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Consider steady infiltration into a homogenecous 801l profile
with a crust at 1ts surface. In the cruet, the flux q is gi-
ven by:

q=Clh,— h - (1)

where (‘A ie :he conductance of the crust, and hc and h are

the preswure heads at the top and bottom of the crust. In wri-
ting (1), the difference between the gravitational potentials

ut the top and at the bottoa of the cruat has been neglected.

For s profile without e crust ( a = . Por a profile with an
impermeable crust [ = 0. The steady flux § in the =o0il ia

given by:

g = kih] (2)

vhere k[h] ia the hydraulic conductivity of the snil st the
pressure head h . In this paper I present a elmple, graphical
analyeis of flowe described by eguationa (1) and (2}). Referen-
ces to earlier work are civen elsevhere (imats, 1973).

Plota of equaotion (V) for a rkiven cruat with s ziven presay-
re head st its surface and of cquation {2) for a given soil arec
sliown in fimure 1, _gu:tlon (1} deccribes a stralght line vith
slope ( and intercept h, on theh-axi&.Zquation (2) corree-
ponds to s curve which is pimply a plot of the hydraulic confuc-
tivity of the 801l versum the presesure head.Any intercecti~; (+
such a3 :treieht line end ouch a curve descrites a polutio- of
tauatior: (1) and (2). The rate of fnfiltration and the o jrop-
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ponding suborust pressure head are, respsctively, the ordinate
snd ths absoissa of the point of interssotilon.

For a given soll and & given orust, the maximus, steady ra-
te of infiltration in the sbeence of poded water on the surfe-
oe, q,, 19 resched when h,= 0, With h, = 0, squation (1)

" desoribes & streight line through the origin, Two such straight

lines and plots of squation (2) for two soila are shown in £1-.
gure 2, The maximum, steady rates of infiltration and the cor-
respobding suborust pressure heads are, respectively, the ordi-
nates and the sbecissas of the intersections bLetween the struight
1ines snd the surves, Note that in soile with & large reduction
in the hydraulio oonduotivity at pressure heads slightly below
sero, s erust whoss conductance is large may #till have a o#i-
guifisant offeet. In other words, just a slight orust may osuse
the large pores to resain emply and thus considerably reduce the
msaxisus rates of infiltration,

Lot B % the rete of reinfell. If R ¢ q, the rain is clas-
#ified o8 nom-ponding and if R >q, = ponding. If R > qp,
one can distinguish further s pre-ponding phase and o post-pon~
ding phess. This gensralizes the olsseification of Rubin (1966)
for soils without crusta. Por non-ponding rains h,< 0. of
course, if water 1s allowed to sccumulate on top of the crust,
then the rats of infiltration will be larger than Qy °

The dimenaionless flux q, pressurs head h_ and hydraulic
oconduotivity k., sre defined by:

B

du= 4/X ., b=-h/h, , k.= k/K (3

where K is the hydreulio conductivity of the moil when h = o,
and h, 1s the oriticsl pressurs hesd defined by (cof., Rasts and

Gardaer, 1971):
b= H| k[ h]dh

K (4)
In term of dimesnaionless variables, (1) and {2) become:

v

q.= c.(h’o_ h’} (5)

9= ky[h,] (6)
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where the dimeneionless conduotance C. 18 defined uby:

C.=-h C/K N

Values of h, may range from ~10 cn for u coarse sand to about
=100 ca for s clay. Typlcal values of ¢ and K are such that
C, oan be of the order 1 but also seversl orders of magnitude
emaller. In the following 1t will be shown that, 1if for a gilven
coabination of soil and crust €, < 1, then, the crust will ei-
grificantly reduce the maximum rate of infiltration,
A versatile, empiriosl relationship betwsen k¥ and h ia gi-
ven by (of., Reats and Gardner, 1971),
. S
(h/hg )"« 1 (8)
whare h,“,l is the pressurs head at which k =%K. The critical
pressure head h. corresponding to (8) s given by {(Raata and
Gardner, 1971)¢
h,=

—n__
nsin (A/n} DK (9)

Introducing {9) into (7) gives

nt/K
Co= - nsin(azn) MK (10)
Plote of equation (5) with h,, = 0 for several values of C.
and of equation {6) with (B) for n ranging from 2 to 16 are
shown in figurs 3. Por Ca = 1 the dimensionless flux ranges
trom about .45 for & soil with n e 2 to about .85 for & soll
with n e 16. Por C, « 10 the rangs ia .9 to nearly 1, while
for L.= .01 the range 1s .037 to 0.01). Note that for [, = 1
snd 10 the soils with low values of n are affected moet by
the crust. Betweesn (e = 1 and ,01 this trend gradually reverses
itealf.

The same grephical procedure can be used with other empirical
relationshipa between k and h {cf., Haats and Gardner, 1971},
including the relationships used by Hi11lel and Gardner {1969},
Of particular interest is the form

k -—-Ke"h (11}

7

A Pans-

The oritical pressure head h. corresponding to (1Y) 18 giv o
by (Reate and Garaner, 1971):

h, = - 1/a (12)
Introduslag {12) into (7) givee:

C.m C/akK) (13
Introdusing (11} into (5) and (6) gives:
e ' . £
CJ"'IT' . “Tnq; (14)

Plote of h, and q, es functions of (, according to {14} are

shown {in Tigure ¢,
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Summary

Crusts play s key roles in determining the amounts of runoff
and erosion and in the perforesnce of septic tank drainege flalli,

81487 Ta this paper a simple graphical method for anelysing

stoady infliltratior into orusted solls haa been developsd. The
results olearly show that the reduotion in the rate of infil-
tration csused by a glven cruss depends on the hydraulic pro-
pertiee of the underlying soil, It is shown that any cruat/
80i]l coubination may be characterized by a single paramster
whioh is equal to minus ths product of the cruet resiatance
and the so-called critical pressure head of the 801l, divided
by the hydraulioe conductivity of the soll when saturated.
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Résumé .

Dans un eol la croute de surface joue un role déterminant
dans 1'importance du ruisssllement et de 1'éroeion, et dana le
rendement du drainege des fosseo saptiques, Dans cet article,
on préeente une méthode graphiqus simpls qui permet d'analyaer
1"infiltration en régime permansnt dane un 80l avec une aroute,
Les résultats montrent clairement que la réduction de vitesce
d'iofiltretion due & uns croite dépend des propriétés hydraulj-
ques du 80l en dessous. On montrs ds plus que toute combinai-
son croite/eol peut dtre caractérieda par un simple parambtre
qul est dgal & 1a valeur négative du rapport du produit de la
réeletance de la croiite par la charge critique du sol sur la
conductivité hydraulique saturée du sol.

Zusammanfaasung

Dor Ausmass des Ablaufe und der Lrosion sowie das Punktionle-
ren ﬁborhaupt von Versickerungsanlagen fir Abwieser werden haupt-
sachlioh von Bodenkruaten beatimmt. In der vorliegenden Arbeit
wirdes oine sinfache graphische Methode zur Analyse der Dauerab-
sickerung in verkrustete Boden entwickelt., Die Lrgebnisse zei-
gen eindeutig, dass die Jewellige durch elne bestimmte Krusts
verursechte Verminderung der Abeickerungegeschwindigkeit von den
hydraullschen Eigenschaften des darunterliegenden Bodens abhan-
gig 1et. Es wird dargelegt, wie Jede Kruste-Boden-Kombination
durch einen eingelnen Parameter charskterisiert werden kann.
Liessr entaprioht dem negativen Produkt deas Krustenwlderstands
nit dem sogenannten kritischen Druckiberschues dee Bodens, ge-
teilt durch den hydraulischen Leitfahigkeit des wassergesattig-
ten Bodens.
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of the water pulential on The inteeiuce beiween tiw vl aid the s,
the water cuntent profiles. sind (e cumulative vidume of water
ahsorhed.
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ly, experii hare been p t for the hord 1 How
of water by 50l with 8 surface crust and compured o an unalylicul
model. It was found that the water content at the surface way con-
sistently Jess than predicted by ubout a 1% water content. Such =
wall discreponcy mey seem to be more af thevreticnl rether than
practical inderest. In fact, due 1o the rapid varintion of sail properiivy
Sear saturation, & very small ervor in water content af The surfuce
implios that the mudel is uareiiable 1o predict the relationship be-
Iwern comulntive absorprion and sall water content at the roil yur-
face, especlally in the early stages of inlilirstion. A new model is
developed here, hased on an optimai principle. The resulty from this
medel are closer 1o the experimewial sbservations, but soume dis-

panty ins. To eliminate the possibilivy of cxpesimental error
» simple th ] ple is alvo idered, where an cxact so-
iwtien existy, which illustrates in deaail (ke aceuracy of the vptinal
model.
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Steady Infiltration from Line Sources and Furrows’

P. A C. Raats?

ABSTRACT

Steady inkiration from sn armay of equally spaced line
or | at the susface of & sersh-inkinite sail profile
Is analyzed. The discussion is based on the assumplion that the
hydraulic ductivity iv an ind 1 ion of the pres.
sure head. J¢ is shown that, under this avsumption, ihe matric
fux potentisl aod the stream function for plane Bows suthiy
the some linear partial diflerewlial squation. Explicit expres-
sdoas for the siream function, the Bur, the matric fux potentisl,
the prevsure head, and the total head are obtained. Soma impli-
cations with regard te fwrow lerigation are discussed. The
selution provides & rational basis for the discuasis  %of leach-
ing wnder firrow Rrrigation.

Additional Key Worde for Indexing: partially b il
plane fiows, matric fux poteutial, stresm Iwnction, furrow krri-
gation,

NTEREST in iwo- and three-dimensional movement of

waler in panially d soily is i g rapidly.
Analytical app hes 1o such probk have been re-
viewed by Philip (1969). Resistance neiwork analog and
digital computer wlutions for Iwo-dimensional steady flows
have been reviewed briefly by Bouwer (1969). Whisler
(1969) analyzed sieady fNow in an inclined soil slab with
an cleciric analog. Digital computer solutions for some
Iwo-dimensional transient flows have been developed re-
ceatly by Ameirman (196913, Hornberger et al. 11969),
Rubin (1968}, and Taylor and Luthin (196%). One may
expect that large computcrs and improved numerical meth-
ods will enable future development of numerical wlulions
for ient flow probi of practical sizes. Advaniages

' Contribution from the Corn Belt Branch, Soil & Water
Conserv. Res. Div., ARS, USDA, Madison, Wis.. in cooperation
with 1he Wisconsin Agr. Lxp. Sia. Appeoved for publication
by the Birecior of ihe Research Division of the College of
Agriculiueal & Life Sci . Univ. of Wisxomsin Received
Mar. $, 1970 Approved June 1%, 1970.

* Research Soul Scientist (Physica), USDA, Madison, Wis.
and Assisiant Professor. The University of Wisconsin,

*Amerman, C. R 1969, Finite difference solutions uf un-
seady, two-ii ions), partiall } potous media flow.
Fh.D. Thesis, Purduc Univ., Lafayetie, Ind. 221 p,
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of analog and numerical solutions are that actual soil prop-
erties, and complex geometries and boundary conditions
can be dealt with. However, it appears desirable that ana-
tyticul and amalog of numerical studies be pursued side
by side. Analytical solutions, even if they are based upon
simplifying assumptions, usually have the advantage of
showing more clkarly the siructure of the flow and its
e pee upon g 1 izing 1he soil and
the flow geometry.

The main purpose of this PapEr is 10 present an analyti-
cal solution for fiow from an array of line sources st Lhe
surface for a soil whose hydraulic conductivity is an expo-
neatial function of the pressure head. The resulls show the
main features of sieady furrow irrigation.

PLANE, STEADY FLOWS

Letx,y, zbea rectangular Cartesian coordinate sysiem,
the z-direction being the vertical direction. Consider a
steady flow, which is plane with respect 1 the y<direction,
The balance of mass may then be writien as:

Hu Hw
?+?_‘o {1l

where # is the volume of water per unit bulk volume, and
u and w are the components of the velocity in the x- and
z-directi respeclively. Expressions for the components
of the volumetric flux are given by Darcy's law:

aH _
i = —*"a';- w = * T lzl
n - -k
= -km 3 = -k + k)

¥ [
—D{ll-é-; - Dl T kN 4

where & is the hydraulic conductivity, H is the total head,
which is the sum of the pressure head A and the gravita-
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tional head — = {ie, # = h z), and I = keth/de i the
diffusivity. W is sssumed that the steady How iy established
through monutonic changes in pressure head, so that hys-
leresis need 5ol be considered.

The forms of [3] snd 4] suggest the iniroduction of [
potential ¢ defined by:

L] 1]
.p,-ifu.m. 2_’;0131“ isi

where B, und 8, are reference values and ¢, = 84,). In
lerms of ¢, Darcy’s law may be writien as:

i )
bux 2L w= -kl e

AL uny unl the (juyx may be regurded as the sum of ]
malric component and of o gravitational component. The
malric comparent is given hy the gradient of ¢ aml, there.
tore, it iy appropriate 10 call ¢ the mairic fiys potential.
Equation |5) implies that surfaces of tquial pressure head,
waker content, and niing [l potential coincide. Some
remarks concerning the history of the e of ¢ will be
found at the end of this seclioh,

Equation [1) is satisfied by a stream function . delined

as:
oy dy
= - = = =T
[ w t Ax 71

By combining the pairs of expressions for the velocity
COMPURCIIN BIVCR 0 equations 18] and {7} one ety an
anahug ol the ¢ auchy-Riemann conditivns:

B _ % d %
o R -

Note the presence of the jerm Al Subsutwiion of L]
o [1] gives the paniial dificrential cquation {or ¢

e I e
ar? az: - a4z 9]

Eliniination of 4 irom 18] gives:

Py ak {4
Sy ¥ el [10]
Ay Az x

At thiv point it » COMCRERE W avsumie that & aml & are
felated by un expresion of ihe forpy:

k= &, exp (o). fm

The paranwters £, and o characierize the wl, The Nirame-
ter A represents the hydraulic comluetis i of 1he saturated
sl Mtiducing 11H into 1%} and solving tor & gives (ak.
g, O and b *as referemee values)

k= ag, (L]

From [t} and [12] it follows that the pressure head 4 js
given by:

h:—l—ln¢-——l~vink./a. 113)
" L]
The hydrawlic head #H is given by:
1 1
H:-lﬂ‘—'uln*./nﬁz. 114]
" n

Substitution of [12] into 9] gives:

i o4 &
AL ALY 115)
ax? ard az

Substitution of [12] inle 110] and using the lirst of ey
tions [8] gives:

& @ [
l— ﬁ-lf- = u_i. [i6]
ax* act 1N

Surpeisingly, the mairic flux potential & and the stecam
function y salisly the same pantial differcnnial equation
Therefore, corresponding 1o anv plane flow probems there
XN W Comfucate problems which ivoobtained W ojner.
changing the marric Hux potential ¢ and the stream fune -
ton y. This generalizes a well-known property of plane
lows satisfying Vaplace's equation.

A teansformution of the type inrduced jn eyquation 5]
was given uround T8RO by Kirchhoff in his lectures un heat
ramsfer {Kirchholf, 15941, For thiy reason. the Leansdue-
nation iy often referred fo s the Kirchhoed F transtormition
and the potential ¢ i someunws calivd the Kirchhali
potential. The niatric Hux paentiol was introduced by Kiure
19520 a0 an amalyvsis of horizontat mavement of waler
i partially satorated soil. Gardner Y58 presentad o
rartal fferential egaation fvr movenens ol waler n
partixlly ~aturated ol ing the matnic i patentigl o
the dependent variahle and including the eftect ui Erasily
T sofve the equation for Meady flows, he suggested the
technigne of separating the vanubles, He also noted that
the iniraduction of (he expential relatiomhip between
& aml b, equation {11 above, Jews 10 a duriher sicnphdica-
tn. equation [FS} abosve, making analytical ~olttions fur
cettain ey thms possibbe. The first detailod exampie of
such an analvtical solution was wven by Philip ¢ 196%) in
his discussion o steads infiltratson from huried  point
sources amd spherical cavitigs, Wouding (1968) analy sed
seady infillration from o circular pond. Phitip (1964,
briciy discinsed the solutivn for o single. hwizontal bine
MOUCE an an inlinite region,

STEADY INFILTRATION FROM A LINE SOURCE

Consider o airay of wqually spaced dine wourees at the
sl surbage thig, 1), Takang the hine sources 1w be infinitely
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lung. it is sufticient w describe the motien in the a.2-plane.
Ler 2L be the distance between the line sources amd let 28
be the strength of the line sources per unit kength in the
vedirection. Before specifying the houndary conditions, it
is comvenient to introduce the following dimensionless
variables:

X = (/L)x z

It

[GEFAH [7

QY = (L/S)ou oW = (L/5)hw [18]

o (el /5)e ¥ = {1/8)y |19}
¢ = (1/LYh F={l/LyH. 1201
Note that:

S/L=8 w 121

where 8 w_ is the uniform volumetric flux for z — =,
Intraxlucing the dimensionless variables in [16] gives:

—el—. (221

From the geometry of the problem it is evident that there
are two bounding stream lines. (i} a stream line vertical
downward from the line source, and (k) a stream line run-
ning along the surface and vertical downward at the center
between any two of the line sources. In 1erms of the dimen-
sionless variables these conditions mav be stated as:

X=n Zx0 ¥=0 231
O X< | Z=0 =1 (24]
X =1 Z>0 v=1. 1251

An additional condition follows from the fact that Tor large
Z the flow will be uniform (cf. equation [21]):

O X | Zax v=X. [26]

THE FLOW PATTERN

The solution of [22] subject to |23]-126] may be wrilten
as;

=X+ ¥, {271

The first term on the right-hand side of [27] may be re-
garded as a steady flow cue to a source S distributed uni-
formly aver 0 < X « 1 at 2 =- 0, The second term Tepre-
sents a perturhation of the uniform flow arising from the
source heing actually wt X .= 0, Z = 0. The form of W, can
be developed by separating the variables:

¥ X+ Yx Wz {28

-~
Sources of
¥ strevfgth 25
Ed

-~ e
- -
-
e - i
1 | x
] |
| I
| |
1 |
| |
) |
) |
i |
p-----2t----- L
Fig. 1—G y of the probl

where ¥, depends upon X only, and ¥,z depends upon Z
onty. Substitution of (28} into {22} and rearranging gives:
Vo /¥y = WL, bal Vv, = -4 (D)

where A is a constani. It follows that

v+ A¥, =0 [Rl)]
¥y —al¥, — A%, =0, 30

For \ =~ 0. general solutions of [30) and [31] are, respec-
tively:

Wy = Creos VIX + C,sin VI X 132)
¥z = Cexp pu2 33
where . C,. and C, are constants and p, is given by:
Py = —al/2 % (A + {aL/20)%, [34]
The expression for p, is found by substituting [33] into
{311, After substituting [32] and (3] into {28}, it is & simple
matier (o0 show that the solution for the dimensionless

stream function ¥ which satisfies the conditions [23]-(26] is
given hy: :

i
=X eI SRR Gy )
=1 n
with
Py = ~al/l 4+ ((al/2P + (axP)W. 136
Note that according to [35) and j36] the flow paltern is o

unique funclion of el. In patticular, the Mow pattern 1
tndlependdent of the source sirength 5. For ol = 0 tqua-
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A .
ton [22) reduces 10 Luplace's *qualion and [36) reduces to;

Py = hrx ”-”

In Fig. 2 the flow palterns for of. =
plotted. (Al calcvlations related 1o th
Inrn_ml by the Univac HOR diginal co
:::::Y of _\v\:’itcun\'jn. The numher of terms wsed in the
. us_ infinile serjes ranged from one 1 several hundred
epending on the form of the series and the X. Z coord, ‘
nates at which the series is to be evaluaied), A c.nmparjwl-
of Fig. 22 and 2b. indicates that with large o7 gravir;"

2% 4 slronger efject snng in o flow that 5 more gon-
h sl er cf| resui '] 1
ceniratey around (he Z-axis

I amd $ have heen
is study were per-
mputer at the Upi-

THE DISTRIBU

] Introdluction of 1y
nto |7} gives:

TION OF THE FLUX

e dimensionless variables 117119

o
et = ¥ e
o7 Aaw = v 138)

Substitmting 135} imie 138] gives:

il

T

il

Fig. J—Dimil-m;iqn .n{ i ' - o
=0T ad 08 Tor af, =} gy 5 "™ O and of 1y oy

3

Pe EXP {— p 2}
I_“_nﬁ— sin neX 139}

'II [ ]

2

el =

p
W =142 N e g o ey 140)
LN |

Some exampley of caleulated flux profiles Tor o1,

5 are gi\fcn in Fig. 3. For wniglt depths the distribug
the thux is far from umilirm, porticp|
farge depihs ity appriuche
unity.

1, and
o of
arly if al ix large. For
Y osero and @ approaches

THE DISTRIBUTH0ON OF TNE
MATRIX FLUX P(IT}INTML‘

Suh\luuling L2 ino 6] any i
2 miraducing ithe di sion-
less variahles ITHI9) gives: * emian

AU = () a) 20
A
41
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Subsituting [39] into the 1irst of theve two equations and
micgratmng gives the folluwing exphcit expression for the
dimensiopless matoe Hux potential;

w =1 + {2La/xt)

o
N Paerpi-pad) X 142)
— nj

In deriving [42], use was made of the condition that as
£ — % the polential # ~s 1. The distributions of # for
al. 1 and § are given in Fig. 4. Equation |5) implies that
sirkaces ol equal mairic (lux potential ¢ are also surfaces
of equal pressore head h and water content #. From [1R1}
and [19] 4t tollows that the dimensionless pressure head
¢« I given by:

v A1/al) {Ind - ok L/S) . {431

The dimensionless pressure bead does not depend only
upon ol but aba upon &, 1., and §. The muiric flux poten.
al b varies uver o wider range when «f. it larger, and. in
v uf the correspondence noted abuve, the sume upplics
1t the pressure head and the water cuntenl. In 1the region

Fig. 3—Disteibation of ¢ = | for ol =: 0, 1, 5, 10, and §O0.

with ¢ . 1 the soil is wenter than il is [or Z — = In the
region with « < | the soil is drier than it is for Z — > In
Fig. 5 the loci of & == 1 are given for severa) values of ol

THE DISTRIBUTION OF TIIE HYDRAULIC HEAD

From [L4), [17) [19], and [20] it follows that the dimen-
sionleys hydraulic head T s given by;

T = (1/al} {Ine — Ink,L/5) — Z. 144]

The Tunction I + (1/al} Ink L/§ = (1/al) Ind — Z,
which deperds only on X, Z, and oL, and differs tlmmwi‘
merely by the comtant {1/al) Ind LS, is plotied in Fig.
2. The stream hings and the lines of equal hydruulic head are
wrthogonal tel., Raats, 1967, Sewell and van Schiliguurdle.
1963). the stream lines and the lines of equal matric
Mux potential are aol orthogonal, except in the limits R =
(X2 +2%) — 0and Z — = (see also Philip, 196%; Wood-
ing, 1968).

BESCUSSION

It was poinied oot already thal the flow paniern is a
unjue function of wl.. The distribidions of the dimen-
sionkess tlux and the dimensionless matric Tlux potential are
also wmigue functions of «L. The parameter L is a char-
scteristic length of the flow region. The parameter o i
ronghly o measire of the courseness or lineness of he soil.
Taking [length] as the dimension of b, the dimension of
o will be jlengih] ' According 1o Philip ¢ 1968), 4 typical
value of « is (N and the range 0.05 cm ! 10 G002 cm *
seems hikely to cover must applicatons. Most of the dats
presented by Ratema (1965) fall in this range. In this paper
calculations for wf. = 1, and S have been presented. For
i very fine-lexiured soil, with o = 0.002 cm?, of. = |
awnd § correspond 1o line source spucings 24 . 10 apd
S0 m. respectively. For a coarse-lextured soil. with a
005 ¢m ' values ol I and § correspomd 10 Jine
source spacings 2L - 0.4 and 2 m, respectively.

;':{1(
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A comparivn ol big. 24 and 2b, of 33 and 3, and of
4u and b indicales thatl with lurge nd. pgravny hay a
sronger eftect, resulling ina How thut is inorc concenirated
around the Z-axis. This ilfusirates once again thay with a
Iiner wexiured suil the dimensions of the flow system must
be larger lor gravity 1o have & poticeatic effget (cf., Corey
et al, 1963 Kragnholf van de Leur, 1962, Miller amd
Miller, 1456}, Thy basic Principle 1v sometimes over-
fooked in discussions of numerical studies of 1wo-dimen-
sional fluw problems.

The solution tor llow from a line source 15 also exact
for intilration ol water al a certain pressure head {rom
Lurows whose conlours coincide with lines of equal hy-
draulic head H. ur, in other words, from furrows whose
contuurs are onthogonal 10 the stream lines. Fxamples of
such contours huve been drawn in Fig. 2. M the (urrow is
Niled with water and if & = ¢ poims in the furrow for
which Z = 0. then everywhere along the furrow surface
the pressure head will be positive, with a maximum al the
puint of intersection between the contour any the Z-axs.
This implies 1hat close 1o the furrow the pressure head 1n
the soll will be positive and that the expanential retation-
ship beiween & and &, equativn [11{, will not be vaiid.
Moreover, somc of the dala presented by Rijlema ( 1945)
suggest that equation ji1] gives a poor approximanion in
the range — 10 1o 0 cm pressure head. However, iwo {aciors
olfser this inadeguacy of equation [HI). First, fir small
R (X2 4+ 290 the llow pattern is relatively independent
ol the parameter af. Second. in practice the furrow sur-
luce will often be clogged or consist of a thin, relatively
impermeabie crusi, resulting in a significant pressure drop
uver & small distance {Bouwer, 1969; Hillel and Gardner,
1969),

The Nux profiles in Fig. 3 show thal for small depths the
distribution of the flux is far from uniform. The rapid
downward movement under furrows in sandy soils was
atready noted by Loughridge {1908). The nonunifurmity
of the Hux has imporiant implications with regard to Jeach-
g «f salts, as was pointed oul by Bernsiein and Fireman
(1957}, Haise (194K). and King (19021, Figure 4 shows
that tor smail Jepths the distribution of the matric flux
putential, and thus of the pressure head 5 or the water con-
tent 0. abwo far (rom upiform.

M was pointed out before (hat cofrespomding fo amy
PMane prohlem there cxists 4 conjugaic prublems which i
vhtained by interchanging the mairic flux puiential ¢ and
the sireum funciion ¢. Consider the flow resulting from
keeping the painis along the Z-axis a1 vne value of ¢,
and the poinis along the X-axis and ulong (X.Z) = (1.2}
at another value of 4. For such a flow the stream funciion
is given by the right-hand side ot H2] (Fig. 4. while the
matric thux potential is given by he righi-hand side of 135]
(kg 2). Ehe praciical signilicance of this tipe of a fow
15 not apparent.

bor large 2 the (low becomes uniform and thus the sanx
a8 sleady flow due o 3 source § distributed uniformly
vwrlb < X a2 =0 g pariicular the one-dimen-
stional fargetime solutien may besed, piang the shape ol

the weiting fron fwving steadily downward. The reades
v referred o Phibp (196%) for a review of the relevam
{uerature.
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