpglication,
because K , can o be considered as a conotant within
narrow ts [3]. In the other hand some investigetore
{9,10,11,12] utiliel binomial laws of flow have obtain-
ed equntlona for nonllinsar steady flow towsrds wells but
they failed to ident the coefficlents of their eqgua-
3::1. with charecteristic hydrsulie properties of the me.
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Ap pesnuli of the research dome by tne awthor [3,13},

eguations with 8 binomial approwch have bssn e‘b{a:{md
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Although equations 17, 18 and 19 have been deduced for a
confined aguifer they can also be utilized in unconfined
aquifers o nlativoiy large satureted thicknesas.

An i.-gomnt consequence is also derived from appling
equations 18 and 19 to the drewdown at the pumping well.
It is, that contrery 0 the accepted assumption that the
nrinhoms of dlameter of the well 4o not affect tho dis-
charge or the drewdown; whon nonlinear flow occurs it is
evident that those variations of the dilameter, influence
both; drewdown and discharge (3.,17].

STEADY NON-LINEAR FLOW TOWARDS GALLERIES AND TRENCHES

The flow towards galleries and trenches occurs in general
without great variations of the hydreaulic gredient along
the direction of flow, that 1s why the exponential mono-
aial approach as well as the binomial can both be utiliz-
ed in the analysis of nonlinear flow towards these water
abstracting structures.

We will consider here two general cases:

e) Galleries and tremches penetrating the full thick-
nees of the aguifer

b) Trenches penetreting only the upper part of a deep
aquifer

The analysis will be done for steady flow utilising ex~
ponential and binomial approach, in confined and uncon-
fined homogsneous and isotropic aquifers.

GALLERIES ARD TRENCHES PENETRATING THE FULL THICKNESS OF
4 CONFINED AQUIFER

In this cese achasmatically representad in figure 1 the
flow towards one of the esides of ths structure, can bve
expressed as:
q=UA = Un (20)
94 * 29 (21)
where: q, discharge towards one slds of the gallery or
trench per unit length
A, flow area per unit length of structure
Gy totel discharge through both sides
If we introduce into equation 20 ths corresponding velue
of U in accordance with the law of flow considered we will
obtain the psriinent equations for celculating qe
Analysis with the exponantial leaw of flow.

By referring to figure 1, it can be seen that: [1,16]

20f
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= LGB
I - (22)

where: h, plegometric level of ground waitsr at the
distance x
x, distsnce moasured from the fece of the
gallery or trench

By convenienily combining equations 1, 20 and 22 we can
obtain the Qifferential equationt
1 11

u-aa§@ (2%

Integrating equation 2% within the limits h=h, h=h_;
x=0; z°x, we obtain: a &

Q== xn( ) (24)

For the particular cese of linear flow, K =K, &nd n=l,
trensformwing squation 24 into:

h-h
q= e K(—5&) {25)
In the ean of pure turbulent flew, K =Kq and n=0,05,
resulting in heh
T8 x,(__.&_x ) (26)

Apslyeis with the bdinomial law of flow.

By conveniently combining equations 7, 20 and 22_the
following differential equation is obtained: [16]

2
%'lg’ -22 21

Integreting equation 2% within the limits hth h=h_,
=0 and x*x, we obtain: €

-h=S=—3——+—%——)z {28)

where: Ss, drewdown &t the face of the gallery or
trench

Bquation 28 1s of generel application to any type of
flow {linear or nonlineer).

From aquation 28 we can obtsain:

20%
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oy 4x, 8,
q-‘Tﬁ“*J:r%g"‘;rfg"“ o
<

GALLERIES AND TRENCHES PENETRATING THE FULL SATURATED
THICKNESS (F AN UNCONFINRD AQUIFER

In this case schemtticelly repreeented in figure 2, tha
flow per unit length towsards one elde of the structure
through & satureted crose-section of height h, iz expres-
sed ag:

q=UA =Un (s0)

Utilizing DPupuit sssumptions and convenisntly combining
equations 1, 22 and 30 we can obtain the differential

P 13
Q" &x = K7 " an (31)
Integreting equation 5} within the limite h=h, h=h_;
z=0 and x=x we obtain {1,16] g
n
‘nrnl*%-bl‘ln 1 (s2)
q= I I 3
l@+3)=

For the particular cese of linear (Dercian) flow, equation
24 trensforms into: ‘D

- 2_,2
Q _E-(h h‘) (3%}
In the case of pure turbulent flow, it results:

[ ni- 3 Tt
q*® Itt——-h—.l (34)
L 3x
TRERCHES PENETRATING ONLY THE UPPER PART OF A DEEP AQUIFER

In this case represented schematically in figure 3, the

flow pattern permits to consider ag if it wers through e
semi-cylindricsl gurfacs. Then the area of flow per unit

longth will be:
A= RlE 7y (35)
and the total discharge per unit length:
qq = UA =xTU (36)

203
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The analyais can be made with exponentisl or binomial
approéchs

Exponential approach

Taking into account that I=dy/dx, and conveniently combi-
ing egquations 1 &nd 36 it results that [16]

PR :
g x % ax=(TK) 4 M
Inte ting equatlion 37 within the limits z=x,, z=%,
ysyllz:d %yzqw obtain nl’ 2
PR | 7277
G MRy (€= B —grf—ty (58)
L L 5 -0
Bquation 32 can bs utllized for any type of nonlinear flow
&Bin L 0,05)e For n=0,5 {pure turbulent fiow! it results
:

xz, peny) )P
j (39)

W"%[ o
4 close examination of eguation 38 reveals thet it eannot

be vtilised the case oF linear flow (n®l)s It cen be
dsmonstrated [16] shet in that osce!

M Ep (3,=¥y)
=
% X0/%y (40}
4% the trench; z 1s sssumed t0 be squal to the redius of
ths half-cylindrical drench of the asme flowesntrance ares:
that s
¥ =r= (We2e) /7 (42}
Bincmial approach
Taking into aceount thail I=dy/dx, and conveniently combin-
ing equaticns 7 and 34, the following diffaerentisl equatiion
resuliis:
2
9 (42)

q
&R B

Integrating squation 42 within the limits y=yy; FY=¥,,X°X
and Z°Z,, We obtein: 1 e

2 .
s T SR e
-~ - 1n e
I iz s (43)

i Kg. EyZy
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Equation 4% is generel and applicable to any regime of
flows A close exramination of it allows to recognize a
Darcian component and & turbulent (quadretic) component,
The valus of qq can bs sasily deduced from this equation.

In practice we cen assume that the quadretic component is
nill for Darcian flow and then squation 40 will be obtain-
ed from equation 43, In a similar fashion it can be eup-
posed that the linear component 1s of no account for pure
turbulent flow and equation 39 will be odbtained from eque-
tion 4S.

CONCLUSIONS

Due %o the high hydreulis gredientis and/or large hydreulies
conduciivities involved nonlinear flow can occur during
mine dowatering operaticns. The research results presented
will permit to determine the existiing regimes of flow and
their extension sround pumping welle, trenches &nd geller-
jes, and ths bshavoiour of esch tygo of structure by ap-
glm the corresponding equation. They preovide &n important
heoretical and practical information t can be utiliged
rortthq siging and oonstruction of water table drewdown
syniens.
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List of Pigures

Pigure 1:

Figure 2:

Figure 3:

Trench penstreting the full thickness of a

confined aquifer

h/ Plezomsiric head at distance x

hgl Plesomctric head at the face of the
trench

h,/ Plezometric head without abstrection

a7 Aquifer's thicknass

x/ Distance from ths face of ths trench

xo/ Distance from the face of the tranch
to the place with zero drawdown

S§_/ Drewdown at the trench

Trench penetrating the full saturated
thickness of an unconfined aquifer

h/ Saturated heigth at distance x

x/ Distancs from the face of ths trench
hsl' Depth of water inside the trench

Trenck penetrating only the upper part of &

desp aquifer

8/ Depth of water insids the tremch

x x2/ Distences from the center of the

1t {rench

¥1sY,/ Distences from the free surface of
water in the trench to the phreatice
level &t x, and 2 respectively

¥/ Trench's width

207

Reproduced from best available copy



IMWA Proceedings 1982 A | © International Mine Water Association 2012 | www.IMWA.info

7
ps

T T 7
AN

WW
L2 4
dx
—— m—— — e — —_— R e e ——
—= = h
h
o
g i g A o e e g e,
Fig. 2

209

Reproduced from best available copy





