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ABSTRACT

DIERICKX, W. 1880. Electrolytic analogue study of the effect of openings

and surrounds of various permeabilities on the performance of field drainege
pipes.

Comm. of the Nat. Inst. for Agr. Eng. (Med. Rijksstation voor Landhouwtechnigk)
77. Merelbeke {Belgium).

ISBN 30 70142 13 3. XVIII + 238 p., 80 figs., 48 tables, 104 refs. English,
Outch, French and German summaries.

Also : Doctoral thesis Wageningen.

The effect of various openings and surrounds of various permeebilities on the performance of field drainage pipes was
studied by means of an slectrolytic analogue. The results obtained were compsred with those of analytical salutions.
Rather simple and sufficlently accurate solutions exist to dotermine the entramce resistance of pipes with smooth outer
surface. These theoretical selutions cannct be applied to pipes with corrugated outer surfece provided with perforstions
in the valley of the corrugations for which the corrugaetions are filled with soil. The shape af the corrugations and the
boundary of soil and corrugation present additionsl difficulties in obtaining en exact theoretical selution for such drains.

From the investigations performed it follows that the smallest entrance resistance is obtained at tha grestsst sub-
division of & given perforetion areas or perimeter per unit drain length. The most favorable perfarations which confer the
lowest entrance resistance ars these with the smallest area ar perimater such &s circular perforations and, for rectangular
slits, those with the smallest length. Except for circular perforations, an increase of the actual perforation area of
20 - 25 cm?/m to about 50 cm®/m will considerably reduce the entrance resistance.

Using permeahle envelopes, the entrance resistance decressss considershly up to an anvelope thickness of about 5 mm
after which a constant valus is obtained. The effective radius. however, continues to incresse with increasing envelope
thickness due to the decrease in radial resistance. Increasing the permesbility of the envelops reduces the entrance
resistance and Increases the effective radius up to a permeschility ratio of 20. Any furtber increase of the permea-
bility ratio is of less significance., For a consteant value of plpe radius plus envelope thickness much the same
effective radius is obtalned if the thickness of the envelope is et least 5 am.

A lass permeable drain surround increases the entrance resistance enormously and inadmissible values asre quickly
reached. A constant entrance resistance 1s obtained for thicknesses of shout 10 mm and upwards. The effective radius
decrassas due to the incresse of radial resistanca and exceptianally small values are obtained, The increase of entrance
resistance and decrease of effective radius are particularly marked for permeability raties less than 0,2.

The entrance resistance only changes slightly when a drain is surrounded by an envelops which has @ reduced permesbi-
lity over a certain percentege of lts origina)l thickness. Due to the effect upon radial resistasnce. the effective radif
will decrease with decrzasing permeability and increasing thickness of the blocked 2one. The sffective redius never
assymes such extremely small values as are obtained with a drain directly surrcunded hy a wholly less permesble layer.

The entrance resistance of a drain pipe is constant and depends only an the geometrical charecteristics of the pipe
itself. It is, however, important to give an exact description of the flow pattern, since its omission can result im
faylty conclusions being drawn about the entramce resistance.

Due to the entrance resistance, the hydreulic gradiant in the vicinity of the perfarations can reach high values and
massive irvasion of seil particles may occur. These gradients arg markedly reduced when the drain is surrounded by a
permaable envelope.

Although the appraach flow conditicns ere more favarable if water 1s stending above the drain, the entrance rezistance
which causes a certain watar level above the drain will raiss the weter table midway betweaen drains more than an ideal
drain operating with the sams head.

Frae dagcriptors : drainage., electralytic analogue, opanings of drain pipes. drain pipe surrounds. entrance resistenca,
approach flow resistance. effective radius, permeebility of drain surrounds, partislly blecked envelopes. hydraulic
gradient.

This thesis will also be published as Report 77.
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Stellingen

Het algemeen gebruikte begrip Intreewserstand geeft sanleiding tot
heel wat verwarring. Een betere bepaling is komvergentieweerstand

van de stroomiignen naar de perforaties.

De thecretische oplossingen van MUSKAT (1942) en van KIRKHAM & SCHWAB
(1951) bevatten onjulste benaderingen die aanleiding geven tot fou-

tieve intreeweerstanden.

MUSKAT, M. 1842. The effect of casing perforations on well
productivity. Petrolewn Technology 5 : 175~187.

KIRKHAM, D. & SCHWAB, G.0, 1951. The effeci of eircular
perforations on flow into subsurface drain tubes.
Part I, Theory. Agr. Eng. 33, 4 : 211-214.

De bepaling van de doorlatendheid van draineerbuizen (KLOTZ, 1973)

heeft weinig of geen physische betekenis.

KLOTZ, D. 1873. Durchlissigkeitsuntersuchungen an gewellten
Kunatetoff-Drénrohren. Zeitschr. f. Kult. und Fluvber.
14 : 40-53.

De cohesie van de bodem verklaart de gunstige werking van das re-
latief grovere en de ongunstige werkipng van de relatief fijnere

omhyllingsmaterialen.

De weerstand tegen doorspoeling van een kohesieloos poreus medium
doorheen sen omhulling of weefsel kan het duidelijkst vastgesteld

worden bij opwearts gerichte stroming.

Alhoewel het gebruik van bodemkonditioneripgsmiddelen bij drainage
gunstige perspektieven biledt, dosn zich nog een aantal problemen

voor van praktische aard.

Verschillen in drainerende werking van vollopende en niet-vollopends
draineerbuizen, al dan niet voorzien van een omhulling, kunnen niet

toegeschreven worden aan verschillende intreeweerstanden.



8. Het ontwerp IS0-aanbevelingen voor draineerbuizen uit niet-geplasti-
fieteerd PVC wordt, ten onrechte, alleen toegepast in het Belgisch
type~bestek.

Type-bestek voor de uitvoering van de drainage van Landbouw~
gronden. Ministerie van Landboww, Viaamse aangelegenheden,
Nationale Landmaatechappif, B.R.B.V. nr, 34.7, uitgave 1978.

9. Het elektrolytmodel is een uitstekend hulpmiddel voor de studie

van drie-dimensionale statiopaire grondwaterstromingsn.

10. Elektrische modellen lenen zich, ondanks hun beperkte nauwkeurig-
fheid, uitstekend tot net toetsen van de juistheild en de nauwkeurig-

heid van thecoretische oplossingen.

11. Alhoewel de numerieke simulatie bepaalde voordelen biedt, geniet

de analoge simulatie in veles gevallen de voorksur.

12. Globele weersvoorspellingen uit wesrkundige waarnemingen op lange

tarmijn blijven onbetrouwbaar.

13. Het toenemend verbrulk van drinkwater kan aanzienlijk beperkt worden
door gebruik van regenwater voor doeleinden waarvoor de asn leiding-

watar gestelde hogé kwaliteitseisen eigenlijk niet vereist zijn.

14, De aiternatieve landhouw is een typische exponent van sen maat-

schappilj van overvlced.

15, Jeugdmisdadigheid woerdt niet verminderd door het afschaffen van

speelgoedwapens.

Stellingen behorende bij het proefschrift van W. DIERICKX,
Electrolytie analogue study of the effect of openinge and surrounds of
various permeabilities on the performance of field drainage pipes.

wWageningen, vrijdag 25 april 1980.



In de wetenschap gelijken wi) op kinderen die aan de oever van de ken-
nis hier en daar een steentje oprapen, terwijl de wijde oceaan van het onbe-
kende zich voor onze ogen ultstrekt.

John Newton,

Aan Jacqueline
Aan Adelhard en Adelheid
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LIST OF SYMBCLS

perforation area per unit drain length fom®/m}
percentage open area of the drain [%)

percentage open area of a partial perforated zone (%)

code symbols for corrugated drains

perforation perimeter per unit drain length (cm/m)
gap spacing or discontinucus circumferential slit
spacing in the row (mm)

s0il cohesion (N/m2)

outer diameter of smooth drains; larger outer
diaemeter of corrugated drains (mm)

smaller outer diameter of corrugated drains (mm)
drain depth (m)

thickness of the partially blocked envelope {mm)
thickness of the less permeable drain surround (mm)
thickness of the more permeable envelope (mm)

drain spacing (m)

depth of the impervious layer below drain level {(m)
hydraulic head at point A (m)

mean hydraulic head af hA and hE (m)

hydraulic head at point B (m)

hydraulic head at point C (m)

water table height above drain level midway between
drains (m)

water table height above drain level at the drain (m)
electric current (A)

electric current for flow towards a conducter simu-
leting an ideal drain (A)

electric current for flow towards a conductor simu-
lating a real drain (A]

modified Bessel function of the first kind end zero

order
modified Bessel function of the first kind and first

order
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hydraulic gradient

integer

critical hydraulic gradient

modified Bessel function of the second kind and
zero order

modified Bessel function of the second kind and
first order

hydraulic conductivity of the soil [(m/d)
hydraulic conductivity of the partially blocked

envelope (m/d]

hydraulic conductivity of the less permeable
drain surrcund (m/d}

hydraulic conductivity of the more permeable
envelope [(m/d)

canductor length (m)

length of individual cley drain pipes (mm]
perforation number per unit drain length (1/m)
flow rate per unit surface areaz (mm/d)
number of perforation rows

integer

2 /8

discharge per unit drain length (m2/d)
circular equipotential radius (mm)

circular eguipotential radius (mm)

ideal drain radius; outer radius of a smooth drain;
larger ocuter radius of a corrugated drain (mm)
smaller outer radius of & corrugated drain {mm)
difference between equipotential radius and outer
drain redius (mm)

radius of drain plus envelope plus partially
blocked envelope (mm)

inner radius of the pilpe with isolated contact
points at the interface of soil and partially

blocked envelope (mm)

LT
LT

LT

LT



outer radius of the pipe with isoleted conteact

" points at the interface of soil and partially
blocked envelope [(mm)
Rc = radius of drain plus less permeable surround (mom)
ol = inner radius of the pipe with isclated contact
points at the interface of scil and less permeable
surround (mm)
RCD = outer radius of the pipe with isolated contact
points at the interface of suil and less permeable
surroynd (mm)
RB = radius of drain plus envelope material (mm)
EEF = egffective drain radius (mm)
Rei = inner radius of the pipe with isclated contact
points at the interface cof soil and envelope
material (mm)
RED = puter radius of the pipe with isoleted contact
points at the interface of soil and envelope
material (mm)
Rm = mean radius of the pipe with isolated contact
points (mm)
o
550[35)
SZD[GDJ
Sip(ﬁp)
SSD[GPJ = code symbols for smooth drains
sip[&p)
lls[ﬁpj
sglstﬁpl
gcswsJ
e = glectric potential component due to entrance flow (V)
Vec = glectric potential component due to entrance flow of

the system simulating drain plus less permeable

surround (V]

2 -3
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electric potential component due to entrance flow

of the system simulating dreain plus envelops (V)
electric potential component due to radial flow (V)
electrical potential component due to radial flow
of the system simulating & drain surrounded by
one or more layers having another permeability
than that of the soil (V)

total electric potential due to radial +low

from an equipotential with radius R towards a
conductor simylating a real drain (V)

total electric potential due to radial flow

from an eguipotential with radius R’ towards &
conductor simglating a real drain (V)

total flow resistence (d/m)

entrance resistance (d/m]

horizontal resistance (d/m}

radial resistance (d/m)

total resistance for radial flow towards a

real drain (d/m)

vertical resistance (d/m)

total resistance for unsymmetrical radial flow

towards an ideal drain (a/m}

midpoint eccentricity of eguipotentisl and drain
pipe (mm] )

slope angle of the relation betwsen Vt and ln(ﬁyﬁb)
approach flow resistance

gntrance resistance of the plain drain

entrance resistance for radial flow over a sectaor
of a circle

entrance resistance of the drain surrounded by one
or more layers having another permeability then
that of the soil

theoretical value of ué

2 .3 .1
ML T T

2_-3_-1
ML T I

rad



re

e

rs

Su

entrance resistance of the plain drain for

arched boundary conditions

entrance resistance of drain plus less permeable

surround

entrance resistance of drain plus envelcpe

entrance resistance of drain plus envelope
according to WIOMOSER (13568)

entrance resistance of drain plus enveslope

plus partially blocked envelope

entrance resistance of the plain drain for plane
boundary conditions

horizontal resistance

gentrance resistance of ideal drain plus envelope
radial resistance

gntrance resistance of ideal drain plus envelope
according to WIDMOSER (1368)

radial resistance of the less permeable drain
surround related to the permeability of the
surround itself

radial resistance of the less permeable drein
surround related ta the permeability of the
surrounding soil

radial resistance of the gnvelope related to

the permeability of the envelope iftself

radial resistance of the envelops related to

the permeability of the surrounding scil

radial resistance of the soil for flow towards a
drain surrounded by one or more layers having
another permeability than that of the soil
additional resistance in accepting an imaginary
radial flow

total resistance for radial flow towards a real
drain

total resistance for unsymmetrical radial flow
towards an ideal drein

sector of the circle representing radial flow

rad



en

ip
.6 en
g°F

en

B or
ﬂEX

entrance resistance of the pipe with isolated
contact points

entrance resistance of the inner pipe with
isolated contact points

entrance resistance of the cuter pipe with
isolated contact points

equivalent angle

exit resistance of the pipe with isolated

contact points

exlt resistance of the inner pipe with

isclated contact points

exit resistance of the outer pipe with

isolated contact points

width of continuous or discontinuous

lengitudinal slits (mm)

width of continuous or discontinuous
circumferential slits (mm]

valley width of corrugated drains (mm)

gamma function

EULER's constant [y = 0,577 21...)

ratio of perforatinon length to perfcration spacing
total hydraulic head loss for flow towards drains (m)
hydraulic head loss due to entrance flow (m)
difference in water table height midway between
drains (m)

hydraulic head loss due to radial flow {m}

total hydraulic head loss due to flow towards

a real drain (m)

total hydraulic head loss due to unsymmetrical
radial flow towards an ideal drain (m]
difference in radial flow resistance
geccentricity of well midpoint to aguifer midpoint (m)
perforation diameter (mm)

corrugation height of corrugated drain pipes {mm)
ratio between eccentricity § and the length of

the aquifer

rad
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INTRODUCTION

IMPORTANCE OF ENTRANCE RESISTANCE FOR DRAINAGE

The word drainage has many meanings and includes the methods and means
that can be used to remove excess subsurface water from the soil, The im-
mediate purpose of drainage for agriculture is to decrease the water centent
of the upper soil layers by lowering the groundwater table. The final pur-
pose is to increase crop yleld, to improve the guality of the crops or to
alter the soil in such & way that craps of nhigher value can be grawn.
Moreover, other objectives such as improved soil bearing strength and culti-
vatibility can be envisaged.

Besides the removal of excess scil water, drainage is epplied in ir-
rigated areas to leach saline soils &nd to evacuate excess Irrigation water.
Orains are also used to intercept seepage water from catchment areas and
spring lines. QDrainage also contributes to the stability of slopes. Ever
increasing demands ars made on fields for recreation and, there also,
drainege is applied successfully. Orainage is carried out on eirfields,
industrial estates, burial grounds and in road construction. Drains are
applied to reduce water pressure on building foundations and can be ef-
ficiently applied to roof gardens.

The mathematicel analysis of the problem of water flow through porous
media into subsurface drains is based on DARCY’s law and solutions have been
cbtained only after making many simplifying assumptions about the flaw be-
haviour towards drains. One of the primary assumptions that underlies most
of the formulae applied for drainage design is the assumption of an ideal
drain, i.e. a drain with a completely pervious wall surrounded by a homo-
geneous soil of uniform permeasbility. An ideal drain could be formed by a
mole channel if no compaction in the surrounding of the mole channel has
occured and if no smearing of the wall has taken place. Due to the converg-
ency of the streamlines to the inlst openirgs, the flow of water towards a
real drain, i.e. a drain with a relatively small area of inlets, encounters
an extra resistance and conseguently an extra head loss. This extra resist-
ance is commonly called entrance resistance. When clay or concrete drain

pipes are used, water enters through the gaps between the pipes. Plastic




drain pipes manufactured from polyvinylehloride [(P.V.C.] or polyethylene
(P.E.) are generally provided with slits or perforations to allow the en-
trance of water.

At the beginning of the application of plastic drain pipes, smooth
pipes were used. The perforations strongly influenced the strength of the
pipe. These smooth plastic drains were, if they had & too thin wall, de-
formed by the load of the trench backfill and the width of sew slits was
reduced (SEGEREN & ZUIDEMA, 19839). To obtain a low entrance resistance, a
large numbzr of perforaticns is required. This often weakens the plpe to
such an extent that a larger wall thickness is reguired. An increased wall
thickness means more material and a more expensive pipe. For that reason
WESSELING & HOMMA (18967) propose that the highest possible number of per-
foratlons that are consistent with satisfactory crushing strength and drain-
age performance should be used. At the same time it was the objsctive to
deaign perforations which prevented the entrance of soil particles. This
was, however, impossible and impracticeble for certain soil types (VAN
SOMEREN, 1384).

In contrast, the more modern corrugated drain pipes had greater crush-
ing strength and in consequence the perforation areaz could be increased
considerably. Indeed, the larger the amount of perforations, the smaller
the entrance resistance will be., Aiming for a large number of perforations
can contribute to the success aof the drainage. The acceptance of a minimum
amount of perforations iptroduces considerable risk as blocking and clogging
of perforations is an sstablished phenomenon. Although the entrance resist-
ance of drain pipes can be decreased considerably by using a good envelope
material, the continuous increase in price of these materials limits the
use to soils subject to erosion. Therefore stable secils are generally
drained without envelope material in order to decresse the costs. This
being so, the use cof well-perforated pipes is of grez2t importance. Numerous
investigations have already shown that it is not only the perforaticn area
which determines entrance resistance. Also shape, size, width, distribution
and number of perforations determine the extra resistance which flaw towards
the drain has to overcome. Here the guestion is in which way the factors
mentioned influence the entrance resistance.

Entrance resistances also play an important role in the construction of

wells since the well screen applied largely determines the performance of




the well, Several theories on entrance resistance in fact have been devel-
oped for well screens. Since these theories assume DARCY's law to be valid,
the problem is similar to that of drains and they have been considered in
this research too.

In the first part of this study the entrance resistance itself forms
the subject. After the definition of it, the existing theories on the sub-
ject have teen reviewed. This leads to derivations of the entrance resist-
ance for certain perforation types and patterns. Next the theoretical back-
ground and set up of model tests have been treated and the electrolytic
model used has been described. The results of electrolytic model tests
have been comparsd with theoretical soluticns. This comparison allowed the
choice of mathematical formulae for the entrance resistance from which it
can be concluded which factors and parameters are important in determinipg it.

The usae of envelope material considerably increases the drainasge perform-
ance and its influence i1s studied in the second part. Besides some theoret-
ical considerstions, the definition of entrance resistance has been discussed
and a review of the methods to determine the =ffect of envelopes has been
given. Next the electrolytic analcgue of envelopes has heen described and
the effect of envelope thickness and permeability has been systematically
investigated. These investigations allowed conclusions about envelope thick-
ness and permesbility to be drawn.

The third part deals with the influence on drainege performance of lsss
permeable drain surrounds and of partially clogged envelopes. The analogue
model has been described and the results obtained used to establish their
effect on entrance resistance.

Some additional aspects of entrance resistance constitute the fourth
part. To investigate the effect of flow pattern and partiaslly full drain on
entrance resistance, soms additional electrolytic and sand model tests have
been carried ocut. The influgnce of entrance resistance on soil perticle
invasion could be derived from the model tests performed amnd has been dis-
cussed. Based on theoretical considerations, the effect of entrance resist-
ance cn water table height has been treated.

The purpose of this study is to contribute to our knowledge of drain
pipe and envelope materisl construction with a view to improving the per-

formance of drainage systems.



CHAPTER I

THE ENTRANCE RESISTANCE OF DRAIN PIPES

1. Theonetical backghround

The hydraulic head required for flow of water towards a drainage system

in & homogeneous and isotropic soil is glven by ERNST (1354) as
SMh = NEW=qg¥W (1.1)

where Ak = difference in hydraulic head midway between two drains and in the
drain [m)

= flow rate per unit surface area (m/d)

= drain spacing (m)

total flow resistance (d/m]

S L
1]

discharge per unit drain length (o /d).

The total flow resistance can be considered to consist of a vertical
resistance WQ, a horizontal resistance Wh. a radial resistaence Wr and an
entrance resistance WE (fig. 1.1). Both horizontal and vertical resistances
only depend on the porous medium and are independert of the drain used.

The magnitude of radial and entrance rasistances are determined by both the

soil_surface
e = e a ¥
water table
q—h‘"'—-..
A= QW ™~ -
Ah=qW e -/'/

ah=gW+ W)

Fig. 1.1 Resistances and head losses for flow of water towards drain pipes.



http://ba.ckgh.ou.nd

porous medium and the drain used.

Considering radial flow towards an ideal drain (fig. 1.2) in an homo-

geneous isotropic soil, the hydraulic heed loss is given by

- R_
AR = 2_%7{ 1n R q ¥, (1.2)

or
1 R
Wl" "mln EO (1.33
whare Ahr = hydraulic head loss (m)
k = hydraulic conductivity (m/d)
R = redius of a circular equipotential (m)
£ = radius of the ideal drain i(m).

———— streamline

--------- equipotential

Fig. 1.2. Radial flow towards an ideal drain.

The radial resistance depends on the hydraulic conductivity of the
porous medium, the radius cof tha equipotential considered and the radius of
the ldeal drain. The radial resistance increases with decreasing hydraulic
conductivity and with decreasing radius of the drain. Egn. (1.2) can be

written as

Ak

g
% [+] (1.4)



where

B R
o = in 7 (1.5)

and from egns. £1.2) and (1.4) 1t follows that
a =Wk (1.8)

where oL is the radial resistance for a soil with a hydraulic conductivity

equal to unity. It is a dimensionless constant which decreases with in-

creasing radius of the drain (fig. 1.3).

05-
Q4
03
021

01
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0 2 3 4 5 10 15 20 7

o

Fig. 1.3. Radial resistance as a function of the ratio R/RD.

Ideal drain pipes have no physical reality and the additional hydraulic

head loss for flow towards a real drain (fig. 1.4) can be expressed as
Bh,=q W =%a (1.7)

and conseguently
o =W _ k (1.8)

where %y is the entrance resistance for & soil with hydraulic conductivity

equal to unity. It is dimenslonless and often called the entrance constant,




Here this entrance constant will, throughout, be called entrarnce resistarce.
From their investigations, WESSELING & HOMMA (1967) found that egn.

(1.8) is velid as long as the hydraulic conductivity doss not exceed 10 m/d.

——+—— streamline

--------- equipotential

Fig. 1.4. Radial flow towards a real drain with

two continuous longitudingl slits.

If radial flow only occurs towards part of the drain circumference,

the entrance resistance can be modified (BOUMANS, 1963) as
*

a, = p o, {1.9)
r being
p = 21 (1.10)

B

where 8 is the angle of the sector over which radial flow takes place
(fig. 1.5).
Since the flow zone will not always be & true sector of a circle,
CAVELAARS (1870) introduced the concept of esguivalent angle ﬁeq (fig. 1.6).
The total hydraulic head loss Akt for redial flow towards a real drain
is given by
AR, = AR+ Ake (1.11)

or

AR, = q Wt = q (Wr + Wé) (1.12)




f=2m 3= n<f <27
p = p=2 2>p >t
oy =0y o = 20t 20> 0> g

Fig. 1.5. Influsnce of a partially radial flow an the entrance resistance.

water table

drain
radial Fow zcne

Fig. 1.6, Since the flow zone does nmot always cover & true sector of a
circle, CAVELAARS (1870) introduced the concept of equivalent

angle.




ah,o=Foa, = F 0 v o) (1.13)
hence it appears that
g, =a +ag (1.14)
and
@ = Wy k (1.15)

whers Wt is the total resistance for radial flow towards a rgal drain and
oy is the dimensionless total flow resistance. Egn. (1.14) allows the cal-
culation of o, if o, and o, are known.

CHILDS & YOUNGS (1858) have shown that a real drain can be replaced by
an ideal drain of a smaller radius,. called the effective radius R .. Sub-
stitution of o from eqn. (1.5) into egn. (1.714) gives

+ O {1.18)
e

1
op =z In

oty

[a]
Similar to eqn. (1.5) we can write that for the ideal substitute with the

same resistance

4 R
0, = = Iln 5= (1.147)
t 2T Ref
It follows that
270
= t
Hef Re (1.18)
ar
-2
Ref = RU e e (1.18)

Egn. (1.18) shows that a real drain with radius RD can be replaced by an
imaginary ideal drain with & smeller radius Ref and that the radius of that
ideal drain decreases with increasing values of Oy From these considera-

tions it may be concluded that

- the entrance resistance of a real drain can be gerived from the difference
between total resistance and radial resistance towards an ideal drain of the
same diameter;

- a real drain can be replsced by an imaginary ideal drain of smaller diam-

eter; this diameter follcws from the value of its entrance resistance.
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2. Methods to determine the enthance hesdlsfance

2.1. Analytiecal solutions

In studying the flow of water towards gaps between clay drains or towards
perforations in smooth plastic dreins, the boundary between soil and opening

can be considered differently (fig. 1.7)

(11 soil particles penetrate into the openings:

(2) soll particles form & plane boundary at the outside of the openings
(plare boundary conditions]);

[3) soil particles near the openings are washed out and form an arched
boundary {arched boundary conditions);

(4) soil particles near the openings are washed out and form an irreg-

ular boundary at the cutside of the openings.

Fig. 1.7, Possible boundaries betwsen soil and drain opening (CAVELAARS.1870).

In determining the influence of openings on drainage performznce these
situations are of importance. Here situaticons (2) and (3) are considered
although the arched boundary condition is supposed to be the more likely due
to washing out of soil particles (PESCHL, 1883].

Many authors determined the total head loss as a result of flow towards
openings of a real drain. From this, the additicnal head loss due to openings
and consequently the entrance resistance can be derlved using egn. (1.13).

For reason of uniformity and simplicity all equaticons are modified in such a

way that they permit the direct calculation of entrance resistances.
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Cue to the wide variety of types of pipes and well screens and openings
or perfarations applied, a large number of theoretical solutions, all per-
tainipg to certain conditions, ere available. Here the following division

and codification has been made

- Smooth drains with

Circumferential Openings

Sco
Circular Perforations Scp
Continuous l.ongitudinal Slits Scls
Discontinuous Longitudinal Slits Sdls
Discontinuous Circumferential Slits Sdcs

- Corrugated drains with

Circumferential Openings I:CO
Discontinuous Circumferential 5lits Cdcs

2.1.1, Smooth drains with circumferential openings

The first investigation of the influence of gap width was carried out
by OEHLERS (1932). He established thet the discharge did not increase with
increasing gap width. ZUNKER (1932) attributed this remarkable result to
the relatively large hydraulic conductivity of the gap. KOZENY (1933) stated,
hawever., that an increasing gap width should result in a higher discharge
rate. According to him. the conclusions of OEHLERS (1932) weres based on well
flow so that the gap width doss not influence the groundwater table,

KOZENY (1933} derived the theoretical relationship between gap width,
drain diameter, hydraulic conductivity,., discharge and head loss. From his
equations for the total hydraulic head loss for radial flow, the entrance
reslstance can be derived using egn. (1.13). For arched boundary conditions

the follocwing result is ocbtained

R, m
cosh? -1
1n ) ﬁs T
¢ = —C 1m2R1(ﬁS+“R°) wosh 21_1-1—ln§ (1.20)
ea  , 2 Ro 53(2 R1 + RO) . 2 31 2T RD

[

E
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and for plane boundary conditions :

R,
cosh?
in

2 S

o 1n21?1(ﬁs+1rR0) cosh 57

4 12 R 65(2 R1 + T RD) 2 R1
Q 1n

ﬁs

w

-1

(1.21

Sy

1
2R 5 "
‘ o
1n

in which aea and aep are the entrance resistances for arched and plane boun-

dary conditions respectively. For the other symbols used, reference 1s made

to fig. 1.8. KOZENY (1933) concluded that the discharge is enly slightly in-

creased with increasing gap width. ERNST (41882]) established that the solution

of KOZENY (1933) contained some unproper approximaticns. HBased on the

equipctential

soil

. lplané bou.ndar'y- ‘
-

|

I

!
|
i
l

Fig. 1.8. Radial flow taowards gaps between clay drain pipes.
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theoretical considerations of KOZENY (41933]), slightly different eguations

have been derived {Appendix I). For arched boundary conditicons this solution

results in

Z Rq(ﬁ5 + T RO)

o = 1n
ea 5 2 Rg 35(2 R1 + T RD)
m RD
2 +
a °2° n o _1 E
+ - "y 1n - Ro e In Ro {1.22]
™ R, 24—
Vo 2} Rﬁ
gnd for plane boundary conditions in
.- a 1n2R1(ﬁ5+21TRD)
2w R B2y +TE)
T™ R
2 e 1 R
e ¥ ne S B 4
+ - ?’12=:1 in - 21T1nR (1.23)
™ K s} 0
o 2+

Vi e)3+ Ri

Accerding to WESSELING (1958), the solution of KIRKHAM (1850) can be
considered to have & more exact physical and mathematicel basis than that

of KOZENY (41933}, For arched boundary conditions KIRKHAM (1930) states that

aa =._..__.___cz ni—?‘]i_ioizn:gD;Z; ainZMWﬁ5 (1.24)
® 4amip g " a2 M Ay ¢

and for plane boundary conditions that

K (2n R /a) nwe
o ° sin o s (1.25)

2

e 1

1 "2 K1(2 nT Rn/c)

ne4g

n
8P g3 ;A

in which KO and K1 are modified Besszl functicns of the second kind and zero
and first order respectively. The only difference between arched and plane
boundary conditions is that BS is replaced by 55/2. KIRKHAM (1950) carried
out the summations in egns. (1.24) and (1.25) forn = 1 to # = 44 and he used
the EULER-MaclLAURIN summation formulae for n = 45 to *« taking KD/K1 = 1 for
n # 45. These solutions are valid for e >-ﬁE, a condition which is normal-

ly satisfied for flow towards clay drains.



- 14 -

ENGELUND (1953) proved that the additional head loss at the perforations,
within certain limits, is independent of whether the perforaticns are placed
on a plane cr on a cylindrical surface. As the greater part of the hydraulic
head loss will occur in the immediate vicinity of the perforetions, the
conditions farther away from the perforations are unimportant, From the
solution of ENGELUND (1953) a very simple expression is obtained. For arched

boundary conditions, the following formula holds

n__ = 1n (1.28)

(1.27)

These equatiens are valid for ¢ ﬁs and 2 RD > e¢. The first condition is
usually satisfied but the second one generally not.

KRULJTZER (1971) found a solutlon identical to that of ENGELUND (1353)
for well screens with circumferential openings and plane boundary conditions.
CHEESEMAN et al. (1874) gave a soluticn for the two-dimensional flow
towards continuous slits with plane boundary conditions. When applied to

circumferential openings, the equation of ENGELUND (1853) resulted.
Splitting up the flow towards circumfersntiial openings with plane
boundary conditions into a number of components, ERNST (1862) calculated

an approximate entrance resistance

R
_1 22 A A s}
aep =3 W(QD P + 3 RO + T3 RD 1n ﬁs) (1.28)

G

An exact solution for plane boundary conditions, wvalid for 55/0 -+ o

or ¢ >’BB, has been given by SNEYD & HUSKING (1876)

2R
_ e 2e _ 1 e 2 c o2 R
%ep © In T ﬁs 2T (2 T RD) YT R g ( ez ' e ) (1.29)

The sclution for arched boundary conditions is given by SNEYD (1976)

2R
~ e < -1 e 2 a o2 R
o = 1n = 55 E_E.(2 - RD) + 5 RO g( R ) [1.301
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TF
[

2 RO) KD(Z n T Ro/c) ID(Z n W R/e) - KD(Z n n R/'e) I0(2 nT RD/c)
e

= K@nmR/5y I (ZnnRlc) K (ZnThe L(ZnTRJe)

and conseguently

i

(2 RD) KD(Z ™ RD/c) ID(Z T RB/a) - KD(2 T R/a) ID(Z T Ro/c)
1

e | K, @ TR Je)y I_(2mHe) « K (@7 B/e) 1,(2 7 R /c)

where KD and K, and I‘J and I, are modified Bessel functions of the second

1 1
and first kind and zera and first corder respectively. SNEYD (1976) gives a
table for the value of g(2 Ro/c,Z R/¢) for different values of 2 RD/c and

2 R/e (table 1.1).

Table 1.1. Values of g(2 HD/c,Z R/¢) after SNEYD (1978).

2 Rle + 0.5 1,0 1.5 2.0 2,5 3,0

2 Ru/c ¥ g2 Ro/c.Z R/2)
0,1 0,3818 0,3602 0,2980 0,2990 0,1288 0,1268
0.2 0,1440 0,1670 0,1288 0,1291 ,0038 0,0038
G,3 0.0012 0,1038 0,0792 0,0795 -0,0197 -0,0197
0,4 -0,2027 01,0806 0,0582 Q,0Q567 -0,0257 -0,0257
G,5 0,0500 0,0427 0,0438 -0,0258 -0,0268
0.8 0,0208 0,0513 0,0355 00,0356 -0,0262
0.7 -0,0243 0.0418 0,0298 0,0288 -0,0250
0.8 -0,1082 00,0324 0,0255 00,0258 -0,0237
0.9 -3,2800 G,0273 0,0221 0,0226 -0,0224
1,0 0.0113 0.0194 D,0202 -0,0211

g(zzfeugzéb = g(-zrﬂua) for EEE > 3
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These solutions of SNEYD & HOSKING (1978) and SNEYD (1978) allow correction
of the simple eguations derived by ENGELUND (1953). However, as can be seen
from table 1.1, the third term can be omitted for most practical situations.

Hence uea can be calculated from the simple relationship

a <] a
o = 1n - (1.31)
ea 2112RD( LER 4“Rn)
and o from :
ep
[<] Z ¢ <]
a = In - (1.32)
P z ﬂz RG ( T 55 am RU)

On further consideration af these theoretical solutions it emerges that

the entrance resistance of circumferentlal openings mainly depends on

- the gap spacing ¢

- the outer drain radius RO
and less on

- the gap width ﬁs

- the radius R cof the equipotential considered.

Based on theoretical considerations, MOODY (1960) also concluded thet
increasing gap width between clay draln pipes is a very ineffective way of

improving their water uptake capacity.

2.1.2. Smooth drains with circular perforations

Plastic drain pipes are provided with perforations for water entrance.
The circular opening is aone of the first shepes for which the influence aof
the perforation on the uptake capacity of pipes has been analytically studied.
For circular openings placed in spirals on the drein wall {fig. 1.9a)
and arched boundary conditiens, the solution of MUSKAT (1842) for the head

loss gives the following expression for aea :

nomb 4nTR ?

1 = M= o o .

= = |%,2 —7F 'z b 0 st

Yea T T |0 Kn{ n )* 2221 $n31 KO( x sin > )

. 2 R 2]
Zn T o _ Nzt . z
cas 7 + 1n 3 ey 1n<2 sin ) (1.33)
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where ¥ = number of perforation rows
6p= perforation diamster (m)
hr= perforation spacing in the row (m]
9£= angle to the ith perforation row, measured from the base line

passing through the x-axis.

When Rr -+ 0 then KO + 0 and a soluticn for continuous longitudinal slits is

obtained
2 R .
1 0 N1 . 1
= -z — 1.34
aea R 1n ap 2% ln(z sin 3 J { ‘]
or
1 2 RD
% ST TR 1n 7 5p {1.35]

since it can be proved {(Appendix II) that

9.
Tl 1nl2 sin =2l 1n & (1.38}
=1 2

I+ different rows of perforatlions all lie in parallel planes normal to
the well axis, thus feorming a rectangular perforation pattern (fig. 1.9b),
the following expression for uea can be derived from the solution of
MUSKAT (1842]

nTeb 4nmR 8
1 % ju] N=i ® o, 7
= — x z —_
%a T TwF |t Ko( . ) T 202y 4nE Ko( S )
2 R G .
[s) ey , 7
+ 1n sp 224 1n(2 sin 5 ) (1.37)

When Rr + 0, then egn. (1.37) becomes identical to egn. (1.34). An identical
expression for regtangular perforation patterns and arched boundary condi-
tions is given by KIRKHAM & SCHWAB (1951),

MUSKAT (1542) and KIRKHAM & SCHWAB (1951) assumed that no signifant
error is introduced by not taking into account the presence of an impermeable
surface in which the perforations are embedded (fig. 1.10). By adding &
central source of strength ¢/2 the region between the perforations is actually
impermeable and an exact solution is obtained resulting in uea-values that
are doubled. Hence a correction factor of 2 has to be introduced into egns.
(1.33], (1.34), (1.35) and [1.37).
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Fig. 1.9a. Spirel distribution of circular openings.

b. Rectangular distribution of circular openings.

Taking into account eqn. (1.35), egn. (1.37) modifies into

4dnmTR 0, 2 R
R Q9 _. z 0
% KD(R— sin 2—) + 1n 75 (1.38)
r P
According to KIRKHAM & SCHWAB (1951), for plane boundary conditions, the
discharge has to be multiplied by a factor of 2/m resulting in an entrance

resistance that is given by
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Fig., 1.10., MUSKAT {1942) and KIRKHAM & SCHWAB (1951) assumed that the situ-

tions (a) and (b) are equivalent. This is only true for the

situations (a) and (c).

2 R e .
N= -
+ 1n 2 - .El 1n(2 sin EE) + ﬂ4 ﬂ2 1n g- (1.39]

Since eqgn. (1.38) 1is derived from egn. (1.37), correction by a factor of 2

has to be made and tekling into account eqn. (1.38), egn. (1.39) becomes

1 f nmb I 4nmR 8i
uep = _N ) —Eh + 2'13:‘1 n§’| Ko —— =in >
r r
2R

o] mo- 2 R
"lhﬁ]—ﬁ—; +—ET1“ ED (1.40)

Egn. (1.39) has no mathematical basis eand the results cbtained will be doubt-
ful. A better epproximation can be obtained by addimg the additiomal entrance
resistance between plane and arched boundary conditions to the entrance re-
sistance for the arched boupdary case. This additionzsl entrance resistance
can be derived from the additional head loss given by ENGELUND (1853) and

amounte to

m -2 - 7\1‘(“ -2
2mTmb 2T NS
p o
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in which m is the number of perforations per unit drain length. Adding

this to egn. (1.38), another solution for plang boundary conditiens is ob-

tained
nmeé 4nmTR g
1 = Nz ® o _.
ahp G n§1 KD( lr ) + 2,’_’=1 n§1 L Rr sin 3 )
z R, ?\r('n -2)
+ 1n 75t 73 (1.41)
P p

In a way analogous to that used for circumferential openings, ENGELUND
(1853) derived, from the flow towards a plane surface with circular openings.,
the head loss for e cylindrical surface with the same perforation pattern.
Thus, for e rectangular perforaticon pattern and arched boundary conditions,

the entrance resistence derived is given by

A
S D I S B - 2
4, = T Ry (3,91 2 1n 7\1) (1.42)

in which 11 and Rz are the smallest and largest perforation spacings respec-

tively. For plane boundary conditions the following formula holds

1 T 1 hz
U-Ep = ‘T-F—‘?; ‘2‘-—6—'] - 5“1—1(3,91 -2 1n ?\——) (1.43)

1
These eguations are valid for Sp <€ 2 X,. For a sguare perforation pattern

.
Rz = h1 and eqns. (1.42) and (1.43) become respsctively (CAVELAARS, 1967)
S S e B 1 =)
uea T mom (5 2 RE) (1.44)
_ 1 T 3,91
aep =T (ETE:; 5;3;;) (1.45]

in which RE is the perforation spacing. An analytical check of the validity
of egn. [1.42]) of ENGELUND (1853) and egn. (1.44) of CAVELAARS (1987) gives
the same results (Appendix III). The factar 3,91 eqguals 2 1n(4 7)) - 2 ¥ where
¥ is EULER’s constant (Y = 0,577 21...].

Since

A =rf—— (1.48)

eqn. (1.44) can be rewritten as
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o =7rr1»16 - 0.235 (1.47)
p ~jm RD
and egn. (1.45) as
o = - D248 (1.48)

ep 2mad
p ~/m R
o}

From this, it can be concluded that the number and diameter of the perfora-
tions are the main influegnces on the entrance resistance, the drain diameter

being less important.

The flow of water towards drains with continuous longitudinal slits
(fig. 1.11) is a theoretical problem because such drains cannot exist in

reality.

Fig. 1.11. DOrain provided with continuous longitudipal slits.

The problem of radial flow towards a well screen provided with continuous
longitudinael slits and plane boundary conditions, which was described by
KIRKHAM & POWERS (1871), was solved by DODSON & CARDWELL (1845). From this,
it may be deduced that
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2

T4
pp

number of continuous longitudinal slits

S
= — In (1.49)

o
ep

in which N

o5 percentage open area of the pipe.

Eg. [1.48) is accurate to within 1 percent error for R/RD # 5 and App < 0,3.
It App is expressed explicitly

NE
4 =D (1.50)
pp 2 TR
o
with Ep the perforation width, egn. [(1.48) can be written as
4 RO
= (1.511

UL S P
ep TN N g
o
ENGELUND (1953) derived, from the flow towards a plane surface provided

with continuous longitudinal slits., an identical equation for a cylindrical

surface.

For arched boundary conditions BP/Z has to be replaced by ﬁp and hence

2R
_ 1 s]
®oa T TH In VB (1.52)
p
It is staeted by ENGELUND (1853} that eqgns. (1.51) and (1.5Z) are valid for
ﬁp <R,

WIDMOSER (1956) arrived at identical eguations for the entrance resist-
ance of continuous longitudinal slits with arched and plane boundary condi-
tione provided that ﬁpN/RU < 1,4,

FUJIOKA & MARUYAMA (1970} also give a theoretical solution for con-
tinuous longitudinal slits with arched boundary conditions. This solution

gives for aea

(1.53)

b
—
3
—
~N
=Y
o
+
)
e
+
J—
)
=s]
o
+
==
— -
1
[~
1
I_.
—
3
ol
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If B is large, then (R/ED)-N and (R/RO)_N_j can be neglected against (R/HO)N
and (R/RO)N_1. Hence egn. (1.53] can be simplified to give

N
; {2 R (2R, + ﬁp)]

. e (1.54)
&2 Ro + Bp) - {2 RD) }

Since, in het numerator, 5p can be neglected against 2 Rc and when all terms
of a higher deggres in ﬁp are omitted in the denominator, egn. (1.54) becomes
identical with egn. (1.52).

fFor well screens and plane boundary conditions, KRUIJTZER (1971) aob-
tained the result given by egn. (1.51).

From these theoretical solutions, it foliows that the entrance resist-
ance for continuous longitudinal slits is mainly determined by the number
of slits and less by the perforatlion width and the drein diameter.

In fact., the solutions for continuous longitudinel slits and circum-
ferential openings as given by ENGELUND (1953) are identical. Indeed, when
¢ represents the spacing of continuous lopngitudinal siits, then

27mR
a]

N = —— (1.558)
&

and eqn. (1.52) = eqgn. (1.26), alsc egn. (1.51] = egn. (1.27}., Since
ENGELUND (1953) considers the flow towards & plane surface, the plpe geometry

is irrelevant apd it does not influence the entrance resistance.

2.1.4. Smooth drains with discontinuous longitudipal slits

Plastic drain pipes can have discontinuous longitudinal slits. For a
rectangular perforation pattern (fig. 1.12), MUSKAT (1942) gives a theoret-
ical solution for a well screen and arched boundary conditions from which
follows that

'y
I P G P T DU L) I S - T
ea 2 m N|"m=1 o Rr n oMy Z=1In=1 "o

2 R g,
sin(n m¥) a N1 1
R —— + 1n 5 i§1 In|2 sin 5 (1.56)
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t

in which Rp perforation length (m)

>
i

perforation spacing within the row (m)
N /A
s} r

-2
[}

= ——  ———————

Fig. 1.12. Rectangular distribution of discontinuous longitudinal slits.

When ?\r + 0 then K > 0 and egn. (1.34) is obtained in which Sp is replaced
by Gp. In principle, this solution is already obtained by putting ?\r = hp.
Egn. [(1.5B8) gives alsa aea-valuea which are halved and & correction factor

of 2 must be introduced. Taking into account sgn. (1.36), this results in

6 = = 2°2°Knﬂﬁp sin{n T Y)
ea TN n=1 o ?\P nomy
4 nmkRk 0. . 2R
Vatl) = o . _Zisinln 7 7y) 0
+ 2i=1 712=:'|KD(__—?\I‘ sin = ) Ty + 1n NBp (1.57)

Replacing the perforation width BD in egn. (1.57) by ﬁp/z results in a solu-

tion for plane boundary conditions, namely

o = —12% k ndT’B|:| sin(n T ¥)
ep WN|[n=1 ol 2 hr nTY
4n TR a. . 4 R
Nat) e o, Z 1 ain{n T ) a
v 5 -9 L] EinAe T .
vzEd T, Kn( o 0N ) Ty (N 77, (1.58)
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CAVELAARS (1870) applied the principles of a partlally penetrating well
in & conflned aguifer (fig. 41.13) to discontipuous longitudinal slits. Com-
pared to a fully penetrating well an additional head loss must be taken into
account for a partially penetrating well having the seme discharge. For the
game diameter of the well the additional head loss depends on the length of
the well and its place in the confined aguifer. The place is Indicated by
the eccentricity & = ¢ lr of the midpoint of the well to the midpoint of the
confined aguifer and € can be defined a&s the relative eccentricity of the

well. Applying the formula for the additional head loss due to flow towards

a partially penetrating well as given by ths Hydrologisch Collogquium (1964) to

discontinuoug longitudinal slits and adding it to the head loss dus to flow

towards contipuous longitudinel slits, with arched boundary conditions,

CAVELAARS (197D) cobtained the following soclution for the entrance resistance :

1 < Ro 1 -7 8 lr
S 1 - F(y, .
o i in 7 ﬁp + - n 3p (y.e) (1.53)

in which F(y,e) is a2 function of ¥ and €. The function F(¥.e¢) has been tab-

ulated in table 1.2.

Fig. 1.13. Flow towards a partlally penetrating well in a confined aguifer

applied to discontinuaous longitudinal slits at drains.
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Similarly to CAVELAARS (1370), we applied the solution of MUSKAT (194B)
for a partially penetrating well extending to the upper or lower boundary of
the aguifer, after adapting it to a well situated symmetrically in the
aquifer, and we cbtained a solution similar to egn. (1.57]).

Egns. (1.57) and (1.58) are based on the assumptions of a constant potential
and a uniform flux density over the sntire perforation length. Since these
canditions are not satisfied, MUSKAT (184B] has modified his sclution for
partially penetrating welis on the besls of pumerical calculations. He con-
cluded that for e partially penetrating well extending to the upper or lower
boundary of the aguifer, one may assume the flux density over the well to be
uniform when far the potentiesl an effective average is taken. This turns out
to be that at a quarter from the free end of the well. For a well situated
symmetrically in the aguifer, this means that the effsctive average poten-
tial is situated cne-eight of the way from the free ends. Applying these
considerations to discontinuous longitudinal perforaticons of a drain

(Appendix IV) leads to the following modification of egn. (1.57) :

H

e
s T THIm

npq

coa(gn T Y)
A n Ty 4

nm ﬂp sin(n T ¥)
1 Ko -

4nmmR 0. . 2R
M= «© o . 1) sin{n T ) 3 =]
+ 2i=1 n§1 KD( hr sin E_} Ty 005(4 n mwyY)y+t 1n ﬁfﬁ:; (1.64)
Accordingly, eqn. (1.58] becomes
a =——12% « : ﬂrﬁp sin(e T ) cosﬁg nomY)
ep ™ ¥|n=1 ol 2 hr % Ty 4
dnTh é. . 4 K
WEY! *® o . 1) sin{m mY) 3 o
+ 2i§1 n§1 Ko(__—T;——_ sin 5_) prap 005(4 nowy)e+ In 7 ﬂp (1.657

Since ﬁp < hr‘ KU converges very slowly. Therefore another approximate solu-
tion, given by MUSKAT (19486) for flow towards partially penetrating wells in
terms of I'-functions, can be used. Taking intc account the above-mentioned
modifications (Appendix IV) it is found, for arched boundary conditions,

that
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1 2 [s] T -y 5 Rr
o = ——|1ln + 1In
"N N
ea ﬁp Y ﬁp
1 7 1 7 1 g
’ RS r(ﬁ‘l’) T+ IG5
- 7 -1 In 7 7 1 7 T 1 (1.68}
T - TU - IG5 Mg -3
and for plane boundary conditions that
) =L1n4ﬁ°+1*7{1n187\r
m™N i
ep ﬁp Y Bp
1 7 1 7 1 1
) TEEN TG v 527} T v = 1)
1 1n 16 16 2 186 2 186 (.87

Tz - A _ 7 17 1o
M- IO - G -3 I -mn)
Another approximation for flow towards partially pernetrating wells was
given by DE GLEE (1930). He replaced the curved surface of the cylindrical
well by an egquipotential ellipsocid of the sams surface area. Applying his
solution to discontinuous longitudinal slits leads to the following sguation

of the entrance resistance for arched boundary conditions :

2R T lp 4 1
%o TTE\FE. Ty lnzE TN F 7SO (1.58)
D P p
while for plane boundary conditicns
1 SN ﬂhp 6A. 4
aep;ﬁ hﬂ]ﬂ +&—ln 7 - 1n 7 +Ef(s‘) (1.69)
p P p
with
1 2 z 1 2
= - L ol s i
FE) =33 fa . t? +n=‘l{2(n -
1 _ 2 2

28y s an v $)E Aa - (2n - £)%

in which § = O\P + 2832 Ptr. DE GLEE (1930} has tabulated the values of
Ff@) as a function of 1/ . Using this expression for F{¢). his tabulated

values differ from the values we cbtained as can be seen in table 1.4,
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Table 1.4. Values of f{{) according to DE GLEE

(18230) and to our calculations.

" £6)
OE GLEE corrected

1,1 5,40 5,282
1,15 3,72 3.6286
1,2 2,30 2,806
1,3 2,05 2,005
1,4 1,66 1.826
1.5 1,486 1,418
1,6 1,36 1,238
1.7 1,30 1,223
1,8 1,28 1,181
1,8 1,24 1,161
2 1,23 1,154
3 1,48 1,414
4 1,91 1.845
5 2,40 2,315
6 2,90 2,799
7 3,40 3,280
a 3,490 3,784
9 4,40 4,280
10 4,90 4,777

For discontinuous lopgitudinal slits 8 = 0 and hence 1/% = 2. In calculating
the entrance resistance we used 0,577 instead of 0,615 for 1/2 f{t{). Egns.
(1.88) and (1.69) are valid on conditieon that Ar = 1,30 Kp and lp =10 ﬁp.

Other formulaze, such as those of FORCHHEIMER (4858) based on experimen-
tal data and of ROTHER (1904) and KOOPER (1814) for which the supposed boun-
dary conditions differ widely from reality, can hardly be applied.

All these solutions in fact consist of two parts of which one gives the
entrance resistance for continucus longitudinal slits while the other takes
into account the discontinuity of the slits.

KRUIJTZER (1971) proceeds from egn. (1.43] and proposes that this equa-

tion is velid for discontinuous longitudinasl slits with plane boundary con-
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ditions provided that 1 - v € 1. Since he anly gives a solution for plane
boundary conditions, he takes into censideration the possible change of the
percentage open area App in course of time due to washing out of soil part-
icles or to the formation of deposits In the perforations. Therefore Ap

has to be replaced by &)App and

Ote T In T w A
pp

in which «w can take values between O and 2. For :

(1.70)

w = 1 no changes have occured, i.e. plane boundary conditions still
apply:
1 < w<«< 2 soil particles are washed out;
w = 2 sgoil particles are washed out and arched boundaries are built up;

0 < w< 1 deposits are formed in the perforations.

Egn. (1.70]) gives aep when w = 1 and ®ea when @ = 2,
KRUIJTZER (1871) gives & solution for the situetion 1llustrated at fig.

1.15 where perforated sections alternate with unperforated anes.

\
E—
—

impervicus layer

ﬁstl:”‘l
clC— A |
—
Al i A
U — |
&, Dy
longitudinai circumterantial
H ; slits openings

' 0,
impervious layer

Fig. 1.15. Flow towards a well screen with perforated sections in a confined

aguifer (KRUILJTZER, 13871).
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Since the perforations in a drain ere regularly distributed this is of no
importance for drains unless certain sections of the drain are systematical-
ly clogged which is uniikely. In this case, the fellowing expression for

o is obtained
ep

xg T A 2w RO 4 RD)
o = —=L—|-1n =in + in (1.71)
A Iy
&P g g7 R_ 2R . Ve,
with )\'F = length of the perforated section (m)
g = spacing of the perforated sections (m).

Taking into account that the percentage open area of the perforated section

Apz is piven by

I . P
ST TR {(1.72)
f o

g A
A = =
pz ZTTRD

and considering a clogging factor w, egn. (1.71) can be rewritten as

X ki A; 2T RD

g 2
W = eSeme |- 10 osin + in (1.73)
e P RD 2 hg Af N T W Apz

In that way, egn. (1.73) can be applied to discontinuous longitudinal slits
for the fig. 1.15 case taking into account that Apz i5 the ratio of the open
to the total area of the perforated section and that the condition 1 - 7 <€ 1

is satisfied.

2.1.5. Smaoth drains with discontinuocus circumferential slits

In section 2.1.3., it was mentioned that the formulae for continuous
longitudinal slits and circumferential openings are identical. The same can
be said for discontinuous longitudinal and circumferential slits (fig. 1.16).
Since ¥ = 2 1 Ra/c, egn. (1.59), for discontinuous circumferential slits and

arched boundary conditicns, bescomes

] <] 1 - 8 hc
1n + 1n - F(y.e) (1.74)

=a 2 7% R T ﬁs v 35

o}
and egn. (1.61]
_ 2N fly,e)
o, = —2 In —F +1771n 2 (1.75)
21% R s s
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Fig. 1.16. Rectangular distributicon of discontinuous circumferential slits.

For discontinuous circumferential slits and plane boundary conditions, egn.

{1.60) becomes

<) 2 1 - 16 Rc
o = 1n + in - Fly.,e) (1.78)
Bp 5 o2 R WBS ¥ .85
and eqn. (1.62)
_ 4 N, flr.e)
L, T —=—an fTﬁc - L — (1.77)
P 2q2p s s

where ¥ = kp/lc. For the other symbols used, reference is made to fig. 1.16.

From the exact solution for circumferential openings with plane boundary
conditions of SNEYD & HOSKING (197B), it may be argued, for discontinuous

circumferential slits with plane boundary conditions, that

2R 16 A
_c__ ( D?Ji)uﬂ -1 Jy, c (1.78)
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For circumferential openings with arched boundary coenditions, SNEYD (1978)
gives an exact solutian.

For discontinucus circumferential slits the fol-
lowing formula then holds

a = —2 15 % L(L._)
ea 2wt Rg n ﬁs 2w\ RD

In
Il

5 - F(v.e) (1.73)
z n? RD ¥ 5

R A
e (2 02 H) ¢ (1 -7) 8 C
+—--------g y— +
2mR I<]
0
These eguations will give a better approximation than the solutions of

CAVELAARS (1970} although it may be expected that

2

1 c c z RD 2 R

- —_— + g y—
Z2mi\2ZTRA ) 2TmR
a [w]

c <]
can be neglected and hence eqns.

(1.74) and (1.78) can be aepplied to yield
results which are sufficiently accurate for practical purposes.

The other formulae deduced in section 2.1.4. cen be used after substitut-
ing 2w Ro/c for A, ﬁs for Bp and RC for A

nTRh
s | sin(n 1T 7Y) 3
Ac ) . 005(4 nomy)

Hence egn. (1.84) becomes

Q
I
o
Lo At ]
N
w48
—_—
s
_——

Nz

+ 272 g K i_f_j,fﬂ sin ii- E'—iﬂ—(ﬁ—ﬂ-—-’]—'-)—-cc:s(é-ra T ) + 1n £ (1.80)
=1 y#n=1 "o A 2 n Ty 4 mh )
while egn. {1.65) reads :
¢ 2 nwb, sin{n T 7v) 3
%o T _—2 §1 KU 5 e cos(z-n T oY)
PoortR " c 7
dnmR g,
Nz L 0 .. _Z}sin(n 1Y) 3 2 e
+ 2i§1 n§1 KD(——TZT——-Sln 5 )'_7T7F7___'D05(4 nTy) + 1n - ﬁs {1.81)
Egns.

(1.68) and (1.67) respsctively take the forms
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< e 1T -7 Bko
o = 1n + in
ed 2_"_2}? 'FT,BE b4 '88
8]
1 7 1 7 1 1
) 1 . F(TET v) F(TE—T) 1“(5 + Té_” l"(-j- + ',—l-é"?)
Z(0 - ) 1 v 1.7 S
r¢ 15") ING! 157) 1"(2 ﬂ57) 1"(2 157)
. ) 6 A
. ¢ 1n i g . 1 - ¥ 1n . [
Pooa2p 5 s
[»]
1 7 17 7 1 1
) y . TG GG TG IG5 }
2(1 -7 S S 1.7 11
NG 157) ra 17) P(2 157) I 157')

The formulae of CE GLEE (1930) respectively take the forms

c ( < 1 T RD 4 lc:

o = 1n + — 1n - 1n + D,57%
°% 21% R Thy v T 28 Bs
5 . ™A B RC

o = == ln_n; +—lnﬁp-lnﬁ +D,577J
8P o g R s 7 s 5

(1.82)

(1.83})

(1.84)

(1.85]

Here, also, all these equations consist of two parts of which one repre-

sents the entrance resistance for circumferentisl cpenings, while the other

takes into account the discontinuity.
According to KRUTIJTZER [1971) it follows that

a, - 4 lnTrsz
2 TR [fs]

(1.88]

if 1 -y € 1. For perforated sections with circumferentizl openings (see

fig. 1.15) and plane boundary conditions, we obtained that

X A
=L-lm5:’.n1—T---—-1i+c—1n2C3
ep 21T2RD 27\g )l-F 1'r|f§E

Taking into account that

=)

I

pz

(1.87)

(1.881



and considering a clogging factor w, egn. (1.87) can be rewritten as

A ks AF 5
ae=-——~g—-lnsinﬁ~+§-—ln_m— (1.89)
2 72 R, g 7 T pz

In that way, eqn. (1.89) can be applied to pipes consisting of perforated
sections with discontinucus circumferential slits, taking into account that
Apz is the ratic cof the open to the total area of the perforated section and
provided that 1 - v <€ 1.

This literature review shows that a large number of theoretical solu-
tions is available for the perforation shapes and distributions commonly
applied to drains with a smooth outer surface. The following questions now

arlse

-~ Which theoretical solutions correspond to the reality 7
- What are the limitations of the solutions ?
- Are the simple solutions as useful as the more complicated ones ?

- Lan the solutions be epplied to ccrrugated drain pipes 7

Once these guestions being answered, the factors determining thes en-
trance resistance, or the parameters which principally influence the en-

trance resistance, can be found.

2.2, Analogue simulation

The maost ideal form of sclution would be a complete mathematical des-
cription. Impressively elegant technigues have been developed for ths ana-
lytical treatment of flow problems, but most solutions pertain to problems
of very simple geometry. Despite that they often present the soclution in
the form of ipnfinite series of higher mathematical functions which are fre-
guently difficult to interpret. The analogue method can circumvent the
shortcomings and, perhaps, the excessive educational reguirements for a
purely mathematical approach.

Analogue simulation can be deflned as lnvestigeting a technical or phys-
ical phenomenon by studying another physical phenomenon which satisfies
identical or analogous laws. The apalogue simulation also called model re-

search is an instrument in which continuous varilables or physical guantities
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behave analogously to

- the variables cor quantities of the problem under investigation:

- the variables or guantities in a mathematical equation.

As a rule, alsc here, the complex problem is schematized and often constant
values of physical guantities are considered. Moreover, model research only
gives an individual solution for the problem under investigation.

Two models are currently used to investigate the entrance resistance

af drain pipes, namely the sand model and the electric analogue.

2.2.1. Sand model

Undoubtedly, the sand model is the analogue which comes closest to
reality because it satisfies DARCY's law. From discharge measurements and
potential readings in and close to the drain, the entrance resistance can be
obtained.

As appeared from the investigations of WESSELING & HOMMA (1867), the
sand model only lands itself with extremse difficulty to accurate study.

The permeasbility of the porous medium that influences the flow resistance

is liable to changes. The behaviour of drain pipes and envelope materials can
only be compared when the investigations are carried out under equal circum-
stances. In spite of these disadvantages, the sand model has permitted the
drawing of important conclusions on the performance of drain pipes and en-
velope materials.

At the introduction of plastic drain pipes, it was attempted to give
them a total perforation area as the clay pipes used normally. However, the
main difficulty was to find the exact inlet area of clay plpes because the
gap width differs considerably. Practical recommendations regarding the gap
width between clay pipes vary from a tight it to as much as 6,4 mm [JUUSELA,
1858) . With pipes having sguare smooth ends, the minimum gap width obtained
im the field by DUTZ (1950) was 0,8 mm. In a sand model tank, DE JAGER
(1860 a) observed gap widths of 0,7 to 1 mm which give & maximum inlet ares
of 7,1 cm? per metre length of drain for clay pipes with a 75 mm outer diam-
eter. DE JAGER (1962) considered that, under field conditions, the gep
width varies between 0O and 4 mm. BINSACK (1964) and WILLNER (1961) geve
values of respectively 1,7 and 0,8 mm. Under ncrmal conditions the gap width

ranges from 0,8 to 3 mm (VAN DER BEKEN, 41862). KOWALD (1863) mentionsd gap
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widths of 0,33 to 0,82 mm which correspond to an inlet area ranging from 2,0
to 4,9 ¢m®/m. For hand laid clay pipes, EGGELSMANN (1969) found gap widths
of 1 to 5 nm. KOWALD (1883} and KUNTZE (1868) cbserved that the best guality
drain pipes, after DIN 1180, can give gap widths smaller than 0,5 mm due to
the exact sgquare smooth ends and pipe expansion after wetting. MILLER &
SNYDER (1544) and PILLSBURY et «al. (13880) concluded that the expansion of
clay drains on wetting is very small and deoes not significantly effect the
drainage performance.

Plastic drains are provided with perfarations in the faorm of circular
holes and discontinuous longlitudinal or circumferential slits. For smooth
plastic drains, preference was given to discontinuous longitudinel slits as
discontinuous circumferential slits lead to cracks during installation
(WESSELING, 1961) while circuler openings involve manufacturing problems
and greater siltatlion risks (FEDDES, 19B6].

WESSELING (1359) carried out comparative sand tank experiments with
clay drains and 40 mm inner diametsr polyethylene pipes with a 5 mm wall
thickness provided with discontinuous circumferential slits of 0,5 mm x 12,5
mm at spacings of 12 and 40 mm. He steted that the entrance resistance is
strongly influenced by the spacing of the slits. Also, with slits at the
upper side of the drain, a higher entrance rgsistance was obtained tham with
slits at the lower side. This can be explained by the fact that the flow to-
wards the drain mainly occurs from below. He found that the entrance resist-
ance of a clay pipe with a 0,5 mm gap width is egual to the entrance resist-
ance of a plastic drain with an open area of 4 em?/m for slits at the lower
side of the drain and with an open area of 14 em?/m for slits at the upper
side.

Experiments by DE JAGER (1380 a) indicated that the open area of smooth
plastic drains has to be at least 15 cm®/m ta obtain the =ame drainage per-
formance as clay pipes. The discontinuous longitudinal slits had a length
of 25 and 50 mm, a width of 0,5 to 0,6 mm and were distributed over 4 rows
for pipe diameters of 30, 40 and 50 mm. The clay drains were surrounded with
glass fibre to prevent silting of the pipe, while the smooth plastic drains
were not since no particular silting problem was expectesd. An increass in
drainage performance could not be detected by increasing the gap width from
0,7 to 5 mm. VAN DER BEKEN (1962) obtained identical results from experi-

megnts in the same model tank with the same sand material. His experiments
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confirmed that the favourable results cof clay pipes had to be ascribed to
the glass fibre envelope.

On the basis of the experiments of DE JAGER (1960 b) slit dimensions
in the Netherlands were fixed on 0,E mm x 25 mm as narrower and lohger
slits could easily be reduced by pipe deformaticn due to load. To obtain a
satisfactory pipe strength, the inlet area should be limited to 9 em? /m.

The experiments of BINSACK (1861) showed that siit width does not signi-
ficantly effect the draimage performance but that the number of slits per
metre length of drain influences the uptake capacity. Increasing the inlet
area from 5 to 10 cm?®/m improves the drainage performance considerably while
only & slight effect was observed by increasing the area fram 11 to 15 cm?/m.
He concluded that an inlet area of 7,5 cm*/m should be gnough for practical
purpeses. Experiments with clay pipes showed that the drainage performance
increases with larger drain diameters. Comparing clay pipes with plastic
pipes having the same perforation area it was found that the latter give
better regsults in spite of their smaller diameter, although the differences
were insignificent for practical purposes. Also LUTHIN & HAIG [1872) found
that, with clay pipes, larger diameters and shorter pipe segments increase
the flow rate.

BOUMANS (1963) concluded that the entrance resistance of a drain is
mainly dependent on the relative slit length or the slit length per unit
length of drain and the relative slit width or the ratio of slit width to
the outer drain diameter. He ascribed different research results to dif-
ferent experimental circumstances since the influence of particle size and
distribution on the entrance resistance is effected by the slit width.
Washing out of fine soil particles decreases the entrance resistance.
FEICHTINGER (1966) obtained much the same results as DE JAGER (1960 a) and
BOUMANS (1883].

The investigations of WESSELING & HOMMA (4987) showed that the largest
variation in entrance resistance is found between 1 and 4 perforation rows.
Mere rows result in & relatively small change in entrance resistance. For
the same perforaticn pattern, & larger diameter is more favourable due to
the smaller radial resistance. For drains wrapped with glass fibre two per-
foration rows or a perforation area of 4,50 cm?*/m were found to be enough for
most soils except for drains laid in a trench with very low permeability.

Without an envelope a larger perforation area is recommended.




EGGEL.SMANN (1983) clearly established that the entrance resistance de-
creases with increasing gap or slit width. He arrived at an inlet area of
at least 7 cm®/m, regardless of the drein type, which means a gap width of
1,5 mm for clay drains. The perforation width of plastic draims should be
0,8 to 1,5 mm. HUSEMANN & PAHLKE (196%8) found that slits of 0,4 mm width
were soon clogged by iron deposits while only a few cases of clogging were
observed with 0,8 mm wide =slits. From laboratory investigations. KABINA
(1969} concluded that an inlet area of 40 em®/m should be sufficient.

SCHWAB et f. (1968) found that the spacing of circular holes on the
cylindrical surface of the drain has very little effect on the inflow when
the ratio of the shortest to the longest spacing is greater than 0,2.

MEIJER (1969) found that corrugated plastic pipes improve the drainage
performance &3 a result of the larger perforation area and the regular
distribution of the perforations on the pipe surface. The entrance resist-
ance, found by him, is anly 60 to 70 % of the entrance resistance of smooth
plastic pipes.

From the results of sand tank experiments VAN DER BEKEN (18982) deduced
a semi-empirical formula for drains provided with discontinuous longitudinal

slits. For arched boundary conditions he gives

2R

_ 1 o
Yea TT Wy " ¥ B (.90
p
and for plame boundary conditions
1 4 RD
aep TTw Y in N Bp (e

Based on laborataory experiments CROS (1873) also came to egn. (1.803.
Proceeding from the theoretical analysis of VAN DEEMTER (1850), CHILDS
& YOUNGS (1958) studied the influence of the drain on the position and shape
of the water table at a given rainfall rate and came to the conclusion that
a real drain cen be replaced by an ideal drain of a smaller diameter.
I+ the impervious layer was at infinite depth below the drains, the reguired
reduction of drain dismeter has a marked effect on the height of the weter
table directly above the drain but does not seriously effect the water table
"height midway between the drains. especially when the maximum angle ¢ of the
water table with the horizontal (fig. 1.17}) is larger than 30°. This con-

clusion has also been extrapolated to drains on the Impervious layer.




s0il surface 50il surface
e R R RS A
. water tcble
-~
L
D<W<%

water table

()

Fig. 1.17. Maximum angle ¢ of the water table with the horizontal.
a. The water tahle meets the drain and ¢ = /2

b. The water table does not meet the drain and 0 < ¢ < /2.

The experimental study of CHIIDS & YOUNGS (1958) showed an important rise

in the water table midway betwesn drains as a result of very small ¢-values.
Also, the existence of soil particles in the gaps between clay drains re-
sulted in a considerable rise in the water table midway betwssn the drains
(YOUNBS, 1965). YDUNGS (1967) came to the conclusion that the effect of

gaps on the water table height is not only dependent on ths width and spacing
of gaps but a@lso on drain spacing. The conclusions of GUYK et ail. (1373),
for drains with the impervious layer at infinite depth, correspond with those
of CHILDS & YOUNGS (1958] and YOUNGS (1867). Especially for small spacings,
the effect of drain diameter on water table height midway between drains is
naticeable.

SCHWAB et al. (1888} found that the theoretical effect of gap spacing
can be applisd to the drawdown case, provided that the water table midway
between drains is at least B0 em a&bove drain centre. For a given drainage
rate, depth and diameter of the drein, increasing joint spacing or the num-
bar of perforations incrsases the drawdown rate. The effect of gap spacing

an drawdown rates increases as the drain spacing and soil porosity decrease.

2.2.2. Electric analagues

Electric analogues are based on the analogy between DARCY's law for
flow of liguid through porous media and OHM's lew for flow of electric cur-

rent through conductors.
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In studying the entrance resistance of drain pipes. thin metallic sheet
and conductive paper models can only be used for the simulation of two-dimen-
sional flow problems, e.g. drains with continuous longitudinal slits. Con-
ductive liquid analogue systems or electrolytic models are particularly suit-
able for aobtaining three-dimensional flow patterns. Detailed treatment of
the use of electrolytic tanks 1s given by KARPLUS (1358].

The electrolytic model, in principle, consists of a shallow tank of
non-conductive material filled with water containing a small amount of salts
such as copper sulphate. The electrolytic conductivity is based on the move-
ment of charge carrisrs, namely positive and negative icns, and is inde-
pendent of the electric field, if not too high. The conductivity of a con-
ductive liquid does not change in the same way as the concentraticn when a
very weak solution of salt is replaced by a very strong sclution. This
phenomgnon can be ascribed to the decrease of the dissociation degree, i.e.
the relative amount of dissociated molecules in 1ons and to a decrease in
ionpic activities.

A model with the boundary canfilguration of the problem under study is

immersed In the tank. Boundaries which are equipctential surfaces &re made
of metal while an insulating material is emplayed for streamline boundaries.
An alternating current source is applied to the eguipotential boundaries.
The voltage distribution within the ligquid can be measured with a sensing
procbe, For radial flow towards & drain, a cylindrical metallic wall forms
one electrcde of the system and a model of the drain is placed vertically
in the centre forming the second electrode. The pipe wall consists of in-
sulating meterial while a conductive metal is used for the perforations.

Radial flow towards an ideal conducter in & conductive liquic gives a
straight line relaticnship between the voltage and the logarithm of the

distance to the conductor. For a conductor with length I we have that

Vr T I 1n ¥l (1.92)
o}
Qr
¥
r _ Ip _
T T T n L tan o (1.93)
lnﬁ-—




_43_

On the other hand

=T ]
Vr T (1.94}
or
Ipa
=— T (4.95)
Vr L
with
1 R
ar-zﬂlnﬁ [1-95]
o
in which Vf = gpplied voltage between the two electrodss with radius R and
E_ (V)
0
I = electric current (A)
p = resistivity of the electrolyte (2 m)
L = conductor length (m)
Q. = elsctric resistance ()
o, = radial flow resistance (dimenmsionless).
The value of a is only dependent on the radius of the flow medium and
of the conductor; moreover o, is identical to egn. {1.5]. From egn. (1.95)

it follows that

o = (1.97)

and considering eqn. (1.83), we obtain that

12

T
% STt (1.98)

Radial flow towards a model of a real drain gives

V. =V + V¥ (1.99)
t r E

The applied voltage Vt is the sum of the voltage Vr for radial flow and the
additional voltage Ve to overcome the resistance of the model of a real
drain. Analogously to eqn. (1.98), the entrance resistance can be derived

from the electric voltage measurements, since

¥V
_ e
o, = R {(1.100)




Vt
% T % % T tan G (.o

For a model of an ideal drain, the electric potential distribution in rela-
tion to the logarithm of R/RD is graphically represented by the straight
line (&) in fig. 1.18. This straight line makess an angle © with the abscis-
sa. From sgn. (1.83) it follows that tan a is & measure of the electric
current because p/2 T L is a constant at & given temperature. For flow to-
wards a model of a real drain the curves (b}, (c) and (d) in fig. 1.18 are
obtained depending on the position of the measuring place with respect to
the perforaticns. CAVELAARS (1966) described how @, can be derived. When
the straight part of the curves (p), (c) and (d]l has a slope angle o, then
the electric current corresponds to the electric current for flow towards a
model of an ideal drain. To maintain the same electric current as would be
obtained for flow towards a model of a real drain, a higher voltage Vt has
to be applied. The difference in voltage Ve [see fig. 1.18) represents the

extra voltage fo overcome the entrance resistance.

¥
¥
o -
1) “
(g}
- v
7
I
el l g
R f R
In=&t In%
R, o

Fig. 1.18. Relationship between voltage and distanmce tu the drain model
(CAVELAARS, 1968).
(a) model of an ideal drain
(b)y ymodel of a real drain; the shape of the
(c)) {curves depends on the position of the measuring

(d}Y Yplace with respect to the perforations,
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This Ve-value can be found by extrapolating the straight part of the curves
(b), (z) and (d) to its intersection with the ordinate. If the straight
part of the curves is extrapolated to its intersection with the horizontal
axis, the value aof lﬂ(Hef€/Ho) is found.

Ancther possibility which exists is that of deriving the entrance resist-
ance from the ratio of elestrical currents in the ideal and real drain model
cases by applying equal voltages (SCHWAB & KIRKHAM, 19851). For flow towards

a model of an ideal drain we have

R = e—
Ing = o {1.1023

_ - rd
Vt = T (OtE + O'.F) {1.1033]

Combining egns. (1.102) and (1.103) and considering eqn. (1.9B6) gives

I.
-1 igd _ B
OLE = ﬂ(l- 1) in Iz (1.104)
rd a]
in which Iid = glectric current for flow towards the model of an ideal
drain tA)
Ird = glectric current for flow towards the model of a real

drain [A).

Apart from analytical solutions and sand tenk experiments, present know-
ledgs an the entrance resistance of drains has been obtained from investiga-
tions with electrolytic analogues.

SCHWAB & KIRKHAM (1951) checked the validity of their analytical solu-
tions with electrolytic models and found a reascnable good agreement between
thearetical and experimental values, although the thecretical uptake capa-
city seemed to be somewhat higher than the experimental one. These authors
established that for the same number of circular perforations per unit length
of drain much the same results were obtained, irrespective of the number of
raws. The solution of KIRKHAM (1850) for circumferential openings was also
checked and deviations not greater than 3 % were obtained.

From his investigations with an electrolytic analogue, CAVELAARS (1966

found that the relative perforation length is a good criterion for the per-
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formance of drains. Both perforation width and drain diameter have less in-
fluence. Since the spacing of perforations determines the concentration of
the flow lines., the spacing is of primary interest and the perforation ares

is not a useful parameter. Hence pipes with shorter perforations but the

same perforation length pser unit length of drein have & lower entrance resist-
ance than pipes with longer perforations (CAVELAARS, 19B7)., Because of the
perforation pattern, it may be expected that plastic pipes will have a better
uptake capacity than clay pipes.

WIDMDSER (1366) also arrived, independently of CAVELAARS (1967), at
analogouws conclusions, WIDMOSER (1372) found a higher entrance resistance
for circular holes than for slits having the same inlet area. For dreins
with twoc continuous longitudinal slits and identical geometrical conditions,
an increase in diameter does not result in improvement of the drainage
performance [WIDMOSER, 18671).

According to CAVELAARS (1870), doubling the perforation length reduces
the entrance resistance to less than half. ODoubling the perforation length
and halving the width still halves the entrance resistance. Doubling the
perforation width does not have much effect. A larger drain diameter with
the same perforation pattern results in a higher entrance resistance bescause
of increasing spacing between perforations. The inlet area of clay drains
changes with increasing diameter and results in a lower entrance resistance.

BRAVO & SCHWAB (1977) investigated the effect of circumferential open-
ings on smooth plastic pipes and discontinuous circumferential slits on both
smooth and corrugated plastic pipes by means of an slectrolytic analogue.

It was found that the entrance resistance Increased considerably when the
valleys of the corrugations were filled with soil. If s0il had entered the
perforations the entrance resistance increased still further. According to
these authors, a thin envelope material surrounding corrugated drains results
in drains with circumferential openings which approximate to an ideal drain.

Higher permeability of the trench backfill can compensate for entrance
regsistance (CAVELAARS, 1870]). In the case of clay and smooth plastic drains
the permeability of the trench backfill should be 4 to 10 times the per-
meability of the undisturbed surrounding soil, while twice the permeability of

the undisturbed soil suffices for corrugated plastic drains.
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3. Experimental Reseanch

3.1. Electrolytic analogue and electric equipment

The electrolytic analogue used In this study consisted of a square con-
tainer (fig. 1.19) with inside dimensions of 810 mm, made of 15 mm thick
plexiglass. A cylinder of brass copper with an inner dlameter of 800 mm and
a wall thickness of 1,5 mm was placed in the container. The height of the
container and the copper cylinder was 330 mm. Drain models were placed &t
the centre of the cylinder. The brass copper cylinder and the drain model
constituted the electrodes of the system.

A weak soluticn of copper sulphate (Cu804] in distilled water was em-
ployed as conductive liquid. To obtain full accurscy of the power supply,
the concentration was adapted so that a load resistance greater than or egqual

to 300 § was reached.

top view

1

plexiglass J L':t::pper cylindrical
container surface
section A-B
e[ectrolyte-j

—
375——-

330

FrFrrT

——250

154

Fig. 1.18. Scheme of the electrolytic model [measurements in mm).
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Rails were mounted over the plexiglass container on which & small car-
riage could move to and fro. The carriage carried the sensing probe which
could be displaced both radially and vertically (fig. 1.20). Position and
depth of the probe could be read very accurately in both the horizontal and
vertical planes by means of a measuring staff with 0.05 mm divisions. By
turning the drain model around its axis, it was possible to carry out measure-
ments in several vertical radial planes.

The sensing probe was a platinum wire fused into a glass tube {fig. 1.27)
connected via a mercury-contact to the measuring instrument.

A low-frequency generator, PHILIPS PM 5106, was used to supply sine-wave
voltage in the freguency raenge 10 Hz to 100 kHz. A frequency could be select-
ed in four coverlapping subranges. In each range the freguency was continu-

ously variable by means of a dial and the cutput voltage could be continuous-
ly adjusted from 0 to 10 V.

Fig. 1.20. Rails, travelling carriege and measuring staffs.
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—measuring staff

REARERRARN

glass tube (@ 6mm)

[__insuluted conducter
g
mercury-contact

v platinum wire (@ 3mm)

900
Fig. 1.21. The sensing prcbe.

The influence of the frequency on the measurements has been checked by car-
rying out measurements at 10 Hz, 71 kHz and 10 kHz. No appreciable effect
on the entrance resistance has been noticed. In order to carry out the re-
search under equal circumstances a frequepcy of 1 kHz has been applied
throughout the experiments. The freguency dependence of the output voltege
amounted to + Z % referring to 1 kHz while the malns veoltage dependence was
smaller than 1 %. Both effects were limited by a regular control of the
output voltage. These requirements wers met by using load resistances
greater than or equal to 300 {.

Tec detect possible disturbing influences on the sine-wave output vol-
tage of the generator, a portable oscilloscope, PHILIPS PM 3200, has been
used. The instrument runs on mains voltage or on rechargeable batteries in

a frequency range from 2 Hz to 10 MHz.
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Measurements of the voltage distribution in, and the electric current
through, the electric analogue were carried cut with s digital multimeter,
PHILIPS PM 2422 A, Alternating voltages from 0.1 mV fto 600 V in 5 ranges
up to 200 mV, 2 ¥V, 20 V, 200 V and 600 V could be measured. The accuracy
was + 0,2 % of the full range plus 0,2 % of the reading at freguencies of
1 kHz. The range used was 20 V since the maximum output voltage was 8 V;
hence the accuracy of the measurements can be estimated at 0,06 V. The tem-
perature coefficient amounts to sbout 4 digit per 5 °C. As such large tem-
perature differences did not occur, the effect could be neglected.
Alternating current could be measured from 100 nA to 2 A in 5 ranges : up
to 200 pA; 2 mA: 20 mA; 200 mA and 2 A, Accuracy of measurements amounted
to 0,4 % of the full range plus 0,4 % of the reading. The temperature coef-
ficient is + 1 digit per 4 °C.

The maximum display on the instrument was 1999. It had to be connected to
the mains voltage and a warming-up time of approximately 30 min had to be

observed to cobtain full accuracy.

3.2, Drain models

3.2.1. Smooth drains with circumferential cpenings

Clay drains with a 50 mm inner diameter, a /5 mh auter diameter and a
unit lepgth of 300 mm were simulated by lengths of plastic rods with the
same outer diameter. A copper ring, having s thickness corresponding tc the
simulated gap width, was mounted between two pipe units (fig. 1.22a). The
whole construction was held together by & screwed rod and fly-nut. The copper
ring forms the zero potential electrode. This pipe has been coded SZD which
means : Smooth outer surface with Circumferential Openings. The exponent
refers to the drain diameter. The investigated gap widths are given in
table 1.5. Fig., 1.22b shows the drain model and gap width simulations.

In order to check the general validity of the thecoreticsl solutions
drains with & 40 mm outer diameter and gap widths of 1 mm at different
spacings have also been investigated. Table 1.8 gives the characteristics of

the drain pipes investigated. These pipes have been coded Sgoiﬁs].




I—copper ring

R\

copper conductar

| o

N

\l— cylindrical plastic rod

s:rewed capper rod

Fig. 1.22a. Scheme of the S:O-dr‘ain model
b. The S:D~drain model and the investigated pap widths.

The connecticn between the copper rings, forming together the zero
potential electrode, has been completed by means of a strip of aluminium
foil, as is shown schematically in fig. 1.23a. Conducting and insulating
parts were kept together with & screwed rod and fly-nut. Fig. 1.23b. 1i1l-

lustrates the 850[1J~drain models.

3.2.2. Smooth dralins with circular perforations

Drains with circular perforations were simulated by smooth plastic

pipes fitting tight around & copper core in which holes were drilled and



,52_

Table 1.5. The simulated gaps for clay drains with a 75 mm

outer diameter [S;n—drainl.

gap gap inlet inlet
spacing width area circumference

mm mrm cm?/m cm/m
300,1 0,10 D.8 457,0
300,2 0,20 1.6 157.0
300,4 G,40 3.1 156,89
300,68 0,80 4,7 156.,8
3C0,8 0,80 5,3 156,7
301,0 1,00 7,8 156,8
302.0 2,00 15,86 156.0
304,0 4,00 31,0 155,0
308,0 5,0 46,2 154,0
308,0 8,0 61,2 153.,0
310,0 10,0 76,0 152,0

Table 1.8, The simulated problems for a 40 mm
drain with 1 mm wide circumferen-

tial openings [SEDE1]-drain].

gap inlet inlet
spacing area circumference

mm em? /m cm/m
100,0 12,6 251

80.0 15,7 314

E0.0 20,3 419

40,0 31.4 B28

20,0 B3 1257

10,0 128 2513

5,0 251 5027
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{a} ,—:ylmdrlcul plastic rod 7 *'*NOE[IC rings —copper washer

A \\Ek\ 'N l&x P

T L copper
conductor

scrawed copper
red

copper rings

2 — strip of aluminium fail

Fig. 1.23a. Scheme of the 520[1)-drain model
b. Tha 820[1]-drain models with differant gap spacings.

cylindrical copper pins inserted. The copper pins were then fettled up in

such a way that their ends were smocth with the outer surface of the plastic

pipe. In this way a square perforation patiern could be cbtained. The maxi-

mum number of perforations was provided and a smaller number was obtained

by insulating the surplus perforatians with adhesive tape. Table 1.7 gives
| 1 2 3

the characteristics of the simulated draims, coded S (8 3}, S° (8 ), 57 (8
4 CP P Cpop cp P

and Scptﬁp]. The different drain models ere shown in fig. 1.24.

)
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Orain models with continuous longitudinal slits were made by inserting
1 mm thick copper strips intoc a slotted copper core (fig. 1.258)., The core
was then spun in paraffin wax. the paraffin wax, covering the copper strips,
was carefully removed. The investigated types of draing (outer diameter of
40 mm and a perforation width of 1 mm) are given in teble 1.8. The drains

are coded SZ ) and fig. 7.25bh shows some investigated models.

lswp

3.2.4. Smooth drains with discontinuous longitudinal slits

For discontinuous longitudinal perforaticns the same technique has been
applied. The copper strips had a step-shaped profile {fig. 1.26a}. The
drain models had an outer diameter of 40 mm provided with Z; 4; 8; 6 and 10
perforetion rows. The perforations had a width of 1 mm, different lengths,
(table 1.8) and formed a rectangular perforation pattern. These drains

are coded S;lSIBDJ and some simulated dreins are shown in fig. 1.26b.
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Takle 1.8. Simulated drains with continuous

longitudinal slits [8215[1]-drain].

number of inlet inlet
raws area perimeter
em?/m cm/m
2 20,0 400,0
4 40,0 800
B 60,0 1200
8 80 1600
10 100 2000

)

Fig. 1.25a. Slotted copper core with copper strips

b. Some 51 (1)-drain models.
cls
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copper strip wth a
me" wax stpsh-d h

1
ig. 1. . 3
Fig. 1.Z26a. Scheme of the dls
1

b. Some of the Sdls[ﬂ]—drain models.

(1) -drain model
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1

Table 1.9. Simulated drains with discontinuous longitudipal slits I?dls[ﬂ]_
drain with 2; 4; 6; 2 and 10 perforation rowa].
5lit slit inlet area inlet perimeter
length spacing cm?/m cm/m
™mm mm 2 + number of rows -+ 10 2 + numper of rows -+ 10
50,0 62,5 16,0 iivevesesnnss 80 326,84 cieiciannnan 16832
25,0 62,5 N +.. 40,0 166,4 cuveuansseas 832
25,0  31.2 18,0 tvensenenans 80 1 1 T 1664
12,5 62,5 4,0 viveennnsnnns 20,0 BB 4 veiiiinnnnnn 432
12,5 3,z 8.0 vivinens ... 40,0 173 ooen ceaeer. 0B84
12,5 20,8 1 =10 259 eaemas e 1296
12,5 15,6 18,0 vevuunnnnnnss 80 346 L iaaees 1728
5,0 B2,5 1,800 iiiinaaaass. 8,0 G 1 A 132
5,0 31,2 3,2 viieennnsnans 16,0 77 i iesenans g4
5,0 20,8 4,8 viiienrinaans 24,0 115 vensssanasss 578
5,0 15,8 6,8 tiiiiiareanas 32 154 ceiiiinaeens 768
5,0 10,4 9,8 vaivenn vaveess 48 230 B N

3.2.5. Smooth drains with discontinuous circumferential slits

Drains with discantinuocus circumferential slits were simulated in &
simular fashion to drains with circumferential openings. The circumferen-
tial openings were systematically ipsulated in the longitudinal direction
with adhesive tapeg. dependent on the desired slit length, and & rectangular
pattern was cobtained. The measurements were carried out for & 40 mm diameter
pipe with a slit width aof 1 mm, a slit spacing in the row of 20 mm and dif-
ferent slit lengths (table 1.10) distributed over sevaral rows. These dreains

are coded S;cs(ﬁp] and are iliustrateg in fig. 1.27.




_59_

Table 1.10. Simulated drains with discontinuous circumferentisal

slits Fgcafﬁl-drain with o = 20 mﬂ .

slit number of inlet area inlet perimeter
length rows cm®/m cm/m

50,0 2 50,0 1020

25,0 2;4 25,0:50,0 5201040

20,0 2;4;:8 20,0 [ 60,0 420 2uuva.e.. 1260
15,0 2:4;6 15,0 viiveennn 45,0 320 sieiinnas 960
10,0 2;4;638;10 10,0 svvoveus.. 50,0 220 ceuiaiaas 1100

5,0 2;4;6;8;10 5.0 e 25,0 120 eeevvannn 500

. 1
Fig. 1.27. Some Sdc

(1)}-drain
11

models.
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To study the effect of the corrugations on the entrance resistance,
drains with block wave corrugations and circumferential openings in the
valleys were simulated. It was assumesd that the valleys of the corrugations
were filled with soil having the same permesablility as the surrounding soil.
The largest outer radius RD was 25 mm while the swmallest outer radius Ré was
23 mm, the corrugation height 5r being 2 mm. Ridge and valley hag a width
3V of 2,5 mm. Circumferential openings were provided every other valley and
hence the spacing ¢ was 10 mm. Fig. 1.28a shows a corrugated drain with cir-
cumferentisl opesnings having a width BS of 2,5 mm equal to the valley width.
Fig. 1.28Bb shows a corrugated drain with circumferential openings having a
width ﬁa of 1 mm, which is smaller than the valley width. Corrugated drain
models with circumferential openings were constructed in the same way as the
550[1]~drain models after shaping plastic and copper rings iq such a way that
a block wave profile was obtalned. These drains are coded Cco which signi-
fies Corrugated outer surface with Circumferential Openings.

A drain with sine wave corrugations of 5 mm pitch length and 1 mm wide

circumferential openings every cther valley has also been constructed.

Normally, corrugated plastic drains are provided with discontinuous cir-
cumferential slits. One model, having a perforation width of 1 mm, was con-
structed using plastic rings with recesses in which =mall copper strips re-
presenting a perforation length of 5 mn were adhered and scldered to each
other. Far the other models, the discontinuous circumferential slits were
obtalned in an easier and simpler way by insulating the C10(1)-drain model
in longitudinal direction with adhesive taps. The drains are ccded C;cs[ﬁs]
and tabie 1.11 gives the simulated drains. Some corrugated drain models

are shown in fig. 1.25c.
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23 mm
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-

ol o

C =10mm

1.28. Corrugated drains

Fig.

a, Gap width equal to valley wicdth

b. Gap width smaller than valley width

Same corrugated drain models

C.

(2,5)-drain model with block wave corrugations

C1
co

(13

-drain model with block wave corrugations

¢!
co

)

(2

(1)-drain model with block wave corrugations

1
dcs

C

(3]

(1)-drain model with sine wave corrugations.

C
co

{4)
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Table 1.41. Simulated corrugated drains with
discontinuous lengitudinal slits
E1 [1J-drairﬂ.
)

do
slit slit perforation perforation
length spacing ares perimetar
o mm cm?/m cm/m
5,0 18,1 20,0 480
5,0 24,1 15.0 360
5,0 36,1 10,0 240
5.0 72,3 5.0 120
4,5 14,5 22,5 550
2,1 18,1 32,4 728
14,1 24,1 42,3 908
26,1 38.1 52,2 1C84
62,3 72,3 62,3 1266
9,5 14,5 47,5 1050
13,1 16,1 52,4 1128
19,1 24,1 57,3 1208
31,1 36,1 52,2 1284
67.3 72,3 67,3 1366

3.3. Msasurement and caleulation method

A vertical radial plane was scanned by displacing the probe in radial
and vertical direction. When measuring radial displacement, voltage readings
were taken every 10 mm until 210 mm away from the drain centre. Hereafter
readings were taken every 20 mm.

The liquid depth in the tank depended upcn the plane of symmetry {(fig.
1.28], Usually such planes were taken at spacings of 250 mm and the elec-
trolytic tank was then filled to that height. The bottom of -the tank and
the liguid surface then formed the outside planes of symmetry. Measurements
were carried out at 50; 100; 150 and 200 mm above the bottom of the tank
depending on the length of the model. The liguid depth was adepted for pipes
having no symmetry at spacings of 250 mm e.g. clay drain pipes. For pipes hav-

ing planes of symmetry at larger spacings than the permissible liguid depth of
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Fig. 1.29. Planes of symmetry define the flow zone towards perforaticns
a, circumferential openings
b. discontinucous longitudinal slits in a rectangular pattern

c. longitudinal raows with alternating circular perforations.

the tank, a liquid depth of 250 mm was maintained., since the perforstion
distribution was normally such that only a small error would result.

For scanning different vertical redial planes, the pipe was rotated
around its axis. The first series of measurements were carried out opposite
a perforation row. the second series between two perforation rows and the
third series again opposite a perforation row., In this way 3 x 4 values of
the entrance resistance cof the investigated drain model could be calculated.
For circumferential openings, only one vertical radial plane was scanned at
four depths.

The measured voltage velues were plotted agalnst ln(R/RO) and a regres-
sion line for the straight part was calculated by the method of least sqguares.

A trial end error procedure was used in calculating the straight line taking



inte account different numbers of points until the highest correlation was

obtained. The intercept of this stralght line on the vertical axis R/RO =1
gives the required voltage drop to overcome the extra resistance of the drain
model as explained in § 2.2.Z.

From the eguation for a straight line
y = a + bx
we have

_ I
Vt = VE + tan o 1n ﬁé (1.108)

The intercept VE and tan o could be derived. The ae—value then was calculat-
ed from eqn. (1.100). For continuous longitudinal and discontinuous slits
thz mean value of the 12 measurements was taken as being the entrance resist-
ance of the drain. For circumferential openings, the mean value was based

on 4 ohservations.

3.4. Acouracy of measurements and caloulations

The outside diameter of the investigated drain models was measured with
a sliding gauge as the mean value of 2 measursments on perpendicular axes
with an accuracy of 0,05 mm. Centring the drain medel in the tank can also
cause a deviation of 0,05 mm. Hence the asccuracy of the drain radius can be
estimated et 0,075 mm. The relative error cbtained in this way depends on

RO and is given in table 1.12.

Table 1.12. Relative error in RO.

Ro(mm] 20 25 30 40 50

ARD/RO[%] 0.4 0,3 0,3 0,2 0,2

The pecsition of the measuring point depends on the accurecy of measuring which
was 0,05 mm, on the deviaticn of the midpoint of the tank which was 0,025 mm
and on the accuracy with which the midpoint has been transtered tc the measur-
ing staff which was 0,05 mm. Hesnce the total error associated with locating

the measuring point with respect to the tank midpoint 1s 0,125 mm.
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The error in R/RO depends on the position of measurement and the radius

of the drain model. The error in ln(R/RO) can be derived from

_ du
bu = = bz
ar
A{R/R_)
R, _ Q
AUn R ) " mm_ -
0 o

and is given in table 1.13.

Table 1.13. Relative error in ln(R/RD)

R_ (rm)~ 20 25 30 40 50

R(mm) + Alin(rR/R )] /inR/R ) (%)
100 0.4 0,4 0,4 0,4 0,5
200 0,2 0,2 0,2 0,2 0,2
300 0,2 0,2 0,2 0,2 0,2
400 0,2 0,2 0,2 0,2 0,2

Since the entrance resistence in a given vertical radial planes does not
depend on the accuracy of the depth, no measuring error has been introduced.
Also, the influence of the temperature on the specific conductivity has not
been considered since the measurements were carried out at copstant tempera-
ture.

Theoretically, tan O can be derived from
- 1
Vt Vt

tan a = W’é‘;)— (1.1063}

in which V% is the potential at a distance R’ from the drain centre provided
that the linear relationship between V, and In(R/R)) was established. For
most cases R' had a value of 180 mm. The error in Vf is 0,7 %. The experi-

mental error in tan o can be derived from the relative error in Vt - VE and

the relative error in In{(A/R'} which is 0,2 %. Table 1.14 gives some rel-

ative errors in tan o as a functien of VL.
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Table 1.14. Relative error in tan o.

V.o 8 5 5 4 3 2 1
A(Vt -
(%) 41,8 8,0 3,8 2,9 2,3 1,8 1,8 1,4
AR
t
Atan oy 12,1 6,2 4,1 3,1 2.5 2,1 1,8 1,8
tan G' o » a r 2 » ? F]

From egns. (1.105) and {1.108) it follows that

3

e

from which the relative error in Va can be derived.

o, is given by the sum cf the relative errors in Ve and in tan ¢.

e [inea/z )] - v, [inc& /R )]

1n{R/R")

relative errors in o, are given in table 1.15.

(1.107]

The relative error in

Some

Table 1.15. Relative errors in ae as

a function of Ve.

v Atan o EEE Eﬁg
=] tan a Ve ae
v % % %
0.5 2,8 49,2 52,1
1,0 3,1 24,9 28,0
2,0 3.5 12,8 16,3
3,0 4.1 8,7 12.8
4,0 5,0 6,7 11,7
35,0 6,2 5.4 11,8
6,0 8,3 4,7 13,0
7,0 12,5 4,1 16,8
8,0 25,3 3,7 28,7
8.5 50,2 3.5 53,7
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The real error differs from measurement to measurement and must be
calculated seperately. The mean rszlative error can be estimated at 15 %,
although for extremely high and low entrance resistances the relative error
amounts to 50 %. It suffices to accept a mean error to justify the number
of significant figures with whizh the results are given. For an accuracy
of 15 %, the values of the entrance resistance can be given in two significant
figures.

In fact, Ve has been calculated according to egn. (1.105) by the method
of least squares, hence the standard deviations €_ and §, are a better measure
for the accuracy with which both gquantities have been determined. For 8.,
the variation coefficient obtained was never larger than 0,2 % whilst for Sb
it varied between 0,2 % for low and 1,5 % for high values of b. It may be
expected that the real accuracy will be much greater than the theoreticel
accuracy and may be estimated at about 5 %. But, even then, no more signi-
ficant figures can be justified sxcept for valuss of the entrance resistance
betwesn the significant figures 1 and 2. Only for values between 1 and 2
three significent figures have been given.

The accuracy further depends on the precision with which the drain model
has been constructed, the cleanliness of the perforations before starting
the experiment and any change during the experiment.

In order to distipguish clearly the different thecretical solutions,

results have been calculated at three significant figures.
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4. Results and interpretation

The most logicel praessntaticn of the experimental results is a double
logarithmic diagram in which aap is plotted against the inlet area AD'
Since the inlet area is not a useful parameter for estimating the entrance
resistance, the oy -values are also plotted against the inlet perimeter Cp.
Because of the small differences, only some results obtained from
analytical solutions are presented in the diagrams. They are completed
by tables.

4.1, Circunferential openings

4.1.1. The 81 -drains
co

For plane boundary conditions, the results of the measurements on clay
pipes with an outer diameter of 75 mm, a length of 300 mm and different gap
widths are presented in fig. 1.30.

10
: S
ap ] @
_ Co
1,
1 eqn.{127) of ENGELUND (1953
T eqn.(1.29) of SNEYD & HCSKING (1976
]
o1 ——r . ——r—rr — —
i ! A lenm 0 femm woo

Fig. 1.30. The entrance rasistance aep as a function af the inlet area 4
and the inlet circumference Cp for clay drains with RO = 37,5 mm,

1 = 300 mm and different gep widths.
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It can be seen that the variation of aep is small although the inlet area
varies considerably due to the increasing gap width. The inlet cir-
cumference changes only slightly and, in this case, the variation of uep
is mainly determined by that of the gap width.

Camparing experimental results with those obtained from the theory
(table 1.18 and fig. 1.30) clearly shows rather good agreement. The rather
simple eqn. (1.27) of ENGELUND (1853) gives results similer to those of egn.
{1.21) of KDZENY (1933), of egn. (1.25) of KIRKHAM (1950) and of the approx-
imate solution (1.28) of ERNST (1962). These uep-values are slightly greater
than the experimental velues. Egn. (1.23) of Appendix I gives better
agreement. As could be expected from theoretical considerations, eqgn. (1.28)
of SNEYD & HOSKING (1978) is a more exact solution. The results of agn.
(1.29) were obtained by interpoleting the tabular values of g(2 RO/c, 2 R/a)
given by SNEYD (1876). However, a rsasonable good approximation is already

obtained from egn. (1.32) in which the term
e . Ro zZ R
2 TR, Bl

in the solution of SNEYD & HOSKING (41S876) has been omitted.

The results of the corresponding formulae for arched boundary conditions
are given in table 1.17 and simllar conclusions can be drawn.

From egns. (1.37) and (1.32) it follows that the entrance resistance
mainly depends an the gap spacing and the radius cf the drain while the gap
width is less important. For clay drains, the gap spacing is near constant
and, for a given pipe diameter and length, the gap width only has a limited
effect on the entrance resistance. This confirms the conclusions of DEHLERS
(1932) and KOZENY {1933} that the drainage performance is only slightly in-
fluenced by gap width.

4.1.2, The 5° (1)-drains
co

For plane boundary conditions, the results for drains with 1 mm wide
circumferential openings at different spacings are given in table 1.18 and
fig. 1.31. Since the gap width is kept constant, the relationships bestween

o -A end o -C show similar trends.
ep P ep p
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Cep Sczo“!

T T A

1 @ —--- eqn. {127} of ENGELUND (1953)
1 eqn.(129) of SNEYD & HOSKING (1976)

oo T T T T T T T B e T T

! 10 LS temZml 1000 c, i 10000

Fig. 1.31. The entrance resistance aep as a function of the inlet area Ap
and the irlet circumferencs Cp for drains with Ro = 20 mm and

1 mm wide circumferential copenings at different spacings.

It can be seen that the results of egn. (1.241) of KOZENY (1933) differ
widely from the experimental results. Also egn. (1.23) of Appendix I and the
approximate solution (1.28) of ERNST (1962) result in large deviations for
small gap spacings. Hence, these formulae can only be applied under certain
conditions. The results obteined from eqgn. (1.27) of ENGELUND (1953), as
weil as those obtained from egn. (1.289) of SNEYD & HOSKING (1978}, show good
agreement with the experimental values and are ildentical for small gap
espacings. The simplified solution (1.32]) can be applied with sufficient
accuracy. Also eqn. (1.25) of KIRKHAM (1950) gives reascnably accurate
results.

The results of the corresponding formulae for arched bhoundary conditions

are given in table 1.19 and, here also, similar conclusions can be drawn.
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Table 1.19. Results of thecretical aea—valuas for the Sio[13—draiﬂ5.

gap uea-values according to eqgns.
spacing
mm {(1.20) (1.22] (1.24) (1.28) (1.30) (1.31)
100,0 1,94 d,744 0,838 0,877 0,755 0,778
80,0 1,81 0,561 0,640 0,656 0,574 0,592
80,0 1,69 0,385 0,449 0.448 0,400 0,412
40,0 1,59 0,218 0,268 0,258 0,235 0,242
20,0 1,54 0,0681 0,104 0,0838 0,0887 G,0887
10,0 1,32 0,00718 G,03B1 0,0283 00,0283 0,0283
5,0 0,419 -0,0185% 0,00986 0,00588 0,003563 0,00563
egn. (1.20) of KOZENY (1333) egn. (1.28) of ENGELUND (1353)
eqn. (1.22) of Appendix I egn. (41.30) of SNEYD (13876)
eqn. (1.24) of KIRKHAM (1850] eqn. (1.31) of this contribution

The number of gaps, their width and the drain diameter determine the

total inlet area. Per unit drain length we have :

2mER ﬁs
4 = — (1.108)
p ¢
and eqgn. (1.32) can be rewritten as
B 4 R i

B =3 a s
uep T2 @n Y > ) (1.109)

P p B

For a gilven drailn diameter and inlet area, the entrance resistance is mainly
determined by the gep width. Doubling the gap width but maintaining the

same inlet area results in about doubling the aep—value.

- The number of openings alsc determines the inlet circumference. Fer
Jnit drain length we have :
4T RD
c = (1.110)
P a
Substitution of egn. (1.110} into (1.32) yields
8 "
_ 2 o 1
e0 ST T Gn TP 7 ) {1.1111
P p s p
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So, the entrance resistance 1s mainly determined by the inlet circumference.
Both pipe diameter and gap width are less important. For the same inlet
circumference, the uep-value slightly decreases as the gap width incrsases.
For a larger diameter with the same inlet circumference and gap width, a

slight increase in entrance resistance results.

4.1.3, Discussicn

Comparison of experimental and theoretical results shoews that egn. (1.32)
is generally adequate for the calculation of the entrance resistance of drains
with contipuous circumferential cpenings and plane boundary conditions.

Although no measurements with arched openings were carried out, com-
parison of the various theoretical results (tables 1.47 and 1.18) shows that
edqn. (1.31) is valid for that case.

From egn. (1.111), it further follows that the perforation circumference
mainly determinss the entrance resisteance. The effect of pipe diameter and
gap width are less important. This is illustrated in fig. 1.32 which gives
the relationships, using =sqn. (1.32), between uep_Ap and aep_CD for a pipe

diameter of 75 mm having different gaep widths and spacings.

4,8, Circular perforations

:2:1: T S araine

The experimental uap*values for several perfcration diameters are pre-
sented in fig. 1.32 and compared with the results of the analytical solution
(1.45), for square perforation pattsrns derived by CAVELAARS (1867). This
solution was derived from the theorstical solution (1.43) of ENGELUND (1953)
for rectangular patterns. The results are also given in table 1.20. It can
be seen that there is good agreement between experimental and theoretical
results. For rectangular patterns, the solution (1.43) of ENGELUND (1853)
can also be accepted with sufficient accuracy as follows from tables 1.21
and 1.22 which give the aE-values for a 40 mm drain with 120 and 12 perfora-

tions, of 2 mm and 10 mm diemeter, per unit of drain length.
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Fig. 1.33. Experimental and thescretical aep—values as a function of the per-
foration arsa A_ and the perforation circumference Cp for a square

perforatlion pattern of circular perforations (RD = 20 mm) .
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The aea-values of table 1.21 result from eqgn. (1.44) for a square and from
eqgn. (1.42) for a rectangular perforation pattern, while the aep—values of
table 1.22 were respectively calculated from egns. (1.45%) and (1.43].
Moreover, if hz/h1 <€ 2, it appears that the formulae for a square pattern
with the same number of perforations are already sufficiently accurate.

Additicnally, the theoretical ae~valuas obtained from egns. (1.38) and
(1.40) are presented. Egns. (1.3B) and (1.42) for arched boundary conditicns
give similar results, while, for plane boundary conditions., the results of
eqn. (1.40) largely differ from those of egn. (1.43). Better agreement is
obtained using eqn. (1.41)., These results explain why SCHWAB et ai. (1969)
found that the solution of ENGELUND (41953) resulted in a lower drainage per-
formance than that of KIRKHAM & SCHWAB ([1951).

MUSKAT (1942) also gives @ solution for circular openings, spirally
distributed @n the drain wall. To find the effect cf such a distribution,
the results of eqn. (1.38) ars comparsd with the results of the corrected
egqn. (1.33) in table 1.23. As long as the perforaticn spacing in the row is
not foo large, the spirail and rectangular distribution give about the same
results. At large spacings, the spiral distribution is more favoureble, as
could be expected.

Because of their simple form, egns. (1.42) and.{1.43) of ENGELUND {413953)
for & rectangular perforation pattern and eqns. (1.44) and (1.45) of CAVELAARS
(1967) for a square perforation pattern are to be preferred.

If egn. (1.48) is expressed as a functicn of the perforation area

m 6; m
A= —E— (1.112)
it becomes
8 mb_ 0,2205
o -2 - 2288 . P B (1.113)

Bp 4 4 8 4
P m Ro p 1/Ap RD
For the same perforation aresa the ae"value mainly depends on ﬁp; an increas-

ing Sp results in an increasing ue-value. The radius of the draln is less

important and the ae-value is only slightly increased with increasing radius.
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Table 1.23. Comparison of aea—values for both rectangular and spiral distribu-

tions of the perfcrations ERD = 20 mm).

Perforation FPerforation Ferforation % for 5p = Z mm o for 5p = 10 mm

number pattern spacing according to egns. aczurding to egns.
=1
) " (1.58) ceiiéii;d (1.28) coiiéii;d
120 2 rows of 60 18,7 1.23 1.23 0,158 0,158
120 3 rows of 40 25,0 1.17 1,17 0,110 0,110
120 4 rows of 30 33,3 1,17 1,18 0,105 0,104
120 5 rows of 24 41,7 1,18 1,17 0,714 0,109
120 5 rows of 20 50,0 1.18 1,18 0,134 0,120
120 8 rows of 15 66,7 1,25 1,21 0,188 0,151
120 10 rows of 12 83,3 1,33 1,25 0,266 0,186
120 12 rows cf 10 100,0 1,42 1.28 0,383 0,221
120 20 rows of § 166,7 1,93 1,39 - -
120 40 rows of 3 333,13 3,61 1.50 - -
120 60 rows of 2 500.0 5,57 1.52 - -
12 2 rows of B 166,7 12,8 12,7 2,27 2,13
12 3 rows of 4 250,0 13.2 12,7 2,58 2413
12 4 rows of 3 333,13 13.6 12,7 2,99 2,14
12 8 rows of 1 50c,0 14,6 12,8 4,01 2,15
12 12 rows of 1 1000,0 18,8 12,8 7,88 2,16

eqn. (1.38) is egn. (1.37) of MUSKAT (1942) corrected by a factar of 2
eqgn. (1.33) of MUSKAT (1842) after correction with a factor of 2

Expressing egn. (1.48) in terms of the perforation circumferesnce

=78 _m (1.114)
P p

results in

0,440 +/8
a =t D238 T B (1.115)

= c [
ep 2 Cp p Ro 2 5 Cp Ro

From eqgn. (1.115) it is clear that the ue-value is mainly determined by the

perforation circumfersnce. For a given drain diameter and perfecration cir-
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cumference o, depends only on the number of perforations or the perforation
diameter; applying a larger number of perforations, thus a smaller perforation
diameter, will increase o This practically means that for & 40 mm diameter
drain with 2 mm circuler perforations and a perfcration circumference of, for
instance 300 cm/m, the perforation area amounts to 15 em?/m and an aep-value
of 0,443 is obtained. Supposing the same drain with 1 mm circular openings
and the same perforation circumference, a perforation area of 7.5 cm’/m is
obtainmed and an aep-value of 0,467, This is clearly illustrated in fig. 1.34
which gives aep-values for a 40 mm diameter drain provided with circular
perforations of various diameters in a square pattern as a function of the
perforation number m per unit drain length, the perforation area AFi and the

perforation circumference Cp.

Co {tm/m)

10

LT

-

[ W

300
Ap=1cm%m

100G
Ap:10cm%m

[ e

Ap=100cm%m

H
oo — T — T T T T T T T T T

1 10 100 1000 m 1 m_‘) 10000

Fig. 1.34. aep—values for a 40 mm diameter drain with circular perforations

of various diameters in a sguare pattern.
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4.2.2. The ss (3)- 53913]-; s* (3)-drains

______ e ____.CP______CP_ _________

The influence of drain diameter is illustrated in fig. 1.35 and table
1.24. Measured and calculated values agree gquite well. From the previocusly
mentioned example in section 4.2.1., an aep-valua of 0.443 was obtained for
a 40 mm diameter drain provided with 2 mm diameter perforations in a sguare
pattern end a perforation circumference of 300 cm/m. For the same perforation

conditions. the aep-value is 0,473 for a 100 mm diameter pipe.

Table 1.24. Experimental end thearstisal a_ -values for tne sipta),- sap(aj
[
and 84 (3)-drains.
cp
o
Perfara- Perfora- Perfora- ep
tion tion tion cir- 52 (3) 3 ( 4
3 = 3) S
nuT?er area cumference op op Cp[3]
m cm?/m cm/m exp. [(1.45) exp. (1.45) exp. (1.45)
18 1,13 15,1 10 10,0 2,0 10,1 9,4 10,1
32 2,26 30,2 4,8 4,93 4,8 4,88 5,0 4,97
B4 4,52 60,3 2,5 2,41 2,6 2,43 2,5 2,44
128 9,05 120,6 1,18 1.16 1,17 1,18 1,26 1,18
258 18,1 241,3 0,55 0,553 0,54 0,584 0,61 0,568
512 36,2 483 0,24 0,256 0C,26 0,264 0,29 0,267
1024 72,4 965 0.11 0.114 0,12 0,119 0,13 0,121

eqn. (1.45] of CAVELAARS (1867)

4,2.3. Discussion

For plane boundary conditions, =ans. (1.45) and (1.43), as derived by
CAVELAARS (1887) and ENGELUND (1853) for square and rectangular perforation
patterns respectively, can be applied with sufficient accuracy. Moreover,
egn. (1.45) can be used for a rectangular distribution provided that lszﬂ € 2
and the number of perforations per unit drain length remains constant.
Results so obtained differ only slightly from the values which are ocbtained

from the eguations for rectangular patterns.
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] 5@

egn.(145] of CAVELAARS [1967)

13
[1Y] T T T T T T LA S R e o T LI s B N T T T T TTTIT
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of LS S B i i T T T T T T T
1 10 100 1000 10000
10
Ap G
Clap 4
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1
Gl L e e T T T T T T T T T TIT

Ap lem¥m) 1000 Cp fem/ml 10000

Fig. 1.35. Experimental and theoretical uep-values for various pipe diameters
with circular perforations in a square pattern as & funpction of

the perforation area AP and the perforation circumference Cp.
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From the results of experiments and theoretical equaticns it can be con-
cluded that the perforation circumference is a better measure for the ue-valus
than the perforation area. Both %he perfcration and drain diameters are
less important.

For rectangular perforaticon patterns and arched boundary conditions
eqn. (1.42) and for square perforation pattern egn. (1.44) hold.

Egn. (1.37) of MUSKAT (1842) or KIRKHAM & SCHWAB (1851) can alsa be
applied, provided that the correction factor of 2 is employed to result In
eqn. (1.38)., Its use is likely to be restricted by the complicated mathe-
matical form.

For plane boundary conditicns, egn. [1.39) of KIRKHAM & SCHWAB (1851)
does not give good results. Egn. (1.41) is a better approximation but its

use i3 also likely to be restricted by the complicated mathematical form.

4,3, Continuous longitudinal slits

4.3.1. The S'. (1)-drains
cls

The results of experiments and egn. {1.51]) of ENGELUND (1953) for drain
pipes with fictive continuous longitudinal slits and plane boundary conditions
are presented in fig. 1.36 and tables 1.25. They show that egn. (1.51]) is
valid and that increasing the number of slits results in a decresase of the
entrance resistance. Slit width and drain diameter only exert a slight in-
fluence.

Since the slit area is given by

Ap =N ﬁp (1.118)
eqn. (1.51) can be rewrittsn as
ﬁp 4 Ro
= 1n (1.112)
T A A
&P P p

Hence, it appears that for a given inlet area the slit width exerts an im-
portant influence. Ooubling 3p in this case results in double the aep-value

because the number of slits is halved.
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oy | 1

ep Seielh

7

] Ap

o

1 10

eqn. (1510 of ENGELUND (1953}
oot T T T TTTT T | I e e T T T T T T TTT T

! 0 100 Ay ol 1000 G, [fem/m) 10000

Fig. 41.36, Experimental and theoretical uep-values for a 40 mm diameter
drain with continuous longitudinal slits as a functicon of the In-

let area Ap and the inlet perimeter Cp-

Table 1.25. Experimental and theoretical aep-values for a
40 mm diameter drain with continucus longi-

tudinal slits.

slit inlet inlet aep
number area perimeter

em®/m cm/m exp. (1.51)
2 20,0 400,0 c,57 0,587
4 40,0 800 0,24 0,238
8 60,0 1200 0,14 0,137
8 aa 1600 0,085 00,0916
10 100 _ 2000 0,086 0,0662

Egn. (1.51) of ENGELUND (13853)
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I¥ sqn. (1.51) is expressed as a function of the iplet perimeter

=2 N 118
Cp {(1.118)
then
a RD
o = e 1l m—— f/["[']g)
m™C ¢ B
=P P o p

For a given inlet perimeter and pipe diameter, the slit width becomes less
important.

Egn. (1.119) can also be written as

= In [1.120)

ep r ¢ Nﬁ
P P

which indicates that the entrance resistance depends not only on Cp but in a
lesser degree on both Bp and ¥. This ccnclusion doess not have any meaning
for coptinuous longitudipal slits sipce for a given inlet perimeter, ¥ is
fixed. However, it can be of significance for discontinuous longitudinal
slits.

These ceonsideratlons are illustfated in fig. 1.37 which gives aep-values

as a function of the slit width, the inlet area and perimeter.

SLé“

|
I
|
!
!
|
I
1
I
!
h
T

001 T T T

1 100 -
Ay

) "1bdoo

Fig. 1.37. Values of aep for a 40 mm diameter drain with continuous longi-
tudinal slits as a function of the slit width, the inlet area Ap

and the inlet perimeter Cp.
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4,3.2. Discussion

For plane boundary conditions, egn. (1.51) of ENGELUND (1953) can be
accepted with sufficient accuracy to calculate the entrance resistance of
continuous longitudinal slits. For arched boundary conditions, egn. (1.52)
is valid.

From eqn. (1.113) it follows that the inlet perimeter mzinly determines
the entrance resistance and renders perferation width and pipe diameter less
important.

The solution (1.34) of MUSKAT (1842) for continuous longitudinal slits
and arched boundary cenditions is., except for & factor of 2, identical with
the solution (1.52) of ENGELUND (1853). Since MUSKAT [1842) did not take
into account the impervious wall of the pipe. the entrance resistance ob-

tained will be half the correct value.

4.4, Discontinuous longitudinal slite

1
dls
fig. 1.38a-d related to the inlet area AD and the inlet perimeter Cp and

The experimental aepfvalues of the S (1) -drains are presented in
compared with the theoretical results according to egn. (1.60) of CAVELAAKS
(1870)}. These results are also presented at table 1.26. From the figurss

and table it may be sesn that experimental and thecoretical results conform
quite well and egn. (1.60)} of CAVELAARS (1570) can be used for calculating
the entrance resistance of drains with discontinuous longitudinzl slits.

A disadvantage of this solution is the rather complicated form of the function
F{y,e). The use of tabular values (see table 1.2]) or a graph (see fig. 1.14)
simplifies the calculations considerably.

Although this eguation is only valid for a rectangular perforation
pattern, it can be applied with sufficient accuracy to any distribution pat-
tern which approximates to this.

For arched boundary conditions, eqn. [1.58) can be applied. Table 1.27
gives some uea-values. In addition. the resulis ubfained from egn. (1.57)

are mentioned. An only approximate agreement can be established.
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Fig. 1.38a. Experimental and theoretical uep—valuas for a 40 mm diameter drain
pravided with discontinuous lengitudinal slits as & function of

the inlet area Ap and the inlet perimeter Cp-
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u)t- T T T T & & b 17 T T T T Ty v T Foor v v T ¥ LN
1 1 100 1000 10000
A
e N Ag=125mm
3 Ay =312 0
p
]
B
!
j 0
D;i T T T T T 1771777 T T T 1T 1717171 T T T 1T 177177171 T 1 T FraOrT
100 1000 10000
i3 A
] P Ap=125mn
]
P A, =208 M0
0,1 T T 1 T T I rIT T T flllrlb T T T 1 T T TTT T T 1 1 rrrrr
100 Ay lem¥m) 1900 C, lemn) 10000

Fig. 1.38b.




Table 1.27. Comparison of aea

-vélues according to several theoretical

tions for 81 (1) -drains.
dls
511t slit ¢.a for 2 rows L for 4 rows
length spacing
mm mm (1.,58) (1.57) (1.64) (1.66) (1.68) (1.58) (1.57) (1.64) (1.66) (1.868)
S0,0 62,5 0,572 0,618 0,562 0,562 0,558 0,231 0,257 0,225 0,228 0,224
25,0 62,5 1,13 1.25 1,08 1,08 1,15 0,810 0,581 0,497 0,488 0,520
25,0 31,2 0,545 0,530 0,535 0,534 0,530 0,297 0,240 0,212 0.212 0,210
12,5 82,5 2,01 2,26 1,94 1,82 2,08 0,848 1,09 0,925 0,907 0,974
12,5 15,6 0,517 0,562 0,509 0,607 0,503 0,203 0,226 0.139 0O.1s8 0,186
5.0 62,5 3,63 4,29 3,59 3,45 3,78 1.76 2,11 1,75 1.87 1.84
5.0 20.8 1,20 1.40 1,16 1.142 1,23 0,543 0,844 0,527 0,505 0,961
c,0 10,4 0,645 0,745 0,534 0,623 0,658 0,268 0,318 0,262 0,256 0,274
slit slit mea for § rows Gea far & rows
length spacging
mm mm (1.59) (1.57) (1.64) (1.66) [1.68} (1.59) (1.57) [(1.B4) (1.86) (1.68)
50,0 82,5 0,133 0,154 0,127 0,128 0.72% 0,0880 0,107 0Q,0832 00,0854 0,0843
25,0 62,58 0,318 0,381 0,318 0,305 0,325 0,227 0,290 0,238 0,217 0,232
25,0 31,2 0,123 0,133 0,120 0,120 0,119 0,0811 D,0835 0,0782 0,0785 D,0774
12,5 62,5 0,811 0,722z 0,812 0,583 0,628 0,447 0,552 0,486 0,426 0,460
12,5 15,6 0,114 0,128 0,711 0,111 0.109 0,0742 0,0855 D,0721 0,0716 0,0705
5,0 §2.5 1,45 1,40 1,17 1,08 1,21 0,853 1,07 0,887 0,807 0,882
5,0 20,8 0.34G 0,408 0,230 0,315 0,352 0.244 0,29 0,237 0,225 0,253
5,0 10,4 3,157 0,180 0,153 0,143 0,161 0.106 0,131 0,103 0,100 0,109
slit slit mga for 10 raows
langth spacing
men mn {1.58) (1.57) (t.54) (1.68) (1.58)
50,0 62,5 0,0633 0,0832 0,0588 0.D612 0.0804
25,0 B2,5 0,175 0,241 0,190 0,167 0,173
25,0 31,2 0,0578 00,0687 0,0552 0,0857 0,0538
12,5 BZ,5 0,350 0,457 0,384 0,334 0,381
12.5 15,6 0,0522 0,0614 0,0508 0,0501 0,0433
5,0 52,5 0,675 0,870 0,727 0,741 0,707
5,0 20,8 0,188 0,230 0,183 0,173 D,185
5.0 10,4 0,0778 0,0973 0, 9757 0,0733 0,0804
eqn. (1.58) of CAVELAARS (1970)
egn. (1.57) is eqn. (1.56) of MUSKAT (1842} corrected hy & factor of 2
egn. (1.64) of this contributian, derived from the sclution of MUSKAT (1945]
egn. (1.86]) of this contributlon, derived from the solution of MUSKAT (419485)
eqn. (1.68) of this contribution, derived from the solution of OE GLEE (1930;

solu-




Table 1.28, Comparison of aEp-values according to several theoretical solu-

tions for S (1)-drains.
dls
s1it slit asp for 2 rows aap far 4 rows
length apacing
mm mn (7.60) (1.58) [1.65) (1.67) (1.68) (1.60) (41.58] (1.G65) (1.67) {1.69]
50,0 82,8 0,710 0,756 0,700 0,700 0,69 0,300 0,326 0,294 0,285 0,293
25,0 2,8 1.44 1,53 1,37 1,37 1.43 0,848 0,719 0,634 0,827 0,658
25,0 31,2 0,883 0,728 0,673 0,872 0,668 0,288 0,309 0,281 0,281 0,279
12.5 62,5 2,56 2,81 2,48 2.48 2,61 1.22 1,38 1.20 1,18 1.2%
12,5 15,6 0,855 0,700 0.845 0,645 0,641 0.272 0,295 0,266 0,267 0.265
5.0 62,5 5,01 5,86 4,87 4,83 5,17 2,45 2,78 2,33 2,36 2,53
5.0 20,8 1,66 1,85 1.5 1,58 1,68 0,772 0,872 0,741 0,735 0,790
5.0 10,4 0,875 0.973 0,849 0,852 0,88% 0,382 0,431 0,388 D,371 0,389
slit slit map for 6 rows aep for 8 rows
length spacing
mm mm {1.80) (1.58) (1.85) (1.67) (1.68] (1.50) (41.58) (1.85) [1.67) (1.88)
50,0 62,5 0,179 0,200 0,173 0,175 0,174 0,122 0,143 0,118 0,120 0,N18
25,0 62,5 0,410 0,473 0,410 0,397 0,417 0,296 0,359 0.305 0,286 0,301
25,0 31,2 0,158 0,185 0,186 0,166 0.184 0,116 0,128 0,113 0,113 a9.112
12.58 62,5 0,795 0,906 0,793 0,767 0,812 0,585 0,830 0,602 0,564 0,598
12,5 16,8 0,460 0,175 0,157 0,157 0,455 0,109 0,120 G,106 0,106 0,105
5,0 §2.5 1.61 1,86 1,58 1,535 1,68 1,20 1,4 1.21 1.15 1,24
5,0 20,8 0,433 0,580 0,473 0,488 0,505 0,359 0,408 0,343 0,340 0,388
5,0 10,4 0,233 0,266 0,225 0,228 0,238 0,154 0,188 0,157 0,158 0,187
slit aiit nep for 10 rows
length spacing
mm mm (1.603 (1.58) (1.85) (1.87) (1.88]
50.0 62,5 0.0808 0,711 0,08685 0,0888 0,0879
25,0 62,5 0,230 0.286 0,245 0,222 0,234
25,0 31,2 0,0853 0,0983 0,0827 0.0832 0,0824
12,9 62,3 0,461 0,557 0,493 0,444 0,471
12,5 15,6 g.0796 0,0888 0,0776 0,0777 0,0768
5,0 62,5 0,951 1,14 0,984 0,914 0,883
5.0 20,8 0,280 0,321 0,289 0,265 0,287
5.0 10,4 0,124 0,143 0,118 0,119 0,126

egn. (1.50)} of CAVELAARS (1970)

egn. (1.58) of this contribution, derived from the solutleon of MUSKAT (1942
sqn. {1.85} of this gontribution, derived from the solution of MUSKAT (1945)
ggn. (1.67)} of this cantribution, derived from the solution of MUSKAT (1946)
eqn. (1.68) of this contribution, derived from the solution of DE GLEE (1930)
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Also, the ae-values increase cnly slightly when the slit width is doubled.
This indicates that the inlet perimester is mcre important than the inlet
area (fig. 1.33), However, it is gvident that the entrance resistance can-
not be characterized by the inlet perimeter alone because width, length and

spacing of the slits also exert an influence on the entrance resistance.

TR B I Y

1

o

LT

a0t — T T T —T—TTTTTTT T T TTTT
10

00 A (el 1000

Fig. 1.39. Values of aep for a drain 40 -mm diameter drain provided with
discontinuous longitudinal slits as a function of the number of
rows ¥, the slit width ﬁp, the inlet area Ap and #he inlet
perimeter Cp'

4.5, Diseontinuous circumferential slits

4,5.1. The 51 (1)-crains
dcs

1
dc .
as e function of Ap and Gp, as are the theoretical results obtained from

The experimental uEp-values for the S 5[1]—drains are shown in fig. 1.40

egn. (1.78). These results are also given in table 1.30.
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Fig. 1.40. Experimental and thecretical aep—values for § [1)-drains as a
cS

function of the inlet area Ap and the inlet perimeter Cp.
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Table 1.30. Comparison of experimental and theoretical aep-values for 5205(13-
drains.
slit slit s%it length aep aep
length spacing slit spacing according to eqns.
mm mm exp. (1.76) (1.81) (1.83) (1.85) (1.86) (1.121)
5.0 62,8 0,08 1,61 1,55 1,50 1,48 1,60 0,257 1.35
10,0 62,8 C.16 0,87 0,922 0,888 0,886 0,940 0,222 0,736
15,0 62,8 0,249 0,83 0,850 0,626 0,625 0,861 0,201 0,506
20.0 62,68 0,32 0,50 0,493 0,477 0,476 0,502 0,187 0,386
25,0 §2,8 0,40 0,42 0,392 (0,380 0,376 0,399 0,176 0,311
50,0 62,8 0,80 0,19 0,188 0,186 0,166 0,155 0,140 0,159
5,0 31,4 0,16 0,70 o0,73s 04,707 0,700 0,755 0,222 0,875
10,0 31,4 0.32 0,44 0,417 0,402 0,401 0,427 0,187 0,388
15,0 31,4 0,48 0,28 Q,283 0,272 0,272 0,287 0,166 0,253
20,0 31.4 0,64 0,219 a,207 0,209 0,201 0,208 0,152 0,183
25,0 31.4 0,80 0,16 0,160 0,157 0,157 0,156 0,140 0,156
5,0 20,58 0,24 0,47 0,472 0,452 0,447 0,483 0,201 0,450
10,0 20,9 0,48 0,26 0,266 0,250 0,250 0,264 0,166 0,245
15,0 20,9 0,72 0,178 0,173 0,168 0,168 0,171 0,146 0,169
20,0 20,39 0,98 0,173 0,130 0,131 0,131 0,118 0,131 D.129
5,0 15,7 0,22 0.39 0,342 0,329 0,326 0,352 0,187 0,337
10,0 15,7 0,84 0,179 0,187 0,181 0,181 0,188 0,152 0,184
5,0 12,6 0,40 0,28 0,269 0,258 0,253 0,275 0,176 0,270
10,0 12,6 0,80 D,16 0,148 0,145 0,145 0,144 0,140 0,147
eqn. (1.76) of CAVELAARS (197@)
eqn. (1.81) of this contributicn, derived from the solution of MUSKAT (1945)
eqn. (1.83) of this contribution, derived from the solution of MUSKAT (1545]
egn. (1.85) cf this contribution, derived from the solution of DE GLEE (1930)
eqn. (1.88) of KRUIJTZER (1971)

eqn. (1.121) of this contribution.
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The results show good agreement and hence sgn. (1.75) can be accepted
with sufficient accuracy to calculate the uep~va1ue far practical purposes.
Here, also, the function F(y.e) can be read from table 1.2 or fig. 1.14 to
simplify the calculations.

Although the theoretical solution is only valid for a rectangular per-
foration pattern, it may be expected that it can be applied with sufficient
accuracy to any pattern which approximetes to this.

Egn. {1.74) holds for arched boundery conditions and some calculated
results are given in table 1.31.

The results cbtained from the other solutions mentioned in section 2.1.5
ars also given in table 41.30 for plane and in table 1.321 for arched
boundary conditions. Table 1.30 also contains the results cbtained from
eqn. (1.86) of KRUIJTZER (1971) which is an approximate solution with the
condition that 4 + 1. Ffor this copdition, a better approximation is abtained

by taking into account the iInlet perimeter in egn. {4.27]:

2
Dt.Bp T CD 1n W (1.121)

¢
8

These resulis are alsc given in table 41.30 and better agreement is observeable
provided that Ap and lc differ only slightly so that the concentration of
streamlines directed to the drain circumference can be omitted. For smaller

¥-values. the convergence cf the streamlines to the drain circumference be-

comes important and hence these approximate solutions are no longsr valid.

4.5.2. Discussion

Conclusions identical to those drawn for discontinuous longitudinal
slits may be made. Egns. (1.74) and (1.7B8) are sufficlently accurate, for
practical purposes. to determine the entrance resistance of drains with dis-
gontinuous circumferential slits. The use of tabular values or a graph to

. obtain F(y.e) makes their use quite simple. Additionally, =gns. {1.80) and
(1.81) and egns. (1.82) and (1.83) are also sufficiently accurate but of a
rather ceomplicated mathematical farﬁ.

Fimally, the entrance resistance can also pe obtalned in a rather simple

but sufficiently accurate way, by means of eqgns. (1.84) and (1.85],.
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Table 1.31. Comparison of theoretical aea-values for

1

SdDSE1J*draima.
slit slit Gea
lenght spacing according to egns.

mm mm (1.743 (1.80) (1.82) (1.84)
5.0 62.8 1,11 1,08 1,05 1.16
10,0 62,8 0,701 0,673 0,685 0,720
15,0 62,8 0,502 0,481 D.478 0,514
20,0 62,8 0,382 0,367 0,356 0,392
25,0 62,8 0,304 0,292 0,788 0,310
50,0 62,8 0,125 0,122 0,122 0,121
5,0 31,4 0,516 0,502 0,480 0,534
10,0 31.4 0,307 0,284 0,291 0,316
15,0 31,4 0,208 0,200 0,199 0,213
20,0 31,4 a,152 0,146 0,145 0,152
25,0 31,4 0,116 0,113 0,113 0,112
5,0 20,9 0,325 0,314 0,300 0,336
10,0 20,9 0,187 0,178 g,1786 0,491
15,0 20,9 0,124 0,119 0,118 0,122
20,0 20,9 0,0833 01,0944 00,0944 0,08186
5,0 15,7 0,232 0,226 0,215 0,241
10,0 15,7 0,132 0,127 a,125 0,132
5.0 12,6 0,181 0,176 0,165 c,187
10,0 12,86 0,104 0,102 0,101 0, 0889

eqn.
eqn.
20N.

eqn.

(1.74) of CAVELAARS (1370)
(1.80) of this contribution, derived from the solution of MUSKAT (19485)

(1.82) of this contribution, derived from the sclution of MJUSKAT (1348)

(1.84) of this contribution, derived from the sclution of OE GLEE (1930)
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4.6, Corrugated drains

The theoretical soluticns for the entrance resistance only hold for
drains with a smooth outside surface. The guestion arises cf whether these
solutiaons can also be applied to carrugated drains for which the corrugations
are filled with soil; in other words, has the profile of a corrugated drain
a significant effect on the entrance resiatance ?

In cases whare the corrugated drains have perforations on the top of the
corrugations the effect of the corrugations can be neglscted and the entrance
resistance can be calculated by means of the theoretical equations for drains
with a smooth cutside surface. However, since corrugated drains wsually have
perforations in the valleys of the corrugations, it cannct be concluded that

the pipe profile does not have any influence.

The influence of the corrugations on the entrance resistance can easily
be shown for a corrugated drain with a block weave profile and continuous
circumferential openings with a perforation width ﬁE equal to the valley
width ﬁv. the larger outer radius Ra being 25 mm and the smaller outer
radius HU' being 23 mm.

Egn. (1.32) holds for Sco-drains and plane boundary conditions. For
e = 10 mm; ﬁs = 2,5 mm and RO = Ré = 23 mm, an aep-value of 0,0198 may be
calculated. The values obtained with the electrolytic model were 0,060 and
0,058 or as average 0,058. Hence, it is evident that the corrugations exert
an influence on the entrance resistance. This entrance resistance results
from the concentration of the strsamlines towards the corrugetions provided
with the perforation and in addition the flow resistance of the corrugation
filled with soil (fig. 1.41).

Mathematically, it can be written as

By

R
= 4 (ln2 - + 1n _.._._.1 1n -2
ep 21TZRO TTBS ‘}'J'T}?O ZTT.GS R’ zZT Rc')

(1.122)
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concentration resistance

‘lawards the c¢orrugation
decrease of

radial resistance resistance in the corrugation

I
I
1
]
)
f
)
)
)
]

Fig. 1.41. The partial resistances for flow towards a corrugated drain with
gircumferential openings for which the width equals the corrugation

width.

The last term is a correction for the radial flow resistance over the
distance RD - RC" which does not appear and hes to be replaced by the resist-
ance in the corrugation. The uep—value calculated from egn. (1.122) amounts
to 00,0581 and agrees with the measurements.

For perfoFation widths smaller than the valley width, the aeb-value is
the result cof the convergence of the streamlines towards the corrugations
with perforations and, in addition, of the convergence of the streamlines in
the corrugations towards the perforations (fig. 1.42a). Here also a correc-
tion for the radial resistance must be considered. The influence of the
convergence of the streamlines, in the corrugation towards the perforation,
can be derived from the flow towards a plame plate (fig. 1.42b) with con-
tinuous slits and plane boundary conditions (ENGELUND, 1853) for which it
holds that

b
2 sinh B r
hy - e = g In m———— (1.123)
S
sin
Z ﬁv
Tb
2 cosh B
hoo-n, =L 1p —— 2 (1.124)



in which 8
r

Fig. 1.42a.

As hA and hB

proximation

and hence

- 108 -

= porrugation depth

valley width

perforation width.

|concentmtion resistance
' towards the corrugation

concentration resistance in the
corrugation towards the perforation

decrease of
radial resistance

‘see fig. *i.&z b
Z
¢
%
é

A

R

L=

G

—
5

Corrugated drain with continuous circumferential opernings, having

a width smaller than the valley width.

. Convergence of the streamlines towards circumferential openings

in the velleys of a corrugeted drain.

differ only slightly., the mean value can be accepted as an ap-

to the hydraulic head at the top BB' between two corrugations,
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T8 T8
4 sinh 3 L cosh 7g—£
hag - e = 3o In Vﬂﬁ h (1.125)
sin? E—EE
A"

The perfaoration length per unit drain

additional entrance resistance is given by

length is e/2 7 Ré and the

wﬁr WSr 2ﬂ8r
4 sinh 3 cosh 7 2 sinn —-E-—-
e v % a v
1n T ﬁ = In T ﬁ
4 72 7! . 2 s 4 m R 2 s
o] sin a gin® =—
2 BV 2 ﬁv

The o D—value for carrugated drains with a
e
and continuous circumferential copenings of

width, is given by

rectangular block wave profilie

a width less than the valley

_ s Gn - <] )
ep 2 72 RD n ﬁv 4w Ro
2mé
X 2 sinh ﬁv , RD
+ T 1n — - E_E-ln o (1.128)
4 1° R ) s ]
] sin® 55—
v
The a -value so calculated for e = 10 mm; B =1 mm; . = 2,5 mm; B_ = 25 mm
ep g A a]

and Ré = 23 mm is 0,0721.
mean value of 0,076,

0,0430.

The experimental valces were 0,078 and 0,074 or a

Egn. (1.32), valid for Sco-drains. gives a value of

No exact solutien could be found for discontinuous circumferential slits

in the valleys of the corrugations.

An approximate solution may bs cbtained

by introducing the perforation length in the expression for the additional

entrance resistance, hence we have



z2wé
. 2 ginh ﬁv . Ra
+21I'NR 1n TP 'E—_n_-ln-—, (1.127)
P ainzzﬁs @
\

When 2 w Br/ﬁv > 1 then ln{Z sinh(Z 7 Gr/ﬂv?} =27 8r and egn. (1.127)

becomes

a = Z @n Ze . e )
2% R mh, 4TE

cd T g R

r e -] 1 0
+ - 1n 8in =5 - =— 1ln =%
N lp ﬁv TN RD Z ﬁv 2w R

(1.128)

The uep~va1ues obtained from egn. (1.127), the experimental results and the

theoretical uep-values for S Svdrains calculated by means of egn. (41.76)

dc
are presented in table 1.32. The results aobtained for a perforation length

of 5 mm and various perforation rows are also presented in fig. 1.43.

N Ag=5mm .

B eqgn. {176} fer smeoth drains

——————— eqn. {1127) for corrugated drains

Q) T T T T T T L B T

T T T V1T 0fr
1 10 Ay lenZmi 100 C, lem/m) 1000

1
Fig. 1.43. Theoretical and experimental uep—Values for Cdcs-drains as a

function eof the inlet area AP and the inlet perimeter Cp.
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Table 1.32. Theoreticzl and experimental uep-values for the

C;CE[1]-drain5.
valley perforaticn row aep aap
width length number according to eqns.
mm mm axp. (1.76) (1.127)
2,50 &,0C 8 0,22 0,158 0,247
2,50 5,0 ] 0,32 0,223 0,328
2,50 5,0 4 0,48 0,358 0,480
2,80 5,0 Z 1,08 0,763 D,874
2,30 4,5 10 c.z24 0,133 0,233
2,30 8,1 8 0,17 0,401 0,164
2,30 14,1 ] 0,14 0,0796 0,127
2,30 26,1 4 C,11 0,038 0,104
2,30 62,3 2 0,087 0,0513 0,0883
2,30 9,5 10 0,11 0,0628 0,114
2,30 13,1 8 0,10 0,0580 0,104
2,30 19,1 B 0,10 0,0533 0,0854
2,30 31,1 4 0,081 0,0489 0,0884
2,30 67,3 2 0,082 0,0447 D,0822

eqn. {1.76) of CAVELAARS (1970) for smooth drains
gqn. (1.127) of this contribution for corrugated drains

4.68.3. Discussion

fFrom these considerations it can be cencluded that for drain pipes with
a rectangular block wave profile & theoretical solution canm be obtained for
some simple situations like continuous circumferential slits. Such pipes do
not have any practical meaning and therefore an approximate sclution is given
for discontinuous circumferentlal slits. Moreover, the results clearly show
that a rectangular blcck wave profile exerts an unfavourable influence on the
flow towerds the drain. Hence, for a given perforation pattern the entrance
reaistance of corrugated drains will be larger than for drains with a smooth
outside surface, pravided that the corrugations are filled with soil but., in

practice, corrugated drains have far more perforations than smooth ones.
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In the case of corrugated drains with a sine wave profile, it may reason-
ably be suggested that the unfavourable effect will be smaller. Indeed for
continuous circumferential openings with ﬁs = 1 mm and a sine wave profile
with & pitch length of 5 mm, a mean uep—valus of 0,069 was obtained from the
experiment, this is significantly less than the experimental value of 0,078
for a rectanguler block wavs profile. '

The same can be concluded from the results of BRAVO & SCHWAB (1977).

For corrugated drains with a sine wave profile, a pitch length of 12 mm, &
radial flow radius R = 381 mm and the follcwing cheracteristics of the drain:
¢ = 35 mm; BS = 3 mm; Rp = 38 mm; N = 5; RO = 57 mm and Ré = 51 mm, an aep—
value of 0,201 was obtalned. For ﬁs = 1,8 mm; kp = 27 mm but otherwise
identical circumstances, UBD = 0,341. Applying egn. (1.127) for a rectangular
block wave profile, for which Bv = 6§ mm, results respectively in 0,237 and
0,355.

I% can be stated that generally the theorestical formulaes to determine
the entrance resistance of drains with a smooth outside surface may not be
applied to drains with a corrugated cutside surface. For a given perforation
pattern, corrugated drains possess a higher entrance resistance than smooth
drains. For the most unfavourable case of a block wave profile, egn. (1.127)

may be used as an approximation.
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5. Conclusion

The comparison of theoretical and experimental results confirms that
rather simple, and for practical purposes sufficiently accurate, theoretical

solutions exist for

- circumferential cpenings [eqns. (1.31), [1.32ﬂ

circular perforetions [eqns. (1.42), E1.4Sﬂ
- continuous longitudingl slits [eqns. {1.51], [1.52ﬂ
- discontinuous longitudipal siits [eqns. (1.59), (1.60) and eqns. (1.68],

(1.88)]
- discontinuous circumferential slits [eqhs. (1.74), (1.768) and egns. {1.84),
(1.851].

These theoretical solutions only hold for drains with a smooth outer
surface and they may not be applied to drains with a corrugated one. If it
is assumed that the corrugations are filled with soil, thes entrance resistance
depends on the corrugation profile, and for the same perforation pattern it
will be larger than for smooth drains. For the most unfavourable case of a
block wave profile and plane boundary conditions egn. (1.127) can be used to
obtain an zstimate of the entrance resistance.

However the important question is, which perforation shape results in
the lowest entrance resistance for a given perforation width or diamster and
a given inlet area or perimeter. This is illustrated in figs. 1.44 ard 1.45%
which give the entrance resistance as & functicn of the inlet area and
perimeter respectively for different perforation shapes. For continuous and
discontinuous langitudinal slits, the increass of inlet area and perimeter
has been obtained by increasing the number of slit rows; for circular openings,
a square perforation patiern has been assumed and the increase was cbtained
by ingreasing the perforatian number, while for continuous and discontinucus
circumferential slits the spacing in the longitudinal direction was varied.
For the same inlet area or perimeter and Bp = ﬁp = ﬁs = 1 mm, it follows that
the perforation shepe with the smallest ares or perimeter and as a conssguence
the one which is present in the greatest number, is the most favourabls.
This is the case for both circular and discontinucus longitudinal perforations
with the smallest length. This conelusion also halds for discontinuous cir-

cumferential slits since the same equations are valid.
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Fig. 1.44, Tha entrance resistance aep as a function of the inlet area Ap
for different shapes of inlet openings.

The main parameter determining the entrance resistance is the perforation
distribution,

both the inlet area and perimeter are only of secondary import-
ance.

However, the inlet perimeter 1s more significant than the inlet ares

since, considering the perforation shape, the difference in entrance resistance
is less for a given inlet perimeter than for a given inlet area.

This becomes
clear by comparing the curves on figs. 1.44 and 1.45 with the same slit length
but width of 1 mm and 1.5 mm.

From fig.

1.44 it can be seen that for all psrforaticn shapes, the =n-
trance resistance decreases considerably until & perforation aree of about
50 em®/m is reached.

Increasing the perforation area with about 20 to
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Z5 cm?/m should result in a lower entrance resistance, except for circular
about 20 cm?/m.

perforations which have a fairly low resistance for all areas greater than

of the perforation shape.

are smaller for a given inlet perimeter than for e given inlet erea, regardless

In general it may be concluded that the differences in entrance resistance
smaller than 50 om?/m.

This conclusion certainly holds for inlet areas

When the ratio of the perforation width to the per-
foration length approaches unity, or the greater the subdivision of a given

inlet area or perimeter, the-smaller the entrance resistance will be.
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THE ENTRANCE RESISTANCE OF DRAINS SURROUNDED BY PERMEABLE ENVELOPES

1. Theoretical background

1.1, Propesttion

Envelope materials are often used as surrounds to drain pipes. The
purposes of such envelopes may be to provide adequate bedding for the pipe
- in order to ipcrease 1ts cruyshing strength - or to prevent damage when
filling the drain trench. More usually, hawever, an envelope will be applied
to prevent significant soil invasion of the drain and to avoid clogging of
the pipe iniets. A further function of envelope materials is tou decrease the
entrance resistance of drain pipes.

From the investigation performed, it 1Is clear that the entrance resist-
ance of drain pipes depends on the pipe diameter, the perforation shape and
the perforation distribution. Thes total perforation area of commercial
drains is only 0,2 to 1 % of the total wall area and 1n this way entrance
resistances of the same order of those due to the whole soil mass can arise
(WIDMOSER, 1968). Flow towards the drain pipe mainly depends upon the
geometrical relationships in the immediate vicinity of the pipa. Each
change in this zone will markedly influence drainage performance.

Granular, organic or synthetic envelopes., having @ higher permeability
than the surrounding soil, are applied to increase the uptake capacity of
drain pipes. The permeability and the thickness of the envelope influences
the entrance resistance. In studying these factors, it is supposed that =zach

zone around the drain is homogeneous apd 1satropic.

1.2, Effect of envelopes on an tdeal drain

In the case of radial flow towards an ideal drain @ = 0 and ke =k
which mgans that no envelope surrounds the pipe and anly soil is involved.
The total heed loss is due only to the radial flow through ths porous

medium, i.e. seil, and the radial resistance is given by
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o = 2 1n (2.1)

r 2T

favthas)

o}

IT an envelope with & thickness dE = He - RO and a permeability ke >k

surrounds this ideal drain (fig. 2.1), then the radial flow rssistance % g
of the so0il is given by

o = 1n %‘ (2.2]

in which it naturally holds that R > RE. Further, the radial flow resist-

ance o of the envelope material with a permeability ke yields

f

S ]
O T T In Ro {z2.3)

Fig. 2.1. Flow towards an ideal drain surrounded by an envelcpe.

This ur9~value is related to the permeability of the envelopes material
itself. When the radial resistance is expressed as & function of the per-

meability of the soil, we get that

Oire = Tr R 1In 7 (2.4)
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soil and envelope is not exactly an equipotential, but, at a short distance
away from the envelecpe, it may readily be accepted that in the all-round flaw
case, the equipctentials in the soil form concentric circles (fig. 2.3). It
can thus be accepted, as an approximation, that the streamlines are perpen-
diculaer to the circumference of the envelope and iIn the envelope further con-
centrate towards the perforations in the drain. In the second case the en-
velope 1s less thick and does not have a particularly high permeability.
consequently the streamlines will stert to concentrate towards the perfora-
tions while still in the surrounding soil. Because of the difference in
permeability, the streamlines are refracted at the soill-envelope interface

and further concentrate towards the perforations in the drain pipe.

Fig. 2.3. Flow towards a real drain surrounded by a voluminous envelope.

Thus, using a voluminous and high permeable envelape, the circumference
of the envelope approximates to an equipotential and the sntrance resistance
can sasily be determined, with the premise that the entrance resistance of
the drain surrounded by an homogenecus and isotropic soil 1s known. This
gntrance resistance can be calculated from certain formulse or can be deter-
mined with the aid of an electrolytic model. When the drain is surrounded

by an envelope of permeabililty ke, the entrance resistance aé related to the
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permeability k of the soil is expressed as

(2.8)

For drains with continuvous longitudinel slits and plane boundary conditions

eqn. {1.51) holds and taking intoc account egn. (2.B8) we thus obtain :

e m [2-5]
This expression gives the entrance resistance of a drain surrounded by a
voluminous envelope of permeability ke.

In considering the entrance resistance of pipe and envelope, the aee-

-

value is given by

1 1 2
0 — Vo= o — —_—
ee Yo T %re Ke(ae * 2om In RD) (2.10)

For an ideal drain o, = 0 and egn. (2.10) changes into eqn. (2.4). DOrains

with continuous longitudinal slits and plane boundery conditions yield

1 < 1 o 1 2
o = —{——1n +—— 1n =
eg KNI N ﬁp ¥ 2m RD

4 R B
) (2.11)

This eguation gives the entrance resistance of drain &nd envelope for the
case of drain pipes with continuous longitudinal perforations, the drain
being surrounded by a voluminous envelope which forms a plane boundary with
the perfarations.

The entrance resistance as defined by WIDMAOSER (1368) yields

4 R R R

21 1 0 1 ey _ 1 _e
(aee)w = F_CE_E 1n A 1n Rg) 5 1n 7 (2.12}

1.4. Discussion

In the case of drain pipes without envelopes, the definition of entrance
resistance does not give any particular difficulty. However, when an envelope
is used, it must be stated what entrance reslsténce is desired.

The drain and the =nvelope can alsoc be considered &s a whole and the
gntrance resistance related to drain end envelope. Indeed, it is that value

which is determined in many laboratory investigations and field experiments.
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2. Methods to detenmine the effect ef envelopes

&.1. Analylical solutions

The effect of envelope materials can only be determined theoretically
for the case of voluminous envelopes having a sufficient permeability in
relation to that of the soil to ensure that the streamlines reach the
soil-envelope interface almost perpendicularly. 0Only in such a case can
the entrance resistance be represented analytically, see egn. (2.8).

No analytical solution exists for thin envelopes and the results of
the drainage performance of such materials can only be obtained by numerical

solutions and model research.

2.2, Numerical solutions

The numerical solution to a given flow problem is obtsined by putting
the differential equation into finite difference form and finding the
potential value at verlous points throughout the flow region according to
the relaxation procedure. Opce the potential distribution is known, the
discharge can be calculated and from this the entrance resistance can be
derived.

This method was applied by WIDMOSER (1968) and NIEUWENHUIS (4976) for
the case of a two-dimensional flow towards a drain provided with continuous
longitudinal slits surrounded by envelope material. For that purpose, the
radial flow has been transformed into parallel flow by means of conformal
mapping.

In that way WIDMOSER (1968) found that the stresamlines are almost
perpendicular and the flux uyniformly distributed when Ke = 10 and de = 0,2 RO-
The radial nature of the flux is still small when the drain is provided
with only 4 continuous longitudinal slits but it can be improved by applying
a larger number of such slits and a thicker envelope, rather than by using
a higher permeability of the envelope ar by increasing the perforation width.
At an envelope thickness d8 = 0,2 HO, ak, > 20 does not appreciably in-
fluence the radial flow.

By extrapolating the results for thick envelopes surrounding a drain
with discontinuous longitudinal slits In accordance with the resuylts for

thin envelopes and continuous longitudinel slits, WIOMOSER (1968) deduced
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the effect of drains with discontinuous lomgitudinal slits surrounded by thin
envelopes. He concluded that the effect of the discontinuity of the per-
forations can be neglected for envelopes with a thickness de =0,2 RD and

Ke > 100. A small ipcrease of the uptake capacity is still possible at

Ke > 100. Voluminous envelopes at thicknesses dg = 4 HO do not give a
significant increese of the upteake capacity at “e > 100. For drains with a
low entrance resistance (many and favourably distributed perforations) and
thin envelopes, xe“values larger than 40 and possibly larger than 20 have not
much influence on the radial flow pattern. However, a larger xe-value is

preferred for drains having largs entrance resistances surrounded by thin

gnvelopes. The effect of the entrance resistance of commercial drains be-
comes insignificant for voluminous envelopes at Ke—values larger than 40,
As pointed out by WIDMOSER (1968), envelopes can compensate for entrance
resistance and increase uptake capacity to such an extent that It equals
that of an ideal drain of larger diameter.

NIEUWENHUIS (1978) arrives at the conclusions that a Ky > 20 gives rise
to only a very small increase of the Ref of the drain. At constant xefvaluea,
an envelope thickness dE > 1 cm gives no further decrease of the true entrance
resistance of the pipe. However, the radial resistance will decresase which
cayses an incresase of the effective radius of the drain.

Cue to the differences in definition of the entrance resistance, the
results of WIDMOSER {19868) and NIEUWENHUIS (1376) differ. However, taking
these differences into account, both investigaticons finally result in

analogouys conclusions.

2.3, Band model

Sand medels have been extensively used to determine and to compare the
drainage performance of different drain pipes; also %o study the influence
of envelape materials on drainage performance.

All those investigations carried out in & sand model confirm that the
use of envelope materisls results in & considerable reduction of the entrance
resistance. After WESSELING & VAN SOMEREN (1872), & thin layer of envelope
material cen considerably reduce the entrance resistance and, as a consequence,
increase the effective radius of the drain. The number, shape and magnitude
of the perforations influences the entrance resistance less strongly than

does an envelope material. The need for perforation area can be reduced
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additicnal difficulties arising from the different permeabilities which have
to be simulated. However, this does not cause insuperable difficulties for
thin metallic sheet or conductive paper models; only two-dimensional flow
proolems can be studied with such analogues.

The use of an electrolytic analogue is difficult since two elec-
trolytes with different conductivities have to be kept separate. The sepa-
ration can only be achieved hy means of & solid wall which is made in such
a way that the potential distribution at the interface is transmitted across
the wall from one electrolytic liquid to the ather. 7o date, no direct
determinations of the entrance resistance of drains surrounded by envelopes
have been carried cut by means of such a model. RIBBENS (1971) and MANTEL &
WINGER (1873) used an eslectrolytic model to determine the convergence loss
(entrance resistance) of drain pipes. For volumincus envelopeg materials,
the permeability of the envelope is determined for certain conditions of up-
take capacity and head loss over the envelope (WINGER & RYAN, 1871). Eagn.
(2.8) can also be applied to this situation and hence no new information is
obtained. Both methods allow the calculation of the permeability (or thick-
ness) of an envelope material which is required with drains of diffesrent

perforation patterns in order to cbtain & given uptake capacity.
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3. Experimental heseanch

3.1. Eleatrolytia analogue and electric equipment

Research on the effect of envelope materials on drainage performance
has been carried out with the same equipment used to study the different
perforation shepes. The apparatus is detailed in chapter I § 3.1. The
only difference that need be noted is the replacement of copper sulphate
solution by zinc chloride [ZmClzl, the former resulted in deposits on the
separating wall between the two slectrolytes which caused concentration

changes. This was largely prevented by using zinc chloride.

3.8, Separation of the electrolytes

In simulating radial flow across a soll mass towards a drain surrounded
by an envelope, two electrolytes of different specific conductivity, de-
pending on the permeability ratio cof envelope to soil, were used. The
separation of the electrolytes was achieved by means of a pipe wall con-
sisting of isolated contact points so that the prevailing potentials at
the ovtside were tranmsmitted to the inside of the separating wall,

The separating wall has been formed from textile carding sheet (fig.
2.4) which consists of indiarubber into which shert steel wires are in-
serted. The sheet was mounted between two pipes of appropriate diameters
and filled up with @ thin ligquid epoxy resin which had good adhesive and
insulating properties. Once hardened, both pipes were removed and the
card-cloth pipe formed was ground off to & thin-walled pipe of which the
steel wires formed the isolated contact points (fig. 2.5]. One end of
the tube was closed in order that the pipe might be filled with electrolytic
liquid and to provide a mount for the simulated drain. The whole was put
into the electralytic tank (fig. 2.8) and this filled with an electrolytic
liguid of a specific conductivity different to that used for fillimg the

tube.

3.3. Determination of the conductiviity ratto of the electrolytes

The ratio of the electrical conductivities of the electrolytes should

be the same as the ratio of soil conductivity to envelope conductivity.
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Fig., 2.4. Textile carding sheet consisting of indiarubber into which short

steel wires are inserted.

Fig. 2.5. Thin-walled pipe with isolatad contact points.

Measurements weres made by means of a meter RADIGMETER type COM2 with which
the conductivity cen be measured from 0 to 500 mS in ranges up to 1,5-5-15-
50-150-500 pS and 1,5-5-15-50-150-500 mS. The accuracy amounts to 1 % of
the range for 0-50 WS and 9-150 m3 and to 2 % for the other ranges. Thes

instrument has to be connected to the mains voltage.
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/@Z

. Inner electrode, formed by a simulated drain
Electrolytic liguid representing the permecbility of the

|

envelope material
3. Wail separating the electrolytes
4. Electrolytic liquid representing the permeability ot the soil

bs

Cuter electrode representing a cylindrical equipotenticl
Fig. 2.6. Schematic representation of the simulation of drain pipes surround-

ed by envelope materials.

Since temperature exerts an important influence on the conductivity of
the electrolytic solutions, the measurements on both liguids were carried

out in a room at cecnstant temperature.

3.4. Simulated probleme

The influence of the permesbility and thickness of envelopes has been

studied for a two-dimensional flow problem. For that purpose the 5213[1]-

drain with 4 continuous longitudinal slits was used.

To study the influence of permeability and thickness of envelopes with
three-dimensional flow., the S;lS[1J-drain provided with 4 rows of discontin-
uous longitudinal slits, each row having 16 slits per meter of drain length,
was wsed. The length of individual slits 7\;3 was 25 mm,

The permeability retios Ko of the envelope to so0il were : 1-2-5-10-20~

50-100, while various thicknesses de of the envelope were simulated by using
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a number of separeting pipes with isolated contect points (fig. 2.7)., The

characteristics of these pipes are given in table 2.71.

Fig., 2.7. Separeting pipes with isoleted contact points, used in the

simulation of envelope materials.

Table 2.1. Characteristics of pipes acting as a
separating wall between two slectro-

lytes of different conductivity.

Inner radius Outer radius Envelope thickness

Rei (mm) R, (mm) de {rm)
22,85 24,80 2,85
25,30 28,30 5,30
29,85 31,45 9,95
41,15 44,45 21,15
50,60 53,80 30,60
80,55 83,79 60,55

The thickness de of the envelope has been determined as the difference
between Hei and RD since the electrolytic ligquid representing the envelope

is kept in between.
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1

Besides the Sc S(1J-drain with ¥ = 4, drains with 2; §: 8 and 10 con-

1
tinvous longitudinal slits were investigated. There were surrounded by an

envelope for which KB = 10, at different thicknesses, as given in table 2.1.

Drains with a radius of 25; 30; 40 and 50 mm (fig. 2.8) surrounded by
different envelope thicknesses (fable 2.2], at a permeability ratic Ke = 10,

have also been investlgated.

Fig. Z.8. Drains of different diemeters provided with 4 continuous longi-

tudinal slits.

3.8, Meqsurement and calculation method

The measuring technigue is identical to the one epplied to determine
the influence of the perforation shape and distribution (Chapter I, § 3.3).

After mounting the drain model into the separating pipe with isolated
contact points, the pipe was filled with the appropriate electrolyte to the
same level as the liguid level in the tank. A liquid depth of 250 mm weas
maintained. Alsc here 3 x 4 values of the entrance resistance of each

simylated situation were determined.
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Table 2.2. Oetails of simulated drains of differing diameters
provided with 4 continuous longitudinal slits and

surrounded by different envelope thicknesses,

Orain radius Radius of the separating pipe
HG [rom) Rei (mm}
20 22,85 - 25,30 - 28,85 - 41,15 - 50,60 - 80,55
Z5 29,85 - 41,15 - 50,60 - 80,55
30 41,15 - 50,60 - 80,55
40 50,60 - 80,55
50 80,55

The potential measurements were carried out betwesen the outside radius
Reo of the separating pipe with isvlated contact points and the radius R of
the cylindrical copper plate representing an equipotential surface. These
measyred values were graphically plotted sgainst ln(R/RBO). The line of best
fit was calculated for the pecints of the straight section., this being analog-
ous to the method described in Chapter I, § 3.3. The intercept of this
straight line on the vertical axis R/ReD = 1 gives the regquired potential
Vée to overcome both the extra resistance of the drain model end the elec-
tralytic liquid representing the envelope materiel (fig. 2.9). The thus
obtained entrance res’stance QBE is related to drain and envelope. In sub-
tracting the radial flow resistance a;g of the envelope, according to eqn.
(2.4), the true entrance resistance aé of the drain is obtained.

It may be ecgepted that the potential is transmitted without appreciable
resistance by the isolated contact points. Howsver, the pipe with the
isolated contact points introduces an additional entrance and exit resistance
{fig. 2.10) which cause deviations of the obtained %o and aé-values.

Taking into account these additicnal resistances and introducing the model
thicknesses of the considered soil and envelope layer., =sgn. (2.13) changes
into

4, = = 1n E—+ car g+ EX (2.20)

1
t Zm R 2 WK B e n K
eo e 8] e
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in which ﬁen = the entrance resistance of the separating pipe with
isolated contact points
ﬂex = the exit resistance of the separating pipe with isolated

! R
In=
Rag
Fig. 2.9. The potential Vee required to overcome both the extre resistance
af the drain medel and the electrolyte representing the envelope

material.

Fig. 2.10. The separating pipe with isolated contact points introduces an

additional entrance resistance ﬁen and exit resistance ﬁex'
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The additicnal entrance and exit resistance are equal and can be cal-
culated from the characteristics of the pipe with isolated contect points
by means of egn. (1.45). The contact points have a circular section with a
diameter of 0,25 mm, squarely distributed at 1 mm spacings. The thus cal-
culated ﬁen depends on the pipe diameter and table 2,3 gives the additional
rgsistances of the used pipes. The number of contact points has been cal-
culated by means of the mean radius Rm of the pipe. This table clearly
illustrates that the greatest deviations will cccur et thin envelope thick-
nesses with low Ke-values. Although the influence segems to be small, it is
necessary to make corrections in order to reduce the experimental error as
the aé-values are usually very small when drains are surrounded by an enve-

lope that is more permeable than the soil.

Table 2.3. Additional entrance and exit resist-
ances due to the separating wall

with isolated contact points.

Rei Reo Rm m ﬁen ; ﬁex
mm mm mm m71

22,65 24,80 23,82 148865 C,00921
25,30 26,50 25,30 182734 0,00847
29,85 31,48 30,70 182898 0,00714
41,151 44,45 42,80 268920 0,00512
50,60 53,60 52,10 327354 0,00424%
80,55 63,/5 82,15 518164 0,00267

3.6, Aecuracy of measurements and calculations

The inner and cuter diameters of the pipe with isolated contact points
were determined by means of a vernier caliber gauge as the mean of 2 mea-
syrements on perpendicular axes, to an accuracy of 0,05 mm. Hence, the
accuracy of the radius Rea is 0,025 mm. Placing this pipe into the elec-
trolytic tank and plecing the drain model into this pipe can cause a de-
viation of 2 times 0,05 mm or 0,10 mm. Thus, the accuracy of the radius
R can be estimated et 0,125 mm. Table 2.4. gives the relative errors

20

in B_ .
eon
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Table 2.4. Relative error in Reo‘

Reo (mm) 24,80 26,50 31,45 44,45 53,60 83.75

AR /R (%) 0,8 0.5 c,4 0,3 0,3 0,2
g0 =0

The error associated with cylindricel equipotentials was treated in

Chapter I, § 3.4. Table 2.5 gives the relative errors in ln(R/HED).

Table 2.5. Relative error in ln(R/HED).

RED[mmJ+ 24,80 26,50 31,45 44,45 33,80 83,75

R{mm) ¥ Alan@r_ )| /in(R/R ) (%)
100 0,6 2,5 0.5 0.6 0,7 1,9
200 0.4 0.3 0.3 0.3 0,3
3Ca 0,3 a,3 0.2 0.2
400 0.3 0.2 0,4 0,2 0.2 0,2

Since the output voltage V{ was determined by the characteristics of
the L.F. generator used (see Chapter I, § 3.1), an output voltage of 7 V
was applied in simulating envelope materials. The accuracy of Vt can be
estimated at 0,8 %.

The experimental error in tan o can be derived, according to egn. (1.108),
from the relative error in Vt - Vé and the relative error in 1n¢R/R') which
is also 0,2 %,

As Vee is given by

. Vi InCR/RY -V, In(R'/R, ) 2.21)
ee In{&/R") '

the relative error in VEE can be derived andg, further, the relative error
in Yo Table 2.6 contains some relative errors in O depending on the

value of ¥V .
EE
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Table Z.6. Relative errors in o as a function of ¥_ .
ee Bee

AV Ao
v tan o v Atan o ge ee
ee t tan o 13 o

ee =1=
V Y % % %
6,0 0.38 §.50 22 4,0 26
5,0 0,72 5,00 11 4,8 16
4.0 1,08 5,50 7.3 g,0 14
3,0 1,44 5,00 5,5 7.5 13
2,0 1,80 4,51 4,4 11 16
1,0 2,18 4,01 3,7 22 26
G,8 2,23 3,81 3,5 Z8 32
0,8 2,30 3,81 3,4 36 40
0.4 2,37 3,71 3.3 53 57
0,2 2,44 3,61 3,2 104 108

The presence of a highly conductive liguid surrcunding the drain medel
can, in certain situetions, result in very low Vee—values for which the
relative error in Vge becomes large. Small Vee-valuas result in small
uee-values and hence the relative errcor in o and also in ué will be large
as aé is given by

ei __ex

a' =a - In — -8 (2.22}1
e

1
ee 2 TK R en 3
=} o e

In spite of these theoreticelly large relative grrors, no larger coef-
ficients of variation in relation to the standard deviation 8, and gy have
been noticed and therefore the results were also rounded off to two signi-
ficant figures.

Besides the factors mentioned in Chapter I, § 3.4, the accuracy further
depends on the pipes with isolated contect points and the conductivity
stability of the electrolytes during the experiments. These factors are in-
herent to the expsrimental research and difficult teo take inta account. In
order to minimize these errors &s much as possible, the pipes with isolated
contact points were tested before each measurement in a homogeneous elec-
trolyte and the results obtained were compared with the measured uefvalua af

the drain model alone. The conductivity stability of the electrolytes was

checked by measuring the conductivity before and after each gxperimental run.
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4. Resubts and inteapretation

Since it is intended to study the influence of envelope materials an
the entrance reslstance of the drain, preference was given to the represen-
tation of aé-values. In order to forestall objecticns to the use of entrance
resistance, the results were also converted to effective radii Hef which

allows direct comparison of the real radius with the effective cne.

4.1. Influence of permeability and thickness of envelopes

The results of the Szls(ﬂ-drain provided with 4 continuous lopgitudinal

slits are presented at fig. 2.11 as & function of the thickness and the

permeabllity of the envelope material.

X,
80 ol
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03 Ret
{mm)
dp TS 0
e . ' Xe (o), 0
. v __h
0,2 50+
5
40+
- ° 82— 30+
a1
20 2
_____ 10
. o - 1
O J% ===== D T T T T T
8 0 20 30 4 50 60 0 ®© 2 W 4@ 60
dy (mm} dy (mm)

Fig. 2.11. Entrence resistances and effective radii for the S: SE'!]fdrain

1
with 4 contipuous longitudinal slits as a function of the enve-

lope thickness and its permeability.
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4.2. Influence of row number on drains surrcunded by envelopes

The influence cof the number of continuous longitudinal slits for Ke = 10
is shown at fig. 2.14. Here alsc thz envelope reduces the absolute differen-
ces between the number of continuous longitudinal slits, the relative dif-

ferences remaining constant.

0,3 hu,sm
e
0,2+
0,14
] N
I H
& :
s H H
G * l. T T T %
0 0 20 W 4 60 50
d, (mm) dg Imm)

1

Fig. 2.14. Entrance resistances and effective radii, for the Sc 5(1]—drain, asg

1
a function of the envelope thickness and the number of continuous

longitudinal slits, for xB = 10.

The influernce of the number of perforation rows is markedly reduced by
applying & sufficiently permeable envelope {KE 2 10) et e thickness de Z 5 mm
(fig. 2.15). At X, o= 10, however, there is still a relatively large decrease

of the ué—value until 4 - § perforation rows (fig. 2.46).




Fig. 2.15.
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[l

Theoretical ué-values as a function of the envelope permesability

and the number of continucus longitiedinal slits for a Sc 5[1]fdrain

1
at an envelope thickness de > 10 mm,

d
307 imm)
10
. Ret
9,19 [mm} 5
1 4
dg {mm)
. 5 20
7 16
— WD,
U T T T T T T T T D T T T T T T T T
0 2 10 0 2 6 10
N N
Fig. 2.16. The influence of the number of rews of continuous lengitudinal slits

on the entrance resistance and the effective radius at KE = 10,

and for de = 5 and 10 mm,
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4.3, Influence of diameter om drains surrounded by envelopes

From fig. 2.17, it follows that the diameter of a drain pipe which is
surrounded by an envelope material does not markedly influence the entrance
reslistance. The effective radius will differ as well iIf a same envelope
thickness is applied. A constant value of drain radius plus envelope thick-
ness will result In very similar effective radii provided that de is at

least 5 mm.

80+
Ref
{mm}
70+
60
0,1 Ry 50
(mm)
. - 20
e
f c 25 404
s + 30
4 x 40 30
- t 50
- 20_
17 . o
| L N 104
[u} T T T T T T 0 T T T T T T
0 10 20 30 40 50 80 0 10 20 30 40 50 50
d, (mmi de (mm)

Fig. 2.17. Entrance resistances and effective radii for different pipe

diameters provided with 4 continuous longitudinal slits ss e

functicn cof the envelope thickness de at K" 10.
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5. Conclusion

A thin envelope with & permeability which is at least 20 times thet of
the surrounding soil considerably reduces the entrance resistance; the maxi-
mum reduction of the entrance resistance being obteined &t a thickness of
about 5 mm. A further increase of the thickness does not result in a warth-
while decrease of the entrance resistance. The effective radius, however,
continues to increase due to the decresase in radial resistance.

The streemlines approach the envelope almost perpendicularly when
ds 2 10 mm and the drain is provided with 4 perforstlion rows. It may be
accepted for all praectical purposes that radial flow occurs when Ke Z 10 and
dE # 5 mm. Based on these considerations it may bes concluded that esgn. [(2.8)
holds for the case of at least 4 perforation rows with de # 10 mm and that
it may be applied with acceptable accuracy whan Ke = 10 and de 2 5 mm,

The use of a sufficiently permeahble envelope [KE = 10) which is ade-
quately thick [de # 5 mm) markedly reduces the influence of beth the dis-
continuity of the perforations and the number of perfaration rows.

At constant Re' the effect of drain diameter is very small as long as
de is at least 5 mm. To increase the effective redius of a drein, it will
be more economical to use a smaller drain diameter with & thicker envelope

than a larger diameter with a thinner envelops.
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Fig. 3.1. Flow towards an ideal drain surrcunded by a layer with a lesser

permeabillity than that of the soil.

Fig. 3.2. illustrates this gifference for an ideal drain of 40 mm diameter

as a function of the thickness dD for different permeability ratios K

1.3, Influence of pariially blocked envelopes on an tdeal drain

The total resistance for the case of radial flow towards an ideal drain
surrounded by an envelope with permeability ke that is partiaslly blocked
{fig. 3.3)., the blocked part having a permeability kb' is given by the sum
of the radial resistances of the unblocked portion of the envelope, that of the
partially blocked portion and that of the surrounding soil

R R

2 1 =} 1 A
1in E;—* ST 1n R 1In 7 (3.7)

a] =] b

R
t 20 i
e

o, =

in which k= kb/k or the retio between the permeability kD of the blocked
portion of the envelope and the permeability k of the surrounding sail.
The difference in radial resistance Aur between that situation and the
situation of radial flow towards an ideal drain in a homogeneous soll, with

permeability %, is given by

e

R

1 1 in Rb 1 1n u]
2 mk R 2 TR R I
r o o 2 m Kb RE 2T RD

{3.8)
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Fig. 3.2. Increase of radial resistance due to & less permsable layer of

thickness dc around an ideal drain of 40 mm diameter.

Fig. 3.4 and fig. 3.5 illustrate these differences for an ideal drain of
40 mm dlameter surrounded by envelopes with Ke = 10 which are partly blocked
over respectively 25 and 50 % of the original thickness, the blocked part

taking various xb~valu85.
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Fig. 3.5. Change in radial resistance of an ildeal drain of 40 mm diameter due
to an envelope with ko= 10 that 1s blocked over 50 % of its

original thickness.
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2. Methods to defermine the eddect of Less pernmeable sunrounds

2.1, Analytical solutions

The effect of & less permeable surround can only be determiped theoreti-
cally for a thick layer where the streamlines rsach the interface of soil
and less permeable surroynd perpendicularly. DQue to the refraction of the
streamlines into & layer of higher resistance, a slight deviation of the
radial approach flow results in an increase of the entrance resistance ué.

This also holds for the three-layer problem; a thecretical solution is
only possible for very thick envelopes and very thin layers of reduced
permeability. If the condition of fully radial approach flow towards the

interfaces of the differsnt layers is satisfied, egn. (2.8) may be used.

2.8, Numerical solutions

For the two-dimensional flow problem numerical solutions for drains
surrounded by a less permeable layer are given by WIDMOSER (1968) and for
drains surrounded by a partially blocked envelope by WIDMOSER (1868) and
NIEUWENHUIS & WESSELING (1978].

After the findings of WIDMOSER (1968), a fully radial approach to the
interface between s0il and & less permeable surround is not reached as
quickly as a fully radial approach to the interface between soil and a more
permeable surround. A less permeable surround reduces the flux more than a
permeable envelope increases it. WIDMOSER (1968) also established that in-
vasion of soil particles into the envelope has less influence on the entrance
resistance the more voluminous the envelope is. The effect of soil particle
invasion at envelope thicknesses de = 4 Ro is pegligibly small for thin
b~ 0,1.

NIEUWENHUIS (19781 concludes that thin envelopes which are partially

layers [db = 0,08 HO] with a reduced permesbility «

blocked give rise to a considerable increase of the entrance resistance

at low permeability values of the blocked portion. The influence of envelope
blacking on the entrance resistance, as long as approximately 10 mm of the
enpvelope around the pipe remains unchanged, is small compared to the increase
in radial resistance, as the effect of such blocking is mainly concentrating

on the radial resistance.
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2.3, Sand model

Although the sand mudel offers the possibility of buillding in a less
permeable drain surround, few investigations have been carried out, in con-
trast to the more permeable envelope c&se. The reason must probably be sought
in the fact that less permesble drain surrounds cannot be so easily placed as
more permeable ones.

Based on sand model experiments, FEICHTINGER (1866) ascertains that the
uptake capacity of drain pipes largely depends on the permeability of the
immediate drain surround and, therefore, decreases when the drain is surround-
ed by a compacted layer.

Model experiments, carried out by CAVELAARS (1882) demonstrsted that the
installation of drain pipes under wet conditions gives rise to a very marked
increase in entrance resistance.

HOMMA (1973) investigeted the influence of the conditions in which drains
are laid using & vertical model. These experiments clearly demonstrated the
importance of this aspects. DOrainage under wet conditions can reduce the
permeahility of the surrounding soil by a factor of 100 which explains how
drainage can fail completely under such circumstances. These investigations
canfirmed that less permeable drain surrcunds do exist; but such surrounds
are generally not concentric since they consist of consolidated trench back-
fill.

8.4, Electric analogue

For the reason explained in Chapter TI, § 2.4, an electric analogue
study of lsss permeabls drain surrounds or partially blocked envelopes has

not yet been carried cut so far,
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3. Expendimental nesearnch

3.1. Electric equipment and separation of the electrolytes

For this part of the experimental research reference is made to Chapter
I, § 3.1. and Chapter II, § 3 since there is no essential difference between
simulating a less permeable drain surround cor a more permeable envelope.

For the simulation of & partly blocked envelope., two pipes with isolated

cantact paints are concentrically placed around the drain model (fig. 3.8).

(@)

(b)

Fig. 3.8. Model to simulate a drain pige surrovunded by partially blocked
envelope material.
a. the constituent parts

b. model in use

In that wey three electrolytes may be used with the drain model

- an electrolyte, between the drain model and the inner pipe with iso-

lated contact peints, which has & specific conductivity representing
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the permeability of the more permeable envelope;

- an electrolyte, between the two pipess with isolated contact peoints,
which has & specific conductivity representing the permeebility of
the blecked envelope:

- an electrniyte, between the cuter pipe with isolated contact points
and the cylindrical outer slectrode, which has a specific conductivity

representing the permeability of the soil.

3.2, Simulated problems

3.2.1. Permeability and _thickness af_less _permeable surrcunds

These simulated problems are apalogous to those for a more permeable
envelope. The influence of less permeable drain surrounds with varicus
thickresses and different permeabilities has been studied at the 5215(13-
drain with 4 coentinuous longitudinal slits. The permeability ratios Kc
studied were 0,5; 0,2; 0,1; 0,05; 0,02 and 0,01 while the thicknesses in-
vestigated correspond to thase of tablé 2.1. The only difference is that
the index e 1s changed into ¢c. Here, also, the difference between Rci and
Ro is the thickness dC of the less permeable drain surround.

The influence of the number of perforation rows was also investigated

1

for drains surroundesd by a less permeable layer. The Sc 5[1]—drain providad

with 2; 4; 6; 8 and 10 continuous longitudinal slits at iarious thicknesses

of the less permeable drain surround, as given in table 2.1, was used.
Further, the influence of the diameter of drains surrounded by a less

permeazble layer, has been studied. The situstions simulated correspond to

those of the more permeable envelopes and are given in table 2.2.

The simulation of partielly blocked envelopes has been carried out for
blockage of a quarter (25 %) and a half (50 %) of the original envelope
thickness. The original permeebility L af the envelope was 10 while the
permeability ratios xb of the partially blocked envelope took values of 10;
5; 2; 1; 0,5 and 0,1. The value Ky = 10 was included in the measuring pro-
gramm in order to investigate the influence of the two concentric pipes with

isolated contact points. Indeed, the results obtained should correspond with
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the results given in Chapter II, § 4.1. Here elso, the model drain is the

g’

cl
the pipes with isolated contact peints are given in table 3.1.

E(1]-drain with 4 continucus longitudinal slits. The characteristics of
Only the
electrolytes, which are assoclated with a thickness dE of ariginal permeabi-
lity and a thickness db of reduced permesbility, are considered since pipes
with isolated contact points do not have & significant resistance.

In simulating a partially blocked envelope, & filling height of only

125 mm was maintained in the slectrolytic tank.

Table 3.1.

Characteristics of the pipes with isolated
contact points used in the simulation of a

partially blocked envelope; for the symbols

used, see fig. 3.7.
Rei/RBO Rbi/Rbo de db dE T db db
eyl mm mm mm mm %

22,50/24,50 25,30/26,50 2,25 0,75 3,00 25,0
25,95/27,95 29,95/31.45 5,85 2,00 7,95 25,2
29,30/31,30 34,40/36,40 9,30 3,10 12,40 25,0
34,35/36,35 41,15/44,15 14,35 4,80 19,15 25,1
41,45/43,45 50,50/53,60 21,45 7,10 26,55 24,9
21,65/23,8B5 25,30/26,50 1,865 1.65 3,30 50,0
24,00/26,00 29,95/31.45% 4,00 3,85 7.95 49,7
26.20/28,20 34,40/36,40 §.20 5,20 12,40 50,0
29,60/31,60 41,15/44,15 9,80 9,55 19,15 49,9
34,30/35,30 50,60/53,60 14,30 14,30 28,50 50,0

3.3. Measuvement and cqleulation method

For the less permeable drain surrounds, reference should be made to
Chapter II, § 3.5. For partially blocked envelopes, the potential measure-
mente are carried cut from the outer pipe with isolated contact points to
the oylindrical outer electrode. The values obtainsd were then plotted as
a function of ln(R/RbO). The intercept of the straight line through the
measured points on the vertical axis R/Rbn = 1 gives the potential required
to overcome the resistance of the electrolyte representing the blocked part

of the ervelope, the resistance of the electrolyte representing the envelope,
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the soil elready causes & large incresese in entrance resistance. A further
decrease of Kc leads to & cansiderable increase of the entrance resistance

and to extremely small effective radii.

204 10°-
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Fig. 3.8. The influence of the permeability K, on the entrance resistance

and effective radius at a thickness dc = 10 mm.

4.2, Influence of row rumber for drains surrcunded by a less permeable layer

The influence of raow number on drains surrounded by a layer with ko ® 0.1

is shown in fig. 3.10. This infiuence is strongly accentuated if the less

permeable drain surrounds have values of X < 0,1 at thicknesses dD = 10 mm
(fig. 3.11). However, the increasse of the entrance resistance is limited if

the drain is provided with at least 4 to 6 perforation rows {fig. 3.12).

4,3. Influence of diameter for drains surrcounded by o less permeable layer

As with the more permeable snvelopes, pipe diemeter does not influence

the entrance resistance to any grest extent (fig. 3.13). Nevertheless, this

1

does result in small effectivs radii for the SC s[1]—drain with 4 continuous

1
longitudinal slits at kK, - 0.,1. Contrary to the more permeable envelopes, &
larger diameter pipe surrounded by a thin. less permesble, layer is somewhat

more favorable than a smeller dismeter pipe surrounded by a thick layer.
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drains with different numbers of continuous longitudinal slits.

ness of the less permeable drain surround at Kc = 0,1 for S;

Fig. 3.11. Theoretical @) -values as a function of the permesbility &  at &
thickress dD # 10 mm for different numbers of continuous longltudinal

slits.
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Flg. 3.12. The influence of the number of continuous longitudinal slits on

the entrance resistance and the effective radius at Kc = 0,1 and

dC = 5 and 10 mm.
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Fig. 3.13. Entrance resistances and effective radii for different diameter
pipes provided with 4 continuous longitudinal slits, as a function

of the thickness of the less permeable drain surround EKD = 0.,1).
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4.4, Influence of a partiaily blocked envelope

The results of the Slls(1l-drain provided with 4 continuous longitudinal

slits surrounded by a more permeable envelope with KE = 10, of which respec-

tively 25 % and 50 % of the thickness has a reduced permesbility « , are

presented in fig. 3.14 and fig. 3.15. These figures clearly demDnZtrata
that the aé-value is only slightly influenced by the blocked portion.
Nevertheless, the entrance resistance increases with increasing thickness

of the blocked part. Owing to this blocked part, the radial resistance will
increase. causing a decrease of the effsctive radius. The reduction becomes

important only when the blocked part of the envelope has permeability values

which are smaller than the permeability of the surrounding soil.
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5. Conclusion

A less permeeable drain surround results in an increase of entrance resist-
ance and & decrease of the effective radius. Especially at thicknesses dc =
S mm and L < 0,1 the entrance resistance increases markedly and the effective
radius is reduced to extremely small values.

Increasing the number of perforation rows decreases the entrance resist-
ance to some extent, but there are definite practical limits to this approach.

Using a larger pipe diemeter does not result in a substantial improve-
ment when the drain is surrounded by a less permeable layer.

If the drain pipe is surrounded by a more permeable envelope which is
partially blocked, the entrance resistance will only be influenced to a limited
extent. Nevertheless, the radial resistence will increase, which results in
a reduction Df.thE effective radius. This reduction never results in the
extremely small effective radii obtained when the drain 1s directly surrounded

by a less permeable laver.




CHAFTER IV

FURTHER CONSIDERATIONS ON THE SIGNIFICANCE OF ENTRANCE RESISTANCE

1. Entrance nesistance and §low patfern in asuymmetiic gfow

For radial flow towards an ideal full flowing drein in a homogeneous
medium, the head loss is adequately defined by egn. (1.2), while head loss
for radial flow towards a real drain is given by eqn. (1.13).

For unsymmetrical radial flow towards a full flowing ideal drain, from
eccentric circular egquipotentisls (fig. 4.1), the head loss is given by
MUSKAT (1848) as

7* - x?

7 E (4.12
]

-
Ahu 2Tk :

n

in which Ahu : total head loss (m)

i discharge per unit drain length (m®/d)

q

k hydreulic conductivity (m/d]

R { circular eguipotential radius (m)

RO : outer drain radius (m)

X : midpoint eccentricity of the eguipotential and drain

pipe (m).

——— streamline
———————— equipotential

Fig. 4.1. Flow between eccentric circular equipotentials.
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The head loss Ahu can also be written as

= -4
Ahu q WL % %y (4.2)
in which Wu : the flow resistance due to eccentric circular equipotantials
(d/m)
o : the corresponding dimensionless flow resistance.

u
The head loss for such flow towards a real drain can be written, accard-

ing to eqgns. (1.11) and (1.13)

Ak, = AR+ Ahe = q(Wh v g W

+ (4.3}

ar
_ _q
Bk = % (@, + o) = %oy (4.4)

As in the case of symmetrical radial flow, the flow pattern for unsymmetrical
flow towards a real drain is only influenced in the immediate vicinity of the
drain. The real drain has no further effect on the general flow path.

In simelating an eccentrically placed ideal drain and a S: S(ﬂ]—drain

1
with 4 continuous longitudinal slits, the entrance resistaence can be derived
fram the electric current measurements. After adapting egn. (1.104) for this

flow situation, o is given by

1. 2 2
1 [fig B - X
0’-e = 2—“(1- 1) in —'—"""—'—R ] (4.5)
rd o]

The resulie of table 4.1 clearly illustrate that the ececentricity doss not

influence the o -value.
ep

Tablie 4.1. uep*valuas at a given esccentricity
X of the drain midpoint (HO = 20 mm},
with respect to the circular equi-

potential midpocint (& = 400 mm).

T
x Tiq rd “ep %ep

m A mA measured theor.

0 35,09 £3,87 0,230 0,Z38
180 37,558 24,77 0,227 0,238
330 55,78 31,50 0,227 0,238
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Another way of looking at the matter is to suppose that there is a radial
flow component ¢ , upan which is superimposed a flow resistance asu which can
T
be thought of as an additional entrance resistance due to the unsymmetrical

radial flow conditions. Hence

o + (4.8)

Q. T o ¢
t T sU ep

For an ideal drain uep = 0 and asu can be calculated from the electric cur-
rent values obtaining at an eccentricity X = 0 and a given eccentricity X.

For a real drain, the sum of o and aep can be determined at a given eccen-

u
tricity X from which follows aep. The results of table 4.1 have been re-

worked in that way to give table 4.Z.

Table 4.2, o_ , oo + o_  and a__-values for a given eccen=
5U S e ep

u
tricity X of the drain midpoint [RO = 20 mm) and

the circular equipotential midpoint (K = 400 mm).

X Iid Ird OtSu aau ’ uep aep
mm mA mA theoret. measured

a 35,08 23,87 0 0 0,230 0,230
180 37.55 24,77 - 0,036 - 0,031 0,199 0,230
330 55,78 31,50 - 0,182 - 0,177 0,054 0,231

Symmetrical radial flow towards the S;lsfﬂJ-drain with 4 continuous
longitudinal =lits of which one slit is sealed for one reason or another
will result in an uepfvalue which is approximately that of a drain pipe
with 3 uniformly distributed continuous longitudinal slits. This also holds
for Z and 3 sealed slits (table 4.3]1. In effect, these situaticns are
nothing else but symmetrical rediasl flows towards slits which are unsymme-
trically distributed om the drain circumference.

For symmetrical radial flow towards a full flowing ideal drein which
is partially sealed, there is some distortion of the flow paths In the
region of the drain (fig. 4.2). The flow pattern can be attributed to the
fact that the drain pips is no longer ideal and, as a consequence, the
additional flow resistance cen be considered as an entrance resistance.

This situation can alsc be considered as flow towards an ideal drain

such that the flow only occurs through ths open part of the pipe.
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1

Table 4.3. o -values for the S (1}-drain
ep cls

1
with 4 continuous longitudinal
slits of which a number of slits

are sealed.

*

Number of slits Iid Ird uep [aep]th
n
open sealed mA mA
4 0 35,09 23,87 0,230 0,238
3 1 35,09 20,46 0,341 0,348
2 2z 35.09 15,37 0,812 0,587
1 3 ° 35,09 8,98 1,386 1.395

* Theoretical velues for uniformly distributed

continuous longitudinal slits.

%o B

streamline
______ - equipctential

Fig. 4.2. Radial flow towards an ideal drain with sealed upper half.

The additional resistance consequent upon distortion of the flow paths can
be assigned an asu-value. the magnitude of which is determined by the open
part of the circemference af the ideal drain. In both cases the resistance
is just the same, and is given in column 4 of table 4.4.

The same argument can be applied to a real drain pipe. Thus, if this

pipe is partielly sealed, then - besides the radial flow resistance ar and
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and the entrance resistance uep - there 1s also an identical flow resistance
asu towards the open part of the drain, the sum of aep plus O (column 6 of
table 4.4) being the aep—value of tabls 4.3.

Table 4.4. uS and aep-values of a drain pipe

u
with a partially sealed circumference.

(1! (2! (3] (4] (5] (6]

Open Iid Ird Oy, uep mep + ©ol
part mA mA
4/4 35,08 23,87 O 0,230 0,230

3/4 33,891 20,48 0,017 0,325 0,341
2/4 30,50 15,37 0,072 0,540 4,812
1/4 25,80 8,88 0,172 1,215 1,386

Thus, we may accept that the entrance reslistance of a drain flowing
full does not undergo any change as & result of unsymmetricel radial inftlow.
If such a drain is partly blocked, the entrance resistance will increase as
the active part decreases.

CAVELAARS (1967] introduced the cancept of approaech flow resistance aap
as the sum of ar plus ue. Since this definition includes asu the concept
refers to the whole flow pattern in the vicinity of the drain.

Thus far, only drain pipes flowing full have been considered. However,
similar reasoning can be applied to a partially full drain under conditions
of radial flow. The drain surface below the water level is an equipctential,
while the drain surface above the water level is & surface of seepage and,
therefore, has a potential greater than that below the water surfsce, de-
pending on the elevation. Nevertheless, water will enter the drain at the
seepage surface or perforations abave water level, A partielly full drain
results in & decrease in the amount of weter entering the drain for a given
head difference*. The measurad loss of discharge is attributed to the higher
potentials that exist on the drain surface above the water level in the drain.

These higher potentials reduce ths energy available to move water intoc the

drain (WILLARDSON, 1867).

* When a drain is flowing partially full, there 1s some question as to what
the reference potential should be. In his study., WILLARDSON (1867) toak

the surface of the water in the drain as reference potential.
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MONKE (1959) and BURGHARDT (1877 a, 1877 b, 1977 ¢ and 1978) describe
the flow pattern in the immediate vicipity of the drain for both the comple-
tely and partially full cases. After BURGHARDT (1377 b), it appears that
water predominantly esnters the drein where it has caontect with the water in
the drain. Depending on the depth of flow, water moves into the drain from
below and the sides., For a drain without envelope material, the streamlines
will be concentrated towards the full part of the drain (fig. 4.3a) and a
head loss additicnal to that for a drain flowing full will occur. Envelopes
can, under certain conditions, even with a partially full drain, take up soil
water over the whole circumference and release it to the drain without signi-
ficant head losses (fig. 4.35). Compared to a drain flowing full, the avail-
able head will be greater and, under certaeln circumstances, an increase of
the uptake capacity will be possible. The position of the groundwater table
1s not iImportant since it dees not form the boundary of the flow zone. Water
flow occcurs in the saturated zone both below and above the water table and
also in the unsaturated zons. Hence, in soils of uniform permeability, the
gquipotentials approach the circular shape (fig. 4.4) in addition to which

the midpoints of drain and equipotentisl are sccentric to each other.

plain drain drain with envelope

a b

Fig. 4.3. Although the orthogonality of streamlinss and eguipotentials is
not respected, these drawings after BURGHARDT (1977 b), illustrate
the deflection of streamlines for a partially full drain with and

without envelope.
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50 mm suction head

0 mm suction head
ie. water table

400
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equipotentials

200

100

1 1 J
150 250 350 mm
Fig. 4.4. Eguipotentials for upwards flow towards a partially full drain as

measured in a sand tenk model (BURGHARDT, 1977 al.

BURGHARDT (1877 a, 1877 c) guestions the definition of entrance resist-
ance, His investigations clearly demonstrate that., besides the entrance
resistance of the drain, there are cther factors influencing the total head
loss, such as

- the eccentricity of eguipotential to drain midpoint

- the depth of flow within the drain.

The concept of entrance resistance only relates to radial flow towards a
drain flowing full. For a partially full drain, the ective perforaticns must
be taken into account in determining the esntrance resistaence. The additional
flow resistance e - which can be negative - and the redial flow resist-
ance & . togsther with the entrence resistance, compose the approach flow
Pesietance Uap in the vicinity of the drain pipe. Thils approach flow resisi-

ance can markedly deviate from the theoretigal total radial resistance o, v o

r



- 174 -

For the case of radial flow towards a partially full drain, the entrance
resistance deces not undergo any change. The differsnces in outflow must be
attributed to the head differences &t the drain circumference. When the
available head is too small to overcome the surface tension at the scil-air
interface, the streamlines are deflected arcund the drain towards the water
level in the drain and additiopal entrance and flow resistances must be con-
sidered. When the midpoints of drain end circular eguipotentials do not
coincide, the total flow resistance will decrease.

Envelope materials considerably decregase the entrance resistance and,

in addition, they will reduce the additional resistances.
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7. Enthance hesdistance and s04f particle invasion

Differential mavement of soil particles or erosion depsnds on the shear-
ing resistance which opposes a possible relative movement of the soil partic-

les. The shearing resistence of a soil is given by COULOMB's equation @

Te Syt tan ¢ (4.7}
in which Te d shearing resistance per unit area (N/m?)
et cohesion (N/m?)
s effective stress of the seil particles or intergranular
stress (N/m?)
¢ : angle of internal friction or shearing resistance.

The intergranular stress 1s determined by s0il loadipgs and water pressure.
Water, flowing through a porous medium, exerts & pressure on the soil
particles in the direction of movement. This pressure is called fiow
pressure. If this flow pressure is larger than the shearing resistance,
erosion will occur as the soil Joses its structural strength. Since the
flow pressure 1is proportional to the acting hydraulic gradient, erosion will
appear as soon &s the hydraulic gradient 7 reaches a given critical veaiue

ic (TERZAGHI & PECK, 18B65]

i > R (4.8)

For cohesionless soil e, = 0 and the corresponding equation is

L ten ¢ (4.9)

which means that the shearing resistance only depends on the intergranular
stress and the angle of internal friction.
For a saturated sandy scil, the critical hydraulic gradient is obtained

as 500N as

P - —. (4.10}
in which pw : specific mass of water [kg/m3]
p5 : specific mass of satursted soil ikg/mal.

Taking o = 2000 kg/m? and e, = 000 kg/m?® , the critical hydraulic gradient

ic takes the value of 1.
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Considering flow downwards through a saturated sandy soil, supported
by such a screen that arching of soil particles cennot occur, the sand simply
flows through the screen meshes., When the supporting screen is such as to
make arching possible, the flow exerts a downward pressure on the sand
particles and as & conseguence, increases the Intergranular stress. Taking
the contrary case, flow upwards tends to 1ift up the sand particles due to
the friction between the flowing water and the voild walls. Arching is less
probably and sand particles will pass the screen as saoon as ic is reached.
This condition of instebility resulting from upwards flow of water is called
quicksand. The soil acts as though it were weightless and hecomes highly
unstable.

The same phenomenon arises in the vicinity of the drain. MONKE (1959)
concludes that with radial flow towards a drain, a large number of soil
particles enter the drain pipe through the lowsr half; the argument heing
that the flow pressure tends to stabilize the upper half of the drain while
the lifting action of the flow pressure on the lower half of the drain
promotes the invasion of soil particles. It should be noted that the gra-
dient at which the soil around & drain will fail is higher than that for
the same soil in en unconfined state due to the overburden effects
(WILLARDSDN & WALKER, 1378)., The hydraulic gradient for failure which arises
under field conditions is beyond the scope of this study. However, the in-
vestigations performed allow us to deduce, for certain circumstances, the
hydraulic gradients.

The head lass for radisl flow towards an ideal drain flowing full is

given by eqgn. (1.2), from which the hydraulic gradient can be derived

di

-y ST RE (4.11)

As can be seen from egn. (4.11), the hydraulic gradient will be largest at
the drain circumference (VAN DER BEKEN, 1968). For an ideal drain with
RO = 20 mm, 7 = 8 qg/k. Accepting & ¢/k ratio of 0,188 m {drein spacing
E =12 m, hydraylic conductivity & = 0,45 m/d. precipitetion ¥ = 7 mm/d),
the hydraulic gradient et the drain circumference is 1,5 [(fig. 4.5).

Radial flow towards a real drain flowing full with Ro = 20 mm, provided
with 4 continuous longitudinal slits of width ﬁs = 1 mm is squivalent to an

ideal drain with an effective radius RE{, glven by eqn. (1.18).
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Fig. 4.5. Head loss Ak and hydraulic gradient 7 for radial flow towards an
ideal drain flowing full with RD = 20 mm at g/k = 0,188 m.

According to egn. (1.51) for plane boundary conditions, aep takes the value
of 0,238 and Re? = 4,5 mm. In the circumstances given, the hydraulic gra-
dient reaches a value of B.,6 and danger of ercsion is considerably increased.
Increasing the diameter only results in a slight decrease of the gradient.
With the eforementioned conditions, it takes the value of 4,2 for a drain
with RO = 50 mm.

These hydraulic gradients are still too small since & real drain was
replaced by an ideal draln with truly radiel flow. In reality, the stream-
lines converge towards the perforations so that still higher hydraulic
gradients ococur. This result can be derived from the electrical potentieal
mgasurements. After converting the electrical potentials into hydraulic
potentials, the hydraulic gradients at the perforations can hbe derived.

Fig. 4.6 gives the head losses as a function of the distance to the drain
cirecumference for a pipe with RD = 20 mm provided with 2; 4; 5; & and 10 con-
tinuous longitudinal slits. By linear extrapoclation from the first measuring
point, a value of 10,2 is obtained for 4 continuous longitudinal siits. As
can be seen from fig. 4.8, a deflection is already cbservabls so that the
real gradient will be slightly larger. The hydraulic gradient for 10 con-
tinuous longitudinal slits, determined in the same way, is 5,2. A larger
diameter will not recsult in significant improvement; a drain pipe with RD

= 50 mm, provided with 4 continucus longitudinal perforations, results in a
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Fig. 4.6. Head loss as a function of the distance to the drain circumference

for a drain with HO

longitudinal slits.

hydraulic gradient of 7,4 when calculated by linear extrepolation from the

first measuring point (fig. 4.7).
An ideal drain surrounded by & more permeable envelope having a thick-
10 results in a hydraulic gradient of 1 at the soil-

The hydraulic gradient is greatly reduced in
The same hydraulic gradient is

ness d_ = 10 mm and &
e e
envelope interface (fig. 4.8).

the envelope and at the drain circumference.

obtained in the case of an ideal drain with RG = 30 mm.
20 mm provided with 4 continuous longitudinal
accord-

= 10 results,

= 10 mm and
e

A real drain with RO
slits, surrounded by an envelope with de
= 24 mm and & hydraulic gradient at the soil-

The hydraulic gradient is 1 for a drain with
The hydraulic gradient

10 mm and K
e

ing to eqn. [2.17), in a Hef
= 10

= 30 mm.
= 20 mm, d
e

envelope interface of 1,Z2.
25 mm, and 0,3 for & drain with RO

RD =
resulting from the megasurements is 1,2 for RG

(fig. 4.9).
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Fig. 4.48.
AR and the hydraulic gradient £ for g/k = 0,188 m.
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Fig. 4.9. Head loss as a fupction of the distance to the drain circumterence
for a drain with RG = 20 mm provided with 4 continuous longitudinal
slits and surrounded by an envelope with a thickness de = 10 mm

and ¥ = 10.
e

Thus far, only symmetrical radial flow towards drains flowing full has
been considered. Unsymmetrical radial flow towards partially full dreins
increases the danger of soil particle invasion because of the additicnel
flow resistance and midpoint eccentricify. Under such circumstances soil
particle invesion will start from below the drain and move upwards as the
water level in the drain increases. This conclusion is confirmed by the

experimental research of JONES (1860) and SISSON & JONES (1962).
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3. Entaonce nesistance and design crifernia

Orainage farmulae have been derived for idesl drains. In reality
drainage materials have an entrance resistance which reduces the effective
radius of the drain. Applying the existing drainege formulae (HOGGHOUDT,
1940 » KIRKHAM, 18%8), after introducing the effective radius of a real pipe,
will unavoidably result in a reduced drain spacing. Using the haodograph
analysis of VAN OEEMTER (1950}, and Introducing the values of the effective
radius, DENNIS & TRAFFORD (1875) pointed out that for clay drains in & deep
soil, a partial gravel surround, either above or below the drain, would allow
an increase in drain spacing of some 100 % compared with the plain drain.

For & complete gravel surround, the eguivalent figure is 120 %.

Deriving the drain spacing for use in actual drainage schemes from con-
sideraticons of the ideal drain implies that water is standing above the
drain. WESSELING (1964) gstablished that submerged drains result in more
favorahle flow conditions than those for which the drainage formulae have
been derived. On the other hand, VAN DEEMTER (1950} and CHILDS & YOUNGS
{1958) concluded that a rise in the groundwater table immediately above drains
results in a smaller rise midway between drains. Also, the thecoretical solu-
tions of KIRKHAM [1958), ERNST (1982} and DAGAN [1864) lead to similar results
as shown by WESSELING (1979). Under these circumstances, the question arises
of whether the drain spacing needs to be reduced.

For the following design criteria : & = 0,007 m/d; k = 0,5 m/d; depth
of the impervious layer H = 2 m; drain depth d = 1 m; water table height
midway between drains hm = 0,5 m and drain spacing £ = 18 m a drain diameter
of 47 mm has been calculated by WESSELING (1879) using the approximate solu-
tion of LIST (1964) for the drainage problem with a&n impervious layer at
finite depth., Since the effective radii of plain drains can take smaller
values, water will stand above the drain with these design criteria, The
use of more permeable envelopes considerably increases the effaective redii,
and there will be less chance of water standing above the drailn.

Using the theory of ERNST (1362), based on flow resistance, WESSELING
(1579) found that the entrance resistance values effected the water table
midway between drains to a negligible or, at worst, entirely acceptable extent.

According to ERNST (1962), the difference in water table height midway

between drains and above the drain is given by
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o= h - h =N EMW, v WD) ===l +a) (4.12)

in which i water table height midway between drains (m)
! water table height immediately abcve the drain (m)

: flow rate per unit surface area (m/d}

hm

ha

N

E ¢ drain spacing (m)]
k hydraulic conductivity (m/d)

Wh horizontal flow resistance (d/m)
Wf : radial flow resistance (d/m)

o horizontal flow resistance at k = 1 m/d

@, ¢ radial flow resistance at k=1 md.

Far optimal drainage, 1.e. no water standing sbove the drain centre, the

norizontal resistance is given by

L

% T EFH (4.13}
and the radisl resistance by
RS-
oLt T In P (4.14)
[n]
For submerged drains (fig. 4.10)
_ 5
@ = YR ho) (4.15)
and
4 H + hD m hD
o, = Z_FIHZ__TT_IZ_ in sin E"’;—ED—) (4.4183

With increasing submergence, the radial resistance decreases guite rapidly
whilst the horizontal resistance decrease is negligible. This is clearly
illustrated in table 4.5 from WESSELING (1978).

Considering ah to be near constant, WESSELING (1979) concludes that the
entrance resistance has a value given by the difference in radial resistance
between ho =0 and a hm-value which does not ceuse a worthwhile rise of the

water table midway between drains, thus

a, = (ar)U - (ur)ho (4.17)
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Fig. 4.10. Submerged drain.
Table 4.5. Values of 2, a_, o_ and &
o] T h m
for ¥ = 0,007 m/d; k = 0,5 m/d;

H=2m;d=1m;RO=D,0325m
and E = 18 m.

s} % O‘h hm
m m
0,00 0,95 1,13 0,52
G,0325 0,84 1,11 0,52
0,05 0,78 1,10 a,52
G,08 6,75 1.08 0,52
0,07 0,73 1,09 0,53
D.10 0,57 1,07 0,54
0,15 0,62 1,05 0,57
g,20 0,58 1,02 0,60
0,25 0,55 1,00 D,64
0,30 ad,53 0,98 0,64

Accepting egn. (4.17], the permissible ho—values result in corresponding
ae-values from which effective radii Ref cen be obtained end the calculations

reworked - resulting in table 4.6.
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the additional resistance due to unsymmetricel flow end the radial filow com-
ponent can be defined as the approach flow resiétance. The entrance resist-
ance far the case of unsymmetrical radial flow towards a drain running only
part full is only changed when a suction head exists above the drain: in
which situation the streamlines ars deflected around the drain end the number
of functioning perforation rows has to be taken into account in determining
the entrance resistance.

When a drain running only part full is surrounded by a more permeable
envelope, flow also occurs through the snvelope towards the water filled
section.

Jue to entrance resistance, the hydraulic gradient in the vicinity of
the perforations cen reach high values and massive invasion of soil pariicles
may occur especially on the underside. These gradients are markedly reduced
when the drain is surrounded by a more permeable envelope.

The entrance resistance must be taken inte account when determing drain
spacing. Although the approach flow conditions are more favourable if water
is standing above the drain, the entrance resistance which causes a certain
water level above the drain will raise the water table midway between drains
more than an ide&al drain operating with the same head.

These aspects of entrance resistance need to be further investigated iIn

ocrder to reach @ deeper understanding anpd to obtain more definitive rulings.




SAMENVATTING EN BESLUITEN

ONDERZOEK MET BEHULP VAN EEN ELEKTROLYTMODEL NAAR DE INVLOED VAN
INLAATOPENINGEN EN LAGEN MET VERSCHILLENDE DOORLATENDHEDEN OF DE WERKING
VAN DRAINEERBUIZEN

Voor het bepalen van de drainafstand wordt vrijwel in alle formules een
idsale drain verondersteld. Nochtans hestaat een regle drainserbuis uilt een
ondoorlatende wand voorzien van inlastopeningen. 0Oe stroomlijnen konvergeren
naar deze cpeningen en geven aanleiding tot een intreeweerstand waardoor de

effektieve straal van de reele drain gereduceerd wordt.
HOOFDSTUK I

Nasst de buiskarakteristieken is de intreeweerstand afthankelijk van de
begrenzing van de bodemdeeltjes met de openingen. Voor vlakke en gewelf-
vormige begrenzingen kan de Intresweerstand van gladde buizen, voorzien van
bepaalde perforatievormen sn -verdelingen, met behulp van analytische op-

lossingen berekend worden. O0Oit is het geval voor

- stootvoegen of kontinue dwarsspleten (KOZENY, 1833; KIRKHAM, 13850;
ENGELUND, 1953; ERNST, 1952; SNEYD & HOSKING, 1976]

- cirkelvormige perforaties (MUSKAT, 1942; KIRKHAM & SCHWAB, 41351;
ENGELUNDO, 1353)

- kontinue langsspleten (MUSKAT, 1942: ENGELUND, 1953)

- diskontinue langs- en dwarsspleten of rechthoekige perforaties
(MUSKAT, 1942; CAVELAARS, 1970).

Enkel SCHWAB & KIRKHAM (1951) toetsten de resultaten van de theoretische
oplossingen van KIRKHAM & SCHWAB (1851) en van KIRKHAM (1350) aan de resul-
taten, bekcmen met behulp van een slektrolytmodel. Daerenboven werden, door
talrijke onderzoekers, proeven uitgevoerd in zandmodellen om de drainerende
werking van gladde plestieken draineerbuizen te vergelijken met de klassieke
gebakken buizen, Deze zandmodellen werden verder ook aangewend om de invloed
van de perforatigvorm en -verdeling op de drainerends werking, van zowel

gladde als geribbelde plastieken drainpeerbuizen, te bestuderen en te optima-
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Deze oplossingen worden, voor gewelfvormige begrenzing, gegeven door de ver-
gelijkingen (1.64) en (1.56) en voor vlakke begrenzing door de vergelijkingen
(1.85] en (1.67). 0ok uit de door de DE GLEE (1930) gegeven oplossing voor
gen onvolkomen put in een gespannen grondwaterlaag werden de vergelijkingen
(1.68) voor gewslfvormige en (1.69) voor vlakke begrenzingen van diskontinue
langsperforaties afgeleid. Al dezs oplossingen geven aanleiding tot vrij
goed overeenstemmende resultaten. De cplossing van CAVELAARS (1970) is, met
behulp van een tabel of grafiek, vrij eenvoudig. UOok de vergelijkingen
(1.88) en (1.87) kunnen, met tabellen dis de gamma-funktie geven, nog be-
trekkelijk eenvoudig doorgerekend worden. Oe eenvoudigste oplossing, met
gen voldeende juiste bepadering, wordt gegeven door de vergelijkingen (1.68)
en (1.69).

Voor gladde buizen met diskontinue dwarsperforaties kunnen de analoge
korresponderende farmules worden toegepast. UOe eenvoudigste oplossingen
worden gegeven door de vergelijkingen (1.74) en (1.76) van CAVELAARS (1370].
gn de vergelijkingen (1.84) en (1.858), afgeleld ult de cplossing van DF GLEE
(1930) voor putstroming. De vergelijkingen (1.82) en (1.83), afgeleid uit
de door MUSKAT (1846) gegeven oplossing voor putstroming, kunnen met tabellen
van de gamma-funktie nog betrekkelijk eenvoudig opgelost wnrden'terwijl de
vergelijkingen (1.80) en (41.81) vrij ingewikkelde berskeningen vergen.

Deze theoretische oplossingen voor gladde buizen gelden niet voor ge-
ribbelde draineerbuizen met perforaties ip het dal ven de ribbels, wanneer
aangenomen wordt dat de ribbels met grond gevuld zijn. Voor een gegeven per-
foratiepatroon bezitten geribbelde draineerbuizen, van een bepaalde diameter,
een hogere intreeweerstand dan gladde buizen. Om praktische redenen zijn
gladde draineerbuizen minder intensief geperforeerd dan geribhelde draineer-
buizen zodst de intreeweerstand, door de intensievere perforering., in het
voordeel van de geribbelde draineerbuizen uitvalt. Veor geribbelde draineer-
buizen zijn geen theoretische oplossingen vocrhanden. Vergelijking (1.122)
geeft een theoretische oplossing voor geribbelde draineerbuizen met blok-
vormige ribbels, voorzien van kontinue dwarsperforaties met een perforatie-
breedte gelijk aan de dalbreedte. De perforaties zijn in het dal van de
ribbel gelegen en vormen een vlakke begrenzing met de bodemdeeltjes.
Vergelijking (1.128) is een thecretische oplossing voor kontinue dwarsper-

foraties met een breedte kleiner dan de dalbreedte. Voor diskontinue dwars-
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pagrforaties geeft vergelijking (1.127) een bepaderende oplossing. Bij gerib-
belde drainearbuizen met sinusvormig profiel mag redelijkerwijze aangenomen
worden dat de cngunstige invloed geringer is door de iestwat gunstiger tce-
stromingsveagrwaarden.

Wanneer de perforaties op de kop van de ribbels aangebracht zijn, kunnen
de formules voor gladde buizen toegepast worden. Dit betekent nlet ipso facto
dat de perforaties op de kop van de ribbels aangebracht moeten worden. De
ribbels kuinnen namelijk een gunstige invloed ultcefenen door gewelfvorming
van de bodem over de ribbels of doar een grotere doorlatendheld van de grond
in de ribbels.

Algemeen kan besloten worden dat vrij eenvoudige sn voldoende nauwkeurige
oplossingen bestaan voor het bepalen van de intreeweerstand van gladde buizen.
De vorm van de ribbels en de begrenzing van de bodem met de ribbels vormen
bijkomende moeilijkheden voor een exact theoretische oplossing van geribbelde
draineerbuizen.

Uit het doorgevoerde onderzoek volgt verder dat noch de totale perforatie-
oppervlakie, noch de totale perforatie-omtrek per drainlengte, maar wel de
perforatieverdeling bepalend is voor de intreeweerstand. HNochtans kan gesteld
worden dat de perforatie-omtrek meer begpalend is dan de perforatie-cppervlakte
omdat, onafhankelilk van de perforatievorm, het verschil in intreeweerstand
kleiner is voor eenzelfde perforatie-omtrek dan voor eenzelfde perforatie-
oppervlakte, vooral bij perforatie-oppervlakien kleiner dan 50 cm*/m (fig.
1.44 en 1.45%), Hoe groter de cnderverdeling van een gegeven perforatie-opper-
vlak is, hoe geringer de intreewserstand zal zijn; de gunstigste perforaties
zijn deze met de kleinste oppervlakts of omtrek, zoals de cirkelvormige per-
foraties en rechthoekige perforaties met de kleinstes lengte.

Met uitzondering van cirkelvormige perforaties zal eesn toepame van de
huidige perforatie-cppervlakte {20 tot 25 cm?/m) naer ongeveer 50 cm?/m, de

intreeweerstand nog aanzienlijk verminderen.
HOOFDSTUK II

Uit hat onderzoek met zandmodellen bleek dat de drainerende werking van
draineerbyizen aanzienlijk verbeterds door het gebruik van omhullingsmaterialen.,
die een grotere doorlatendheid bezitten dan de doorlatendheid van de omringen-

de grond., 0Oe dikte en de grasd van de doorlatendheid zijn hierbij bepalend.
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Alhoewel de intreeweerstand van omhulde draineerbuizen op verschillende
manieren kan gedefipiesrd worden, heeft het begrip intreeweerstand, strikt
genomen, &alleen betrekking op de buls zelf. De verschillende definities
kunren echter ondervangen worden door de effektieve straal te bepalen.

Het probleem van omhullingsmaterialen die een grotere doorlatendheid bezitten
dan deze ven de omringende grond kan aileen analytisch cpgelost worden voor
volumineuze omhullingen. De intreeweerstand wordt dan gegeven door verge-
lijking (2.8). Voor dunne omhullingsmaterialen en tweedimensionale stroming
werd het probleem numeriek opgelost door WIDMOSER (1968) en NIEUWENHUIS (1376):
hierdoor werd meer informatie bekomen over de invloed van de dikte en de
graad van doorlatendheid van omhullingsmaterialen.

De invloed van omhullingsmaterlialen op de intreeweerstand werd, voor het
eerst, bestudeerd met behulp van het elektrolytmodel. Omhullingsmateriaal en
bodem werden gesimuleerd door twee elektrolytische vloeistoffen met een ge-
leidbaarheidsverhouding overeenstemmend met de doarlatendheldsverhouding van
omhulling en grond. De schelding van de electrolyten werd verwezenlijkt door
een buis met enderling gelisoleerde kontaktpunten, vervaardigd uilt een kaard-
beslag., 0Oe invloed van de dikte sn de graad van doorlatendheid ven omhul-
lingsmaterialen werden bestudeerd voor een twes- en driedimensionaal stro-
mingsprobleem. De invloed van het a@antal perforatierijen en de buisdiameter
van draineerbuizen, voorzienm van een omhulling, werden bestudeerd voor het
tweedimensionasal stromingsprobleem.

Uit het doorgevoerde onderzoek volgt dat de intreeweerstand tot esen
dikte van het omhullingsmateriaal van ongeveer 5 mm sterk afneemt waarna een
konstante waarde bekomen wordt [(fig. 2.11 en 2.12). De effektieve straal
blijft echter toenemsn, bij toenemends dikte. wegens de afname van de ra-
diale weerstand. Bij ftcenemeande relatieve doorlatendheid tot esen waarde van
ongeveer 20 neemt de intreewserstand sterk af, en de sffektieve strasl sterk
tos (fig. 2.13}. Verdere toename van deze relatieve doorlatendheid hesft
welinig betekenis.

Omhullingsmaterialen nivelleren sterk hst absolute verschil tussen de
intreeweerstanden van verschillende draineerbuizen venaf een relatieve door-

latendheid van ongeveer 10 (fig. 2.13 en 2.15).
Algemeen kan gesteld worden dat het omhullingsmateriaal radisal aange-

stroomd wordt bij een dikte begrepen tussen S en 10 mm. De buisdiameter
heeft weinig invloed op de intreeweerstand van draineerbuizen voorzien van

een omhulling; de effektieve stralen zullen nochtans verschillen, afhankeliljk
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van de straal van het scheidingsoppervlak tussen omhullingsmateriaal en om-
ringende bodem. Bij een konstante waarde van deze straal wordt ongeveer de-
zelfde effektieve straal bekomen wanneer de omhullingslaag minstens S5 mm dik
is. Om de effektieve straal van een draineerbuis te vergroten zal een drai-
nesrbuis met een kleinere diameter en esen volumineus omhullingsmateriaal
econamischer zijn dan een draineerbuis met een grotere diameter en een

dunnere omhullingslaag.

HOOFDSTUK ITI

De drainage-omstandigheden bepalen in belangrijke mate de drainerende
werking van drainagematerialen. In bepaalde omstandigheden xan zich random
de draineerbuis, a1 danp niest voorzien van sen omhullingsmateriazsl, een minder
doorlatende laag vormen. Ook kan de doorlatendheid van het omhullingsmate-
riaal door inspoeling van gronddeeltjes, over een bepaalde laagdikte, een
verminderde doorlatendheid vertonen in vergelijking met de oorspronkelijke
docrlatendheid van de omhulling.

Vergeleken met omhullingsmaterielen met een grotere relatieve door-
latendheid werd het probleem van een laag met geringere relatieve doorlatend-
heid rondom de drain minder intensief bestudeerd. Fen aantal laboratorium-
proeven bevestigen dat een laag met een geringere relatieve doorlatendheid
rond de drain kan leiden tot het falen van de drainage.

Het probleem is analytisch slechts op te lossen wanneer de laag met ge-
ringere relatisve doorlatendheid vecldoende dik is. Voor dunnere lagen werd
het tweedimensionale stromingsprobleem numerisk benaderd door WIDMOSER (19682).
Met behulp ven het elektrolyt model werd dit probleem op analoge wijze ge-
simuleerd als het probleem van omhullingsmaterialen met een groters relatieve
doorlatendheid. De invloed van de dikte en de graad van de geringere re-
latieve doorlatendheid werden bestudeerd evenals de invloed van het =antal
perforatierijen en ds buisdiamster. Uit het onderzoek volgt dat een laag met
een geringere relatieve doorlatendheid rondom de drain de intreeweerstand
sterk doet toenemen waarbij wvrij vlug ontoeleatbare waarden beresikt worden.
Vanaf een dikte van ongeveer 10 mm wordt een konstante intreeweerstand be-
komen (fig. 3.8). DOe effektieve straal bhlijft echter afnemen en als gevolg
van de toename van de radiale weerstand kunnen uitzonderlijk kleing waarden

bekomen worden. DOe toename van de intreewserstand en de afname van de
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effektieve straal worden sterk geaccentueerd vanaf een relatieve doorlatend-
heid van 0,2 (fig. 3.9). DOok het verschil in intreeweerstand van verschil-
lende draineerbuizen komt sterker tot uiting vanaf een rslatieve doorlatend-
heid van 0,1(fig. 3.11].

Voor draineerbuizen, voorzien van een omhullingsmateriaal met gedeelte-
lijk een verminderde docrlatendheid. werden lagen met een verminderde door-
latendheid over 25 en 50 % van de oorspronkelijke dikte van het omhullings-
materiaal gesimuleerd. Hiervoor werden twee buizen met geisoleerde kontakt-
punten concentrisch in elkaar geplaatst waardoor drie elektrolyten konden
gescheiden worden.

Het docrgevoerde onderzoegk toont aan dat de intreeweerstand slechts in
beperkte mate beinvloed wordt door een omhullingsmateriaal dat gedeeltelijk
esn verminderde doarlatendheid vertoont. Nochtans zullen. ten gevolge van
de radiale weerstand, de effektieve stralen afnemen naarmate de doorlatend-
heid van de minder doorlatende laag afneemt en naarmate de dikte ervan toe-
neemt (fig. 3.14 en 3.15). UDe effektieve straal nesmt echter noolt de ex-
treem kleine waarden aan die bekomsn werden voor gen drain die direkt cmgeven

1s met een laag met geringere relatieve doorlatendheid. Hieruit volgt dat

bij niet Ideale uitvoeringscmstandigheden de drainerende werking van esn .
draineerbuis voorzien van een omhullingsmateriaal toch merkelijk beter zal

zijn dan deze van een draineerbuis zonder omhullingsmateriasal. Allieen,

wanneer de verminderde doorlatendheid zijn oorsprong vindt in het verstoppen

van het omhullingsmateriaal., kan dit aanleiding geven tot egen minder goede
drainerende werking. 01t zal zich pas voordeen wanneer de doorlatendheid van

de minder doorlatende laag beduidend kleiner wordt den de doorlatendheid van

de omringende grond.

HOOFDSTUK IV

Bij een alzijdige stroming naar een volliopendes drain is dg intreeweser-
stand een konstante die alleen bepaald wordt door de geometrische karakteris-
tisken van de buis zelf. Van belang is dat het stromingsheeld op een juilste
wijze gekaraktesriseerd wordt, zoniet kunnen hieruilt verkeerde konklusies
nopens de intreeweerstand afgeleid worden. Kan het stromingsbeeld niet op een
exacte wijze beschreven worden, dan kan de intreeweerstand, de bijkomende

weerstand ten gevclge van een niet radiale stroming en de fiktieve radiale
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weerstand gedefinieerd worden als een toestromingsweerstand., Blj een al-
zijdige stroming near een niet vollopende drain wordt de intreeweerstand
niet gewijzigd; alleen, wanneer onderdruk heerst boven de drain zullen

de stroomlijnen afgebogen worden rond de draineerbuis en moet bij het be-
palen van de intreeweerstand rekening gehouden worden met de werkzame per-
foratierijen,

Is de niet vollopende drain voorzien van een omhullingsmateriaal, dan
kan de stroming ook vie de omhulling naar bhet met water gevulde gedeelte
van de draineerbuis stromen.

Ten gevolge van de intreewserstand kan cde hydraulische gradiént in de
nabijheid van de perforaties zeer hoog oplopen weardoor bodemdeeltjes,
vopral via de onderzijde, massaal in de buls kupmen sposlen. Oeze hydrau-
lische gradiénten worden sterk gereduceerd wanneer rondom de drain sen om-
hullingsmateriaal met een grotere relatieve doorlatendheid is aangebracht.

Bij het bepalen van de drainafstand moet rekening gehouden worden met
de intreeweerstand. Alhoewel de tcestromingsvoorwaarden gunstiger worden
wanneer zich boven de drain water bevindt, zal de intreewesrstand, die een
bepaalde waterstand boven de drain veroorzaakt, de grondwatertafel midden
tussen de drains meer doen toensmen dan de op dezelfde diepte onder water
uitmondende ideale drain.

Verder onderzoek, aangaande deze aspekten van de intreeweerstand, is
echter noodzakelijk om tot duidelijker inzichten en meger definitieve uit-

spraken te komen.



RESUME ET CONCLUSIONS

ETUDE A L'AIDE DU MODELE ELECTROLYTIQUE DE L'INFLUENCE EXERCEE SUR L'EFFET
DE DRAINAGE PAR LES ORIFICES DES TUYAUX ET PAR DES COUCHES DE PERMEABILITE
DIFFERENTE ENTOURANT LES TUYAUX

Presgue toutes les formules utilis&es pour déterminer le distance entre
les drains supposent un drain idésl. Le drain réel consiste en une paroi
imperméable percée d'orifices d’entrée, Les filets liguides convergent vers
ces orifices et engendrent une résistance d'entrée gui réduit le rayon effec-

tif du drain réel.

CHAPITRE I

La résistance d'entrée dépend & la fois des carectéristigues du tuyau et
de la surface de contact ou interface entre les particules de sol et les
orifices. Si l'interface est plane ou bombée on peut calculer, par des
méthodes analytiques, la résistance d’entrée de tuyaux lisses dont la forme

et la distripbution des perforations sont connues. C'est le cas pour

- les interstices ou les fentes annulaires (KOZENY, 1933; KIRKHAM, 1850;
ENGELUND, 1953; ERNST, 18962; SNEYD & HOSKING, 1376)

- les perforation circulaires (MUSKAT, 1942; KIRKHAM & SCHWAB, 1851;
ENGELUND, 1953)

- les fentes longitudinzles continues (MUSKAT. 1942Z; ENGELUND, 1953}

- les fentes discontinuss longlitudinales et transversales ou les per-

forations rectangulaires (MUSKAT, 1842; CAVELAARS, 1970).

Seuls SCHWAB & KIRKHAM (1951) ont comparé les résultats des solutions
théoriques de KIRKHAM & SCHWAB (1851) et de KIRKHAM (1950} & ceux obtenus 3
1'aide d'un modéle &lectrolytique. En outre, de nombreux chercheurs Gni
effectué des essais dans les mod&les en sable pour comparer 1'effet de drai-
nage de tuyaux lisses =n matidre plastique avec celui des tuyaux en terre
cuite classiques. Ces modéles en sable ont également €té utilisés pour étu-

dier et optimiser 1'influence de 1la forme et de la distributicn des orifices
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sur l1'effet de drainage de tuyaux en meflére plastique lisses ou annelés.
Le modéle électrolytigue & aussi été utilisé & ces fins. Oes modéles en
sable ont également servi & déterminer l'influence d'un drain réel sur le
niveau et 1z ferme de la surface libre de la nappe.

l.e modiéle en sable se prétant moins bien & une étude approfondie, 1le
choix s'est porté sur le modele électrolytique pour vérifier la validité des
solutions théoriques et pour fixer les facteurs déterminants de la résistance
d'entrée.

Le modéle électrolytigue construit pour simueler un gcoulement radial
vers un tuyau de drainage 2tait entre autre pourvu d'un pont de mesure mobile,
sur lequel était monté une sonde de mesure. La distribution de potential en-
tre les deux électrodes, constituéss par une surface équipotentielle cylin-
drique et un modéle du tuyau de drainage & simuler, a2 pu 8tre déterminée dans
n'importe guel plan radial & différentes profondeurs. Les tuyaux de drainage

simulés étaient

des tuyaux lisses d'un diamétre extérieur de 75 mm, d'une longueur de

300 mm et & fentes annulaires de largeur variable (drains Sioj;

- des tuyaux lisses d’'un diamétre extérieur de 40 mm, munis de fentes
annulaires larges de 1 mm & espacements variables [drains 520(1ﬂ ;

- des tuyaux lisses d'un diamétre extérieur de 39,3 mm; les tuyaux
gtalent munis de perforations circulalres de diamétre variable, dis-

pcsées en carré @rains Slp[Z]: drains SZDISJ; drains S;p(4l; drains

S:D[E]; drains S;p[&] et drains S;p[10ﬂ;

- des tuyaux lisses & perforations circulaires d'un diametre de 3 mm,
disposéss en carré; les tuyaux avaient un diamétre cde 50 mm [drains
siptal] de 63,5 mm [drains sip[sJ] et de 70 mm [draims Sip(a) ;

- des tuyaux lisses d'un diametre extérisur de 40 mm, munis de fentes
iongitudinales continues, larges de 1 mm [drains 5215[1ﬂ :

- des tuyaux lisses d'un diamétre extérisur de 40 mm, munis de fentes

discontinues longitudinales [grains S1

1 dls

Sdcst1q de 1 mm de largeur disposées en rectangle;

- des tuyaux annelés d'un diam2tre extérieur de 50 mm, munis de fentes

[1ﬂ au transversales {érains

annulaires (drains C ] ou transversales discontirues de 1 mm de lar-

geur et disposées en rectangle [?rains C;cs[1ﬂ .
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En ce gui concerne les tuyaux de drainage en terre cuite, ou plus géné-
ralement les tuyaux lisses & fentes annpulaires, les solutions de KIRKHAM
(1950) et d'ENGELUND (1953]) donnent des valeurs de réasistance d'entrée légé-
rement surestimées. Les solutions de SNEYD & HOSKING (1976) pour uns inter-
face plane et de SNEYD (1378]) pour une interface bombée donnent une tres
bonne approximation. Les calculs de ces solutions peuvent &tre simplifiés
a8 1'aide d'un tableau. Pourtant £équations (1.31) et (1.32], qui en sont
dérivées, peuvent égelement Etre appliguées avec une précision suffisants.
Ces solutions apportent en cutre une correction & la solution trés simple
d'ENGELUND (1853). La solution de KOZENY (1933), la solution modifiée de
1'Appendix I et la sclution d'ERNST (41962) donnent des valeurs approxima-
tives pour une longusur de tuyau de 300 mm. OD'importants écarts étant con-
statés pour de moins grandes longueurs de tuyau, ces soluticns ne sont pas
généralement valables.

En ce gui concerne les tuyaux lisses & perforaticns circulaires et
interface bombée, la solution de KIRKHAM et SCHWAB (1931), qui est du reste
identique & celle de MUSKAT (1842), donne des valeurs de résistance d'entrée
deux fois trop faibles, parce gue 1’'imperméabilité du pareci de tuyau était
négligée, En cas d'interface plane, la solution de KIRKHAM et SCHWAB (13951)
donne encore lieu, aprés correction par un facteur 2, a d'importants écarts;
une deuxiéme correction a abouti & 1'éguation (1.41), Ces solutions
modifiées ainsi que la solution d'ENGELUND [1%53) peour une disposition
rectangulaire st celle de CAVELAARS (1367} pour une disposition carrée des
perforations peuvent 8tre appliquées avec une précision suffisante. La
préférence va aux sclutions d’ENGELUND (1953) et de CAVELAARS (18967), pour
leur simplicité.

La solution de MUSKAT (13942) pour tuyaux lisses & perforations longi-
tudinales continues est, aprés correction par un facteur 2, identique 3
la solution simple d'ENGELUND (1853), qui peut &tre appliguée avec une
précision suyffisante.

Pour les tuyaux lisses & perforations longitudinales discantinues,
MUSKAT (1342] propose une solution gui, aprés correction par un facteur
2, donne des valeurs de résistance d'entrée d'une exactitude plutdt suffi-
sante. La solution de CAVELAARS (1970), dérivée de 1'écoulement vers un
puits pénétrant partiellement dans une nappe captive, peut aussi &tre con-
sidérée comme généralement valable. Des salutions pour les fentes longl-

tudinales discontinues ont été dérivées, de fagon analogue des soluticns
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données par MUSKAT (1946) pour 1'écoulement vers un pults pénétrant partiel-
lement dans une nappe captive. Ces solutions sont données par les équations
(1.64) et (1.66) pour une interface bombée et par les équations (1.65) et
(1.67) pour une interface plane. UO'autres équations pour interface bombée
(1.68) ou plane (1.69) ont &té dérivées de la sclution donnée par DE GLEE
(1330) pour un puits pénétrant partiellement dans une nappe captive. Toutes
ces solutions aboutissent 3 des résultats bien cancordants. La solution de
CAVELAARS (1970) peut &tre simplifiée avec 1l'aide d'un tableau ou d'un
graphigue. Le calcul des éguations (1.66) et (1.67]) est aussi esncore rela-
tivement simple si 1'on s'aide ds tableaux donnant la fonction gamms. La
solution 1a plus simple est toutefois fournie par les équations (1.58) et
(1.89) avec une approximation suffisante.

Dans le cas des tuyaux lisses & perforaticns transversales discontinues,
on peut appliguer les formules analogues correspondantes. Les solutions
les plus simplss sont fournies par les équations (1,74) et (1.76) de CAVELAARS
[(1970). Les équaticns (1.84) et (1.85), dérivées de la solution de DE GLEE
{(1930) pour 1'écoulement vers lss puits peuvent, elles aussi, étres calculées
de facon assez simple. Les équations (1.82) et (1.83), dérivées de 1la
solution donnée par MUSKAT (1946) pour 1l'écoulement vers les puits, peuvent
encore &tre résolues de fagon relativement simple 3 1'aide de tablesu de la
fonction gamma, tandis que les équations [1.80) et (1.81) demandent des cal-
culs relativement compligués.

Ces solutions théorigues pour tuyaux lisses ns peuvent pas &tre appli-
quéas & des tuyaux de dralnage annelés & perforations dans le creux de
1’ondulation si 1’on admet gue les ondulations sant remplies de terre. Pour
une disposition donnée des perforations, des tuysux de drainage annelés d'un
certain diemetre ont une résistances d'entrée plus élevée que les tuyaux lis-
ses. Pour des ralsons pratigues, les tuyaux de drainage lisses sont moins
abandamment perforés gus les tuyaux annelés, de sorte que la résistance
d'entrée de ces derniers est plus favorable. On ne dispose pas de solutions
théoriques pour les tuyaux de dreinage annelés. L'équation (1.122) donne
une solution théorique pour des tuyaux de drainage annslés & profil crénelé
munis de perforations annulaires avec une largeur de perforaticn égale & la
largeur de creux. Les perforations sont situges dans le creux et constituent
une interface plane avec legs particules de sol. L'équation (1.126) est une

solution théorique pour les perforations annulaires dont ls largeur est
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moindre que celle du creux. L'éguation (1.127]) donne uns solution approxi-
mative pour les perforations transversales discontinues. Pour les tuyaux
de drainage annelés & profil sinuscidal, on peut admettre raisonnablement
que l'influence défavorable sera moins grande du fait des conditions de
flux un peu plus favorable.

51 les perforations sont pratiquées au sommet de 1'ondulation, on peut
appliquer les formules relatives aux tuysux lisses, ce qui ne signifie pas
ipso facto que les perforations doivent 8tre pratiguées en cette pesition.
Les ondulations peuvent. en effet, exercer une influence favorable du fait
de la disposition en volte du scl au-dessus des ondulations ou du fait
d'une plus grande perméabilité du sol dans les ondulations.

On peut conclure, d'une maniére générale, qu'il existe des sclutions
assez simples et suffisamment précises pour la pratique, pour déterminer
la résistance d'entrée des tuyaux de drainage lisses. En ce qui concerne
les tuyaux annelés, la forme des ondulations et 1'interface entre le sol
et les ondulations rendent plus difficile l'obtention d'une sclution théo-
rigue exacts.

En outre, 1l resscrt des recherches que ni la superficie tctale des
perforaticons ni le périmétre de perforation par unité de iongueur de drain,
mais bien la distributlon des perforations est déterminante pour le ré-
sistance d'entrée. 0On peut nédanmoins poser que le périmétre de perforation
gst plus détermipant gue la superficie de perforation parce gue, Indépen-
damment de la forme des perforations, la différence en résistance d'antrée
est plus petite pour un méme périmétre de perforaticn gque paur une méme
superficie de perforation, surtout si celle-cli est inférieure & 50 cm?/m
(fig. 1.44 et fig. 1.45). Plus une superficie de perforation donnée est
subdivisée, plus petite sera la résistance d'entrée: les perforations les
plus favorables sont celles qui présentent la plus petite superficie ou le
plus petit périmétre. Ce sont, en l'occurrence, les perforations ecircu-
laires et, pour les perforations rectangulairas, celles qui présentent la
plus petite longueur.

Exception faite des perforations circulaires, une augmentation jusqu'a
environ 50 ocm?/m de la superficie de perforetion actuelle (20 a 25 cm®/m)

fera diminuer encore considérablement la résistance d'entrés.
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CHAPITRE II

Les recherches dans des modeéles en seble ont é&tabli que la fonction
drainante des tuyaux de drainage est considérablemsnt amélicrée psr 1'emploi
de matériaux d'enrobage plus perméables gue le sol avoisinant., L'épaisseur
et le degré de perméabilité sont déterminants sous ce rapport.

Quoigque la résistance d'sptrée des tuyaux de drainage enrobés puisse
gtre définie de différentes fagons, la notion de résistance d'entrée ne
se rapporte, & strictement parler, gu’au tuyau méme. Les différentes dé-
finitions peuvent toctefois étre ramenées & la déterminaticn du rayon effec-
tif. Le probléme des matériaux d'enrchage d'une perméabilité relative plus
grande ne peut étre résolu que par la méthode analytigue pour des enrobages
volumineux et la valeur de résistance d'entrée est obtenue ainsi par 1’&gua-
tion (2.8). WIDMOSER (1868} ot NIEUWENHUIS (1978) ont résolu, par la mé-
thode numérigue, le probléme concernant les enrobages minces en &coulemant
bidimensionnel, ce gqui a permis d'obtenir plus d'informations sur 1'influ-
ence de 1l'dpaisseur et de la perméabilité des matériaux d'enrobage.

L'influence des matériaux d'enrobage sur la résistance d'entrée a &té
étudiée, pour la premiére fois, a l'aide du modé&le électrolytique. Le
matériau d'enrpbage et le sol ont 8t& simulés par deux liguides &lectroly-
tiques dont le rapport de conductivités cgorrespondait au rapport de perméa-
bilité entre 1l'enrcbage et le sol. Pour séparer les électrolytes, on a
utilisé un tuysu & points de contact isolés les uns des autres, réalisg a
partir d'un élement de carde. L’influence de 1'épailsseur et celle du degré
de perméabilité des matériaux d'enrchage ont été étudiées dans le contexte
d'un probléme d'écoulement bi- et tridimensionnel. L'influence du nombre de
rangées de perforations st celle du diamétre de tuyau dans le cas de tuyau
da drainage enrchés ont été étudiées dans le contexte du probléme d'écoule-
ment bidimensionnel.

I1 ressort des recherches gue la résistance d'entrée diminue considé-
rablement jusgu'a une épaisseur du matériau d’enrobsge d'environ 5 mm et
gu'on cbtient ensuite une valeur constante (fig. 2.11 et fig. 2.12). Par
contre, le rayon effectif contlnpue & augmenter quand 1'é&paisseur augmente,
cela du fait de la diminution de 1z résistance radiale. Quand la permea-
bilitg du matériau d'enrobage augmente, a résistance d'entrée diminue

congidérablement et le rayon effectif augmente considéreblement jusqu'a une
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perméabilité relative de 20 (fig. 2.13). Un accroissement ultérieur de la
permgabilité relative n'a gque peu d'influence.

Les matériaux d'enrobage nivellent considérablement la différence ab-
solue sn résistance d'entrée de tuyaux de drainage différents, & partir
d'une perméabilité relative d'environ 10 (fig. 2.12 et fig. 2.15).

D'une fagon générale, on psut poser que le matériau d’enrobage regoit
un flux radial a une épaisseur comprise entre 5 et 10 mm. Le diamétre du
tuyau influe peu sur la résistance d'entrée de drains pourvus d'un enrcbage:
les rayons effectifs différeront pourtent en fonction du rayon de 1l'inter-
face entre 1'enrchage et le sgl. Pour une valeur constante de ce rayon on
obtient environ le méme rayon effectif si 1'épaisseur de 1'enrobage sst au
moins 5 mm. Pour augmenter le rayon effectlf du tuysu de drainage, 11 sera

donc plus économique de choisir un tuyau plus petlf & enrobage volumineux

qu'un tuyau plus grand & enrobage plus mince.
CHAPITRE III

Les conditions de dreinage déterminent dans une importante mesure
1'efficacité des matérisux de dralnage. Dans certaines circonstances il
peut se former autour du tuyeu de dreimage, gu'il soit pourvu ou dépourvu
d'un matériau d'’enrobage, une couche moins psrméable. 11 peut aussi arriver
gue la perméabilité originelle d'une certaine couche du matériaw d'enrobage
diminue du fait de 1'envasement par des particules de sol.

Le probléme d'une couche, molns perméable que le sol, autour d'un drain,
a ateé étudié de fagon moins approfondie que celui des enrobage de permsda-
bilité relative plus grande. Un gertain nombre d’expériences en laboratoire
ont confirmé gque la présence d’une tells couche peut rendre le drainage
inefficace.

Le probleme ne peut &tre résolu per la méthode amalytique que si la
couche & perméabilité relative plus faible est suffisamment épasisse. En ce
qui concerne les couches plus minges, le probléme d'écoulement bidimension-
nel a &té abordé par la méthode numérique par WIOMOSER (1968)}. Il a aussi
été simulé au moyen du modele éléctrolytique par une méthode analogie & celle
utllisée pour les enrobages & permgabilité relative plus grande. L'influence
de 1'épaisseur st celle du degré de permésbilité relative reduite ont 8té
&tudiées ainsi 1'influence du nombre de rangées de perforaticons et celle du

diamg@tre du drain. Il ressort de ces recherches gu'une couche & perméabllii-
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té relative reduite avtour du drain fait augmenter considérablement 1a ré-
sistance d’'entrée, qui atteint trés rapidement des valeurs inacceptables.
Une résistaence d’'entrée constante sst obtenue & partir d'une épaisseur d'en-
viran 10 mm (fig. 3.8). Le rayon effectif diminue et 1l'augmentation de

la résistance radiale aboutit & 1'obtention de valeurs exceptionnellsment
basses., L'augmentation de la résistance d'entrée et la diminution du rayon
effectif sont fortement accentuées & partir d'une permésbilité relative de
0,2 (fig. 3.9). La différence en résistance d’entrée entre tuyaux de
drainage différents devient aussi plus prononcée & pertir d’une perméabilité
relative de 0,1 (fig. 3.11].

En ce gui concerne les tuyaux de drainage pourvus d'un enrobage pré-
sentant partiellsment une perméabilité diminuée, an a simulé des couches &
permgabilité diminuée sur 25 % et 50 % de 1'épailsseur ipitiale d'enrobage.

A gette fin., deux tuyaux & points de contact isclés ont €té placés concen-
triquement 1'un dans 1'autre afin de séparer 3 électrolytes.

Les expériences ont démontré que la résistance d'entrée du tuyau n'est
influencée gue dans une mesure treés limitée par cet agencement. Les rayons
effectifs diminueront ngarmmoins, du fait de la résistance radiale, & mesure
que la perméabilité relative de la couche moins perméable diminue et a
mesure que 1'épaisseur de cette couche augmente (fig. 3.14 et 3.15). Le rayon
effectif ne se réduit toutefois jamais aux valeurs extrémement faibles gue
1’on obtient pour un drain enrobé directement d'une couche & perméahilité
relative plus fTaible. Llorsque les conditions d'exécution du drainage ne
sont pas idéales, l'effet drainant d'un fuysu de drailnage pourvu d'un en-
robage sera sensiblement meilleur que celui d'un tuyau sans enrcbage. 11
ne peut en résulter un moips bon effet de drainage que si la diminution de
perméabilité a son origine dens un coimatage de l'enrobage. Ceci ne se
produira gque si la perméabilité de la couche moins perméable devient nota-

blement inférieure a celle du sol enviraonnant.

CHAPITRE IV

torsque l'eau afflue de toutes les directicns vers un drein entiérement
plein, la résistance d'entrée sst une constante gul n’est déterminge que par
les ceractéristiques du tuyau méme. I1 est important de caractériser exac-

tement la distribution de ce flux sous peine d'en tirer des conclusions
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erronéas quant & la résistance d'entrée. Si cette caractérisation exacte
n'est pas possible, la résistance d'entrée, la résistance additionnelle
résultant d’un écoulement non redial et la résistance radiale fictive peu-
vent 8tre définies comme une résistance de flux. Lorsque 1'eau afflue de
toutes les directions vers un drain gui rne se remplit pas entierement, la
résistance d'entrée n'est pas modifiée =t ce n’est gu'en cas de sous-pression
régnant au-dessus du drain gue les filets liquides seront dévigs autour du
drain et qu'il faut tenir compte des rangées de perforations agissantss pour
déterminer la résistance d'entrés.

51 le drain qui ne se rempllt pas entiérement est pourvu d'un matériay
d’'enprcbage., le flux peut se dirlger également via 1'enrobage vers la partie
remplie d'eau du tuyau de drainage.

Du fait de la résistence d’entrée, le gradient hydraulique au voisinage
des perforations peut atteindre des valeurs tres 2levées, avec la conséquence
que des particules de sol peuveni pénétrer en masse dans le tuyau, surtout
par en dessous. Ces gradients hydrauliques sont fortement réduits quand
un matériav d'enrobage relativement plus perméable est appliqué autour du
drain.

Quand on détermine la distance entre drains, il faut tenir compte de
la résistance d’entrée. Quoique les conditicns de flux deviennent plus
favorables s'il y @ de 1’eau au-dessus du drain, la résistance d’entrés qui
détermine l'existerce d'un certain niveau d'eau au-dessus du drain, provo-
guera une plus grande &lévation de la nappe d'eau entre les drains que le
drain idéal débouchant sous eau & la méme profondeur.

Des recherches supplémenteires sur ces aspects de la résistance
d'entrée sont toutefois nécessaires pour en acquérir des notions plus pré-

cises et pour permettre des jugements plus définitifs.



ZUSAMMENFASSUNG UND SCHLUSSFOLGERUNGEN

UNTERSUCHUNGEN MITTELS FINES ELEKTROLYTMODELLES UBER DEN EINFLUSS DER WASSER-
EINTRITTSOFFNUNGEN UND ANGRENZENDEN SCHICHTEN AUF DIE ENTWASSERUNGSWIRKUNG
VON DRANROHREN

In fast allen Formeln zur Bestimmung des Drénabstendes wird ein ideales
Dré&nrohr angenommen. Das reelle Drdnrohr besteht aus einer mit Eintritts-
gffnungen versehenen undurchldssigen Wand. 0Oie Strdmungslinien konvergieren
nach den ﬁffnungen ung verursachen einen Eintrittswiderstand, der den tatséch-

lichen Radius des reellen Dré&nrohres reduziert.
ABSCHNITT I

DOer Fiptrittswiderstand ist, neben den Charakteristiken des Rohres, auch
abhd&ngig von der Beschaffenbeit der Grenzfldchen zwischen den Bodenteilchen
und den ﬁffnungen. Wenn flache und gewdlbte Grenzfl&chen vorliegen, kann
der Eintrittswiderstand glatter Rohre. die mit bestimmten Perferationsformen
und Perforationsverteilungen ausgestattet sind, analytisch wiedergegehben

werden. 0Oies ist der Fall bei

- Stossfugen oder ununterbrochenen Buerspalten (KOZENY, 1933; KIRKHAM,
1950; ENGELUND, 1853; ERNST, 1862; SNEYD & HOSKING., 19761 ;

- Kreisfdrmigen Perforationen {MUSKAT, 1942; KIRKHAM & SCHWAB, 1951;
ENGELUND, 4953);:

- ununterbrochenen Langsspalten (MUSKAT, 1942; ENGELUND, 19533];

- unterbrochenen Langs- und Quaerspalten oder rechteckigen Perforationen
(MUSKAT., 1842: CAVELAARS, 1970).

Nur SCHWAB & KIRKHAM (19%1) haben die theoretischen L&sungen von KIRKHAM
& SCHWAB (41851). und von KIRKHAM (1850) mit den anhand einss Electrclytmodelles
erzizslten Ergebnissen verglichen. Ausserdem ist die entw&ssernde Wirkung
glatter Kunststoffdranrohre und die der blichen Tonrohre anhand von Sand-
maodellen h&ufig untersucht worden. Letztere sind auch verwendet worden, um

den Einfluss der Perforationsform und der Perforationsverteilung auf die
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entwdssernde Wirkung von sowohl glatten als auch gewellten Kunststoffdrén-
rohren zu studieren sowie zu optimieren. Auch das Electrolytmodell wurde

zu diesem Zwecke verwendet, QOer Einfluss eines reellen Rohres auf den 5tand
und die Form des CGrundwasserspiegels ist ebenfalls mit Hilfe von Sandmodellen
untersucht worden.

Da sich das Sandmodell flir einen genauen Versuch weniger gut eignet,
wurde das Electrolytmodell gewdhlt. Mit diesem wurden verschiedene theore-
tischen Losungen auf ihre Glltigkeit untersucht und die Faktoren, die den
Eiptrittswiderstand bestimmen, festgelegt.

Das Elesktrolytmodell, dag zur Simulation einer Radielstrdmung zum Dran-
rohr gefertigt wurde, war mit einer verstellbaren Messbriicke ausgestattet.
die mit einem Messfiihler verbunden war. Die Spannungsverteilung zwischen
den beiden durch eine zylipdrische Aquipotsntialfl&che und ein Modell des zu
simulierenden Dré&nrohres gebildeten Elektroden konnte an jeder beliebigen
Radialfldche in verschiedenen Tiefen bestimmt werden. Die folgende Dré&nrohre

wurden simuliert

- glatte Rohre mit einem Aussendurchmesser von 75 mm; Rohrldnge 300 mm;
Breite der ununtertrochenen Querspalten schwankend [SzDvDrénrDhra];
- glatte Rohre mit einem Aussendurchmesser von 40 mm: 1 mm breite un-
unterbrochene Querspalten mit wechselndem Abstand [ﬁiotﬂl-Drénrohré];
- glatte Rohre mit einem Aussendurchmesser von 39,9 mm; kreisfdrmige
quadratisch angeordnete Ferforationen verschiedenen Durchmessers
[81 (2)-Dré&nrchre; 81 [3)-Orénrohre; 51 (4) -Dré&nrohre; S1 (8)}-Dran-
cp 1 cp 1 cp cp
rohre; S {8)-Dri&nrohre; S (1DJ-Dr5nruhr%];
cp cp
- glatte Rohre mit kreisf@rmigen, quadratisch angeordneten Perforationen
(Durchmesser 3 mm), mit zinem Ourchmesser von 50 mm [SszSJ-DFEnrohre];
63,5 mm [Sgp[aJ—DrénPDhre] und 70 mm [Sjp[S]-Drénrohre :
- glatte Rohre mit einem Aussendurchmesser von 40 mm: 1 mm breite un-
! (1)-Drénronre] s

cl
- glatte Rohre mit einem Aussendurchmesser von 40 mm: rechteckig an-

unterbrochene La&ngsspalten [S

geordnete, 1 mm breite unterbrochene L&ngsspalten I?;lst1lvﬂr§nrnhré
bzw. unterbrochene Querspalten [5;05(1]-Dr§nrohré];

- Wellrohre mit einem Aussendurchmesser von 50 mm; enunterbrochene
Querspalten [CCO—Drénrnhre] bzw. rechteckig angecrdnete 1 mm breite un-

terbrochene Querspalten [C1 SEWJ-Drénrmhrer].

dc
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Die L3sungen flUr Toprochre mit Stossfugen oder, allgemeiner formuliert,
flir glatte Rohre mit ununterbrochenen Querspalten von KIRKHAM (1950) und
ENGELUND (1953) ergeben etwas zu grosse Werte des Eintrittswiderstandes.

Cie L8sungen von SNEYD & HOSKING (1978) fir flache Begrenzung und von SNEYD
(1976) flr gewdlbte Begrenzung geben sehr gute Anndhsrungswerte. Mit hilfe
einer Tabelle werden die Berechnungen nach diesen Ldsungen stark vereinfacht.
Die davon abgeleiteten Gleichungen (1.31) und (1.32) kdnnen ebenfalls mit
ausreichender Genauigkeit angewandt werden. Oieses L8sungen verbessern ausser-
dem die ziemlich einfache L8sung von ENGELUND (1953). Die L&sung von KOZENY
(1933), die modifizierte L&sung in Appendix I und die L8sung wvon ERNST (1962)
geben pur annfhernde Werte flr eine Rohrlinge von 300 mm. An kidrzeren Rohr-
ldngen wurden erhebliche Abweichungen festgestelli, so dass diese Lisungen
nicht allgemein giltig sind.

Fiir gewdlbte Grenzil&chen von glatten Rohren mit kreisfdrmiger Perforation
gibt die L@isung von KIRKHAM & SCHWAB (1951), die librigens der von MUSKAT (1942]
entspricht, Eintrittswiderstandswerte an die um 50 % zu niedrig sind weil
die Undurchl&ssigkeit der Rohrwand ausser Betracht gelassen wurde. Bei
flacher Begrenzung zeigt die L8sung von KIRKHAM & SCHWAB (1951) auch nach
Verbesserung mit einem Faktor 2 noch erhebliche Abweichungen; eine zweite
Korrektion ergibt die Gleichung (1.41). Diese abgednderten LGsungen kdnnen,
wie auch die L8sung von ENGELUND (18S3) fiir eine rschteckige und die von
CAVELAARS (14867) Tir eine guadratische Perforationsausfihrung mit genligen-
der Genauigkeit angewandt werden. Der einfachen Form wegen werden die
Lisungen von ENGELUND (18953) und CAVELAARS (1887} bevorzugt.

Die L&sung von MUSKAT (1942) flr glatte Rohre mit ununterbrochenen
L&ngsspalten entspricht, nach Verbesserung mit einem Faktor 2, der einfachen
Ldsung von ENGELUND (1953). Diese L8sung kann mit genligender Genauigkeit
angewandt werden.

Flir giatte Rohre mit unterbrochenen Ldngsspalten bietet MUSKAT (1942)
gine Ldsung, die nach Verbesserung mit einem Faktor 2, ziemlich genaue Ein-
trittswiderstinde gibt. Auch die L8sung von CAVELAARS (41970), die von der
Strdmung nach einem nur unvollstdndig durchl&ssigen Brunnen in einer gespenn-
ten Grundwasserschicht abgeleitet ist, kanrn als allgemein gliltig betrachtet
werden. Es wurden ebenso L8sungen flr unterbrochenes Ldngsspalten aus den van
MUSKAT (1948) gegebenen L&8sungen fUr Strdmungen nach einem unvollstdndig

durchléssigen Brupnen in einer gespannten Grundwaszerschicht abgeleitet.
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Diese Ldsungen findet man flr sine gewdlbte Grenzfldche in Gleichung (1.64)
sowie (1.6B8) und fir eine flache Grenzfldche in Gleichung (1.65) sowie (1.857).
Auch von der von OE GLEE (1930) vorgeschlagenen L&sung flr Brunnenstrdmungen
wurden die Gleichung ([1.88] fdr eine gewdlbte und die Gleichung (1.69) flr
eine flache Grenzfliche, die fUf unterbrochene L3ngsspalten gelten, abgeleitet.
Alle diese Ldsungen erzielen Ergebnisse, die ziemlich gut (bereinstimmen.

Die L&sung von CAVELAARS (1970} ist mit Hilfe einer Tabelle oder Graphik
ziemlich einfach. Auch die Gleichungen {1.68) und (1.67) kdnnen mit Tabellen,
die die Gammafunktion anzeigen, noch relativ ginfach durchgerechnet werden.
Mit den Gleichungen (1.88] und (1.89) wird Jedoch die einfachste L8sung mit
giner fUr die praktische Anwendung ausreichenden Gepauigkeit erzielt.

An glatten Rohren mit unterbrochenen Querspaiten k&npen die gleichen
Formeln angewandt werden. Die einfachsten Ldsungen erzielen die Gleichungen
(1.74) und (1.78) von CAVELAARS (1970). Auch die Gleichungen (1.84) und
{1.85), die von der Ldsung von DE GLEE (1930) fir Brunnenstrémeng abgeleitet
sind, kdnnen ziemlich einfach durchgerechnet werden. Die Gleichungen (1.82]
und (1.83), die von der wvon MUSKAT (1946) gegebenen Ldsung flr Brunnenstrd-
mung abgeleitet sind, kdnnen mit Tabellen der Gammafunktion noch relativ
einfach gelfist werden, wihrend die Gleichungen (71.80] und (1.B1) ziemlich
verwickelten Berechnungen erfordern.

Diese theoretischen Ldsungen fUr glatte Rohre kdnnen nicht ohne weiteres
an Wellrohren mit Perforationen in den Wellentdlern angewandt werden, sofern
angenommen wird, dass die Wellentdler mit Erde gefdllt sind. Flr eine ge-
gebene Perforationsausfihrung haben Wellrohre eipes bestimmten Curchmesser
ginen hdheren Eintrittswiderstand e&ls glatte Rohre. Aus praktischen Grinden
sind glatte Rohre weniger perforiert als Wellrohre, so dass der Eintritts-
widerstand an Wellrohren der grésseren Perforierung wegen allgemein geringer
ist. Theoretische Ldsungen fir Wellrohre sind nicht vorhanden. Bie Gleichung
(1.122) pibt eine thearetische Ldsung fir Rohre mit blockférmigen Wellen,
die mit ununterbrochensn Querspalten versshen sind und deren Breite der des
Wellentals entspricht. Die Spalten befinden sich im Wellental und bilden
mit den Bodenteilchen eine flache Grenzfldche. Die Gleichung (1.126) gibt
gine theoretische LAsung fUr ununterbrochene Querspalten mit einer Breite
kleiner als die des Wellentals. Fiir unterbrochene Querperforationen gibt die
Gleichung (1.427) eine anndhernde L&sung. 1In Falle von Wellrochren mit sinus-

fdrmigem Profil darf sngenommen werden, dass der ungilinstige Finfluss der est-
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was ginstigeren Zustrdmungsverhdltnisse wegen kleiner ist.

Wenn die Perforationen auf dem Wellenkamm angebracht sind, so kdnnen
die Formeln f{r glatte Rohre angewandt werden, was nicht heisst, dass die
Perforationen unbedingt auf dem Wellesnkamm angebracht werden milssen. Ausser-
dem ist die Anwesenheit von Wellen als glnstig zu betrachten, und zwar durch
die Gewtilbebildung des Bodens Uber den Wellen oder die gréssere Durchldssig-
keit des Bodens in den Wellent&lern.

Es kann allgemein geschlossen werden, dass es ziemlich einfache und
ausreichend genaue Ldsungen flr die Bestimmung des Eintrittswiderstandes
glatter Rohre gibt. Die Wellenform und die Grenzfléchenblildung des Bodens
mit den Wellen erschweren jedoch die exakt theoretische Ldsung flir Wellrohre.

Aus der durchgefihrten Untersuchung geht asusserdem noch hervor dass
weder die gesamte Perforationsfliche noch der Perforationsumfang pro Einhegits-
ldnge des Dréns, scndern die Perforationsverteilung den Eintrittswiderstand
bestimmen. Es kann Jedoch angencmmen werden, dass der Einfluss der Perfo-
rationsumfanges griisser ist als der der Perforationsfldche. QLQer Unterschied
im Eintrittswiderstand ist, unabhdngig von der Perforationsform, im Falle
eines gleichen Perforationsumfanges kleiner als im Falle einer gleichen Per-
forationsfl&che, besonders dann wenn die Perforationsfldchen kleiner sind als
50 cm?/m (fig., 1.44 und 1.45}. Je grBisser die Bliederdng einer gegebenen
Perforationsfléche wird, um so kleiner wird der Eintrittswiderstand. Oie
glnstigsten Perforationen sind die mit der kleinsten Flache oder mit dem
kleginsten Umfang, wie die Kreisfdrmigen; unter den rechteckigen sind die mit
der kleinsten La&nge am glnstigsten.

Eine Erhdhung der heutigen Perforationsfléche von 20 - 25 cm?/m auf etwa
50 cm?/m wird, ausser im Falle von kreisfdrmigen Perforationen, den Eintritts-

widerstand erheblich vermindern.

RBSCHNITT II

Aus den Untersuchungen an Sandmodellen ergibt sich, dass die entwdssernde
Wirkung van Orénrohren durch die Anwendung von Umhlllungsmaterialien die eine
griissere Ourchldssigkeit besitzen als der umgebende Boden, erheblich ver-
bessert wird. Oabei sind sowohl die Dicke als auch der Grad der Ourchldssig-

keit des Umhdllungsmaterials bestimmend.



- 218 -

Obwohl der Eintrittswiderstand umhillter Or&ne in verschiedener Weise
definiert werden kann, bezieht sich diegser Begriff im strengsten Sinne nur
auf das Rohr, Oie verschiedenen Oefiniticonen k&nnen jedoch gurch Bestimmung
des effektiven Radius in Ubereinstimmung gebracht werden. Die Frage der Um-
hillungsmaterialien, die eine grissere Ourchldssigkelt besitzen als die des
ungebenden Bodens. ist anmalytisch nur fUr volumindse Umhiillungen zu 1&sen,
wobei sich der Eintrittswiderstand des Rohres aus der Gleichung (2.8) ergibt,
Oie Frage der dlnnen Umhiillungsmaterialien und der zweidimensicnalen Strdmung
wurde numerisch von WIOMOSER (1868) und NIEUWENHUIS (1876) geldst, so dass
Uber den Einfluss der Dicke und des Grades der Durchldssigkeit von Umhillungs-
meterialien mehr Informationen erhalten wurden.

Der Einfluss der Umhiillungsmaterialien auf den Fintrittswiderstand wurde
zum ersten Male mit Hilfe eines Electrolytmodells untersucht. QOas Umhillungs-
material und der Boden wurden dabei durch zwei elektrolytische Fldssigkeiten,
deren Leitfdhigkeitsverhdltnis mit dem Durchldssigkeitsverhdltnis von Um-
hiillung und Boden (bereinstimmte, simuliert. Die Trennung der Elektrolyte
wurde durch eine aus Kardenbeschlag gefertigte und mit gegenseitig isolierten
Kontaktpunten versehensm Rohr erzielt. Der Einfluss der Dicke und des Grades
der Durchldssigkeit von Umhdllungsmaterialien wurde im Rahmen der zwei- und
dreidimensionalen Strimungsfrage untersucht. Oer Einfluss der Ferforations-
reihenzahl und des Durchmessers umhitllter Ordne wurde im Rahmen der zwei-
dimensionalen Strémungsfrage studlert.

Aus den Versuchen geht hervor, dass der Eintrittswiderstand bis zu einer
Dicke von stwa 5 mn des Umhillungsmaterials stark abnimmt und alsdann konstant
bleibt (fig. 2.11 und 2.12). Der Verminderung des Radislwiderstandes wegen
erhBht sich der effektive Radius bel zynehmender Oicke jedoch weiter. Bei
zunehmender relatliver Durchléssigkeit des Umh0llungsmaterials bis auf das
Zwanzigtfache nimmt der Eintrittswiderstand stark ab und erhdht sich der ef-
fektive Radius erheblich [fig. 2.13). Weiters Erhéhung des Durchldssigkeits-
verh#ltnisses hat nur geringen Einfluss.

Umhillungsmaterialien gleichen die absolute Differenz zwischen dem Ein-
trittswiderstand verschiedener DOrdne erheblich aus, sobald die relative
Qurchl&ssigkeit etwa 10 betrdgt (fig. 2.13 und 2.15).

Es kann allgemein angenommen werden, dass das Umhillungsmaterial bei
einer Dicke zwischen 5 und 10 mm radial engestrdmt wird, Der Rehrdurchmesser
hat nur wenig Einfluss auf den Eintrittswiderstend von DOr&nen, die mit einer

Umhdllung versehen sind; die effektiven Radien werden Jjedoch in Abhdngigkeit
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des Rohrradius und der Dicke des Umhiillungsmateriels differieren. Ist der
Rohrradius plus die Dicke des Umhilllungsmaterials konstant, so wird etwa der
gleiche effektive Radius becbachtet wenn die Dicke des Umhillungsmaterials
mindestens 5 mm betr&gt. Zur Erhdhung des effektiven Radius i1st es deshalb
Skonomischer eilnen Ordn mit kleinem Ourchmesser und umfangreicherem Umhdllungs-
material als einen Drdn mit gr&sserem Ourchmesser und dinnerer Umhillungs-

schicht zu verwenden.
ABSCHNITT IIT

Oie Umsté@nde bei der Drdnung bestimmen in hohem Massz die entwdssernde
Wirkung von Entwdsserungsmaterialien. Unter bestimmten Umsté&nde kann sich
um den Drén, unabhdngig davon, ob er mit Umhdllungsmaterial versehen ist,
2ine Schicht mit verminderter relativer Durchléssigkeit bilden, oder kann die
urspringliche Durchlédssigkeit des Umhillungsmaterials durch Einspllung von
Bodenteilchen beeintrdchtigt werden.

Im Vergleich zu den Umhillungsmaterialien mit grosserer relativer Durech-
l8ssigkeit wurde die Frage einer Schicht mit verminderter relativer Durch-
ldssigkeit um den Drd&n weiniger intensiv studiert. Aus einer Anzahl Labora-
toriumversuche geht hervor, dass eine Schicht mit verminderter relativer Ourch-
l&ssigkeit um den Or&n das Scheitern der Entwdsserung veranlassen kann.

Analytisch ist die Frage erst zu 1l8sen, wenn die Schicht mit verminderter
relativer Durchléssigkeit genlgend dick ist. Die zweidimensionale Strdmungs-
frage fur dilnnere Schichten ist numerisch von WIDMOSER (1868) untersucht
warden. Olese Frage wurde in derselben Weise wie die der Umhillungsmaterialien
mit einer gréisseren relativen Ourchléssigkeit anhand des Elektrolytmodells
simuliert. Eesonders der Einfluss der Dicke und des Grades der verminderten
relativen Durchl&ssigksit sowie der £influss der Perforationsreihenanzahl und
des Rohrdurchmessers werden untersucht. Aus den Versuchen geht nhervor, dass
gine Schicht mit verminderter relativer Durchidssigkeit um den 0Or&n den Ein-
trittswiderstand stark erhdht, wobei ziemlich schnell umzulBssige Werte beab-
achtet werden. Von eginer Oicke von etwa 10 mm an wird ein konstanter Fin-
trittswiderstand erlangt (Fig. 3.8). Qer effektive Radius nimmt weiter in-
folge der Erh8hung des Radialwiderstandes ab. Es werden ausserordentlich
kleine Werten beohachtet. O0Oie FrhShung des Eintrittswiderstandes und die
Verminderung des Effektiven Radius treten deutlich hervar, scbald das Nurch-

lassigkeitsverhdltnis 0,2 betrdgt (fig. 3.9}). Von einem Durchléssigkeits-
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verhdltnis von 0,1 an wird auch die Differenz zwischen den Eintrittswider-
stdnden verschiedener Ordne erheblich deutlicher [Fig. 3.11}.

Zur Untersuchung von Ordpen, die mit einem Umhiillungsmaterial mit z.T.
verminderter OurchlZssigkeit versehen sind, wurden Schichten mit einer ver-
minderten Durchldssigkeit um 25 und 50 % der urspringlichen Dicke des Um-
hillungsmaterials simuliert. 2Zu diesem Zwecke wurden zweil Rohre mit iso-
lierten Kontaktpunkten zur Trennung von drei Elektrolyten konzentrisch in-
einandergeschoben.

Aus dem duyrchgefiihrten Versuch ergibt sich, dass der Eintrittswiderstand
des Rohres nur in sehr beschrénkten Mass durch ein Umhdllungsmaterisal mit
z.T. verminderter Durchlissigkelt besinflusst wird. Dem Radialwiderstand
zutalge vermindern sich die effektiven Radien mit abnebhmender Durchlassigkeit
bzw. griisser werdender Dicke der Schicht mit verminderter relativer Durch-
l1&ssigkeit (Fig. 3.14 vund 3.415). Die extrem kleinen Werte des effaktiven
Radius, die an einem mit einer gering durchl&ssigen Sghicht umgebenen DOrén
beocbachtet wurden, konnten hier jedoch nicht ermittelt werden. Wenn die
Bedingungen flr die Verlegung der Dréne nicht ideal sind, ist die entwdssernde
Wirkung eines mit einem Umhillungsmsaterial versehenen Drdns erheblich besser,
als die eines Dré&ns ohne Umhillungsmaterial., Nur wenn die Durchl&ssigkeit
durch Verstopfung des Umhillungsmaterials kleiner wird, kanrn die entwéssernde
Wirkung beeintréchtigt werden. DOies ist jedoch nur der Fall, wenn die Durch-
l&ssigkeit der weniger durchléssigen Schicht erheblich kleiner wird als die

des umgebenden Bodens.

ABSCHNITT IV

Bel einer allseitigen Strdmupg nach esinem vollaufden Drdn ist der
Eintrittswiderstand eire Konstante., die nur durch die geometrischen Charak-
teristiken des Rohres selbst bestimmt wird. Wichtig ist, dess das Str8mungs-
bild genau bezeichnet wird; ist dies nicht der Fall, =0 kann der Eintritts-
widerstend falsch interpretiert werden. Kann das Strdmungsbild nicht genau
bezeichnet werden, so sind der Eintrittswiderstand, der zusdtzliche Wider-
stand infolge einer nichtradizlen Strémung und der fiktive Radialwiderstand
als Zustrémungswiderstand zu deuten. Bei einer allseitigen Strdmung nach
einem nicht vollaufden Drén 3ndert sich der Eintrittswiderstand nicht: nur

wenn ber dem Drdn Unterdruck herrscht, biegen die Strdmungslinien um den
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Or&n ab, so dass bei der Bestimmung des Eintrittswiderstandes die wirksamen
Perforaticnsreihen bertilcksichtigt werden sollten.

Ist der nicht vollaufende Or&n mit einem Umhiillungsmeterial versehen,
s0 kann die Strdmung Uber die Umhlllung nach dem mit Wasser geflllten Teil
des Oréns stattfinden.

Dem Eintrittswiderstand zufolge kann der hydraulischen Gradient in der
N&he der Perforationen sehr stark ansteigen, wodurch Bodenteilchen bescnders
Gber die Untersesite in grosser Menge in den Orédn dringen kdnnen. DOie hy-
draulischen Gradiente kdnnen stark reduziert werden, wenn der Ordn mit einem
durchléssigeren Umhiillungsmaterial versehen wird.

Bei der Bestimmung des Dr&nabstandes scll der Eintrittswiderstand be-
ricksichtigt werden. Obwohl die ZustrSmungsverhdltnisse glinstiger werden,
wenn sich {ber dem Or&n Wasser befindet, ernhdht der Eintrittswiderstend,
der einem bestimmten Wasserstand Uber dem DOrén bedingt, den Grundwasser-
spiegel zwischen den DOrénen 1n stérkerem Masse als der in derselben Tiefe
unter Wasser auysmiindende ideale DBré&n.

Die verschiedensn Aspskte des Eintrittswiderstandes sind jedoch né&her

zu untersuchen, bevor endglltige Schllsse gezogen werden kinnen.



APPENDOICES

APPENDIX I : Modified solution of KOZENY {41833)

Considering radial flow fowards one gap between clay drain pipes

(fig. I.1), the torus ABC DEF is an equipctential plane of which the area

can be determined in the following way

*
A =2nF dp

where dp = » d¢ (v in radians)
*
R =R _+ rcosy
)
ar
dl=2mE +rcose)rde =2TR rde v 2 r? cos ¢ dv
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Integration with respect toc ¢ between the limits ¢ = -1/2 fto ¢ = +T/2 gives
i§(2 2 +T/2
A=2mR r—n/Z dg + 2 T r ‘ﬁﬁz cos ¥ dy
or
A=21T1"('JTRD+21")
According to DARCY's law, we can write that

Qg or _ Qg dr

dh:FT'ZnEr(nRU+2r)

and integratiocn with respect to r between the limits r = ﬁS/Z ta ¥ = R1

yields
9 "
- f daz
2 TR r(m RD + 2 1)
or ﬁS/z ‘
A = % 2 R (MR, B5)

1n
2.”2 kRO ﬁS(FRD+2R1)

where Ak : head loss betwesn the eguipotentials with radii A, and ﬁ5/2 (m)

1

Qg : flow rate towards one gap (m®/d)
k hydraulic conductivity (m/d)

RQ : drain radius {m]

ﬁs ! gap width (m).

This equaticn corresponds to egn. [16) of KDZENY (41833).

For radiasl flow towards a series of gaps at specings ¢, the other gaps
influence the hydraulic head in P and Q (fig. I1.2). The additional head
loss betwsen P and O due to a2 series of gaps must be added to the head loss

for ane gap. For the nth gap N et a distance r = A e)? o+ Rﬁ from P and

*
g distance rn = n ¢ from §, the head losses are ;

2 B+
Ah = Qg 1n rn(ﬂ 2 ﬁs)
PN 52 g R Ba(m Ry v 2r)
*
A= Qg in i r”(ﬂ RD * 65)

QN 2 *
2t kR, B (TR +27)
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|
(€)]

Fig. I.2
and
" TR
R +22) Q 2+ —3
_ Qg 1ﬂilfi.(.ﬂ-o noo_ g ne
Ahpg = ln — = 1n T
2> kA P (TR +2r) 2T kR o
o n [s] n Q 2+

Since there are twoc gaps in the nth position (N and N'), the total

influence will be twice as large and

m RD
[ +
g ne
A = 2 1n
P 2 n R
2 m° k Ro 2 4 s

TR,
AR, = % 1n2R1(ﬂR”+ﬁ5)+2°2°1n -
t 2 1% kR B R +2R) n=1 ). T R,

Since Qg = q e with g the discharge per unit drain length and the head loss
for radial flow Ahr = (g/2 m k) 1n(R/RD) with R = RO + R'l' the additional



- 225 -

head loss due to the gaps is given by

2R, (TER_+8)
th, -t = —9C 1n5(;322;)
r ZWZRRD s o 1
by HU
2 0+
=3 n e _ g R
v TR }Zwkln}?
2t e °
(n ad? + Ri
Since
Ahtk
Aht = %-(ar + ae) or o - g -ol

the entrance resistance %a for arched boundary conditions is given by

T RD
o _ = g 1n ’ 31(“ RD + ﬁs) + £ % in - ne - —1—-1n 2
ea > 12 Ro ﬂs(z R1 + T RO) 72 Ro n=1 S . T RO 2T Ro

which is egn. (1.22) for arched boundary conditions. Similar to other
sgquations for circumferential and continucus longitudinal slits, the entrance
resistance aep for plane boundary conditions has been obtained by substituting

65/2 for HS, resulting in

TR
ZR, (21 R_+F) 2+

%p T lnﬁ(;R +70rR)S . noé‘llm TF 211r1”%

&R 21r2R0 s 1 a WZRO - 0 a

which is egn. (1.23) for plane boundary conditicns.
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8.
APPENDIX 11 : Mathematical proof that ?E} 1n(2 sin §3j = 1n N
2T 87,' T 7
i = 2 =Lt . - ite that
Since 97: 7 O 3 L LR N-1, we may write the
Nat Hi Nzl T L
3 in =) = "% in —
7Eq 1n(2 sin 37 ;59 In(2 sin —& )
or
1n 1 (2 sin E-;3-’:») = 1n it (2 sin TE
M= N ) £=1 ]
In the product, we have ¥-1 factors of 2, hence
=1 T % N-1 Nz1 T i
it , - 3l .
L (2 sin 7 3 z 24 sin( 7 )

According to § 1.382 of GRADSHTEYN & RYZHIK (1965) on p. 33 we may write

sin(¥ =) - A1 ﬁgé sin(x + ﬂwi)
or
, e A T
sin(¥ ) = 2 sin x ig1 sin{xz + 7 )
ar
sin(¥W &) _ 0-1 8=1 | T 7
sin-x 2 ¢E1 sine - N )

Since x = U, we have that

T Y oin TE < 14n {2”4 i sing « ?')} - 11m 200 D)

2 il
L

1
1 N 250 sin &

Applying L'HOSPITAL's rule, we fipally ohtained

lin szT(N x) _ 1im N sos(N x)_ M
xeg SN x>p coS @
Hence
g

Nsi R i, _
' =~y =
ey 1n{2 sin 5 } in ¥
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APPENDIX TIII : Determination of the coefficisnt of 3,91 in the formulae of
ENGELUND (1853)

Proceeding aon egn. (1.38) which is the corrected solution of MUSKAT

(1942) for arched boundary conditions ;

r

1 oo nTer
aea=ﬂN2n§’lKD(X J

we may write that

if RO > ?\r because then KD + 0 so that the second term can be neglected.
Aceording to § 8.528 of GRADSHTEYN & RYZHIK (1365) on p. 878 we have that

® 1 X ) 1 « 1 1

b5 = = Ey L2 S N

a2q Koln 2 2(Y+ln4ﬂ)+2m+2n§1 —— = "
G

or

o nmTd . 5p ?\r w 1 4
€ - X - 1
2 a5 KO(TE) TordlngaT st w5 5. \2 n
r r ’p ( D) Y 2
Z A

In which Y is EULER's constant (v = 0,577 21....}. If 5;: <€ 2 hr‘ the sum-

mation can be neglected and hence

oo mmTd ) A
2 2 KU(—-—p)ﬂrwn P+ L

n=1 A
r

and
. 6p Rr 230
aeazvﬂy+ln4?\r+5 +1nN6p)

According to ENGELUNG (1853), we may write that

A
I L V-, R ]
aea_ﬂm(ﬁ_ 2 A +?\ln?\)

p 1 1 1
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i < . = = A
with 11 12 If RZ lc and A1 " with AC the circumferential and lr

the longitudinal perforation spacing, we can write that

A
" S s.9t 1—-1 -]
ea Tm@d_  2ZA v X
P r r r
or, since
2 1mA 2 TR
o
m=x——x~—' and N = Y
C T (o]
we nave that
W oAl zer, 2T R
za m N\$ 2 N A
p r
Hence it follows that
hr 3,91 2 Ro BE Ar 2R
7Tz Thhgx o yrlngymryrings
p r r P P

or

3,81 =2 1n(4 1 -2 Y
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APPENDIX IV : Derivation of egns. (1.84] and (1.68) from the solution of
MUSKAT (1946} for a partislly penetrating well,

Oerivaticn of egn. (1.64)

From the sclution of MADELUNG (1918]) for the electrical potential of a
straight line of point charges, MUSKAT (1842) derived a solution for the
hydraulic potential at wells with circular perforations, continuous or dis-
continuous lopgitudinal slits. It has been assumed that no significant
error is introduced by not taking into account explicitly the presence of
the impervious wall in which the perforations are embedded.

The entrance resistances obtained from that theoretical seclution are
halved compared to experimental results.

The problem can theoretically be solved by introducing & central source
of strength g/2 besides the sinks of total strength g (see fig. 1.10). In
that way the impervious wall of the pipe is a streamline and the boundary
conditions are satisfied. This results in a somewhat different equation for
the head loss Akt due to radial flow for a system of ¥ =slits per pitch than
that which can be derived from MUSKAT (1842)

0

= 1
AhtﬁE—Nqﬁzng,]KD(Znﬂpp)__{; cos(ZunTw - 2% T a)da
1
N
Lo TS (dnmn sin ii& qu cos{(2nTmw -2nwa)dep+y In ii
o1 SnS1 Rt T Py 272 " nra P

g

-y 1In ¥ + By 1n 2.
Z 0
d
in which ¢ is the discharge per unit pipe length and
A i R S

. P -

Y r"pp 27\'d ?\-1 2; B -'\n X’

r r r r r Ir

% 1s the ordinate of a point of the perforation with the origin in the

middle of the perfaration.
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Since
+0
1

S cos(Znmw-2nma) da = w1n cos(Z n 7w sin(n m7v)
-0
1

and 2 = 0 in the middle of the perforation or cos(Z m 7 w) = 1, it follows
that

. _ 4 g sin(n T 7)
Aht TN K 2 n=1 K0(2 nm pp) Ty
+ 2 Ni1 bS] K (4 n e, sin iiﬁ sintnmy) s, 1 74 ¥ 1n &
=1 I»n=1 "o d 2 nomy n¥ pp 3 N 'y

After subtracting the radial flow resistance, we finally obtain for the

entrance resistance of discontinuous longitudinal slits with arched boundary

conditions :
m
o 2 > ¥ K n Bp sin(n T ¥)
ea mh n=1 "o Rr oY
4 TR g, . e
PSP S O gin L) SN TN 2%
1=1|n=1 o Rr 2 n Ty "¥E
P

This is egn. (1.57)., Since this eguation is based an the assumptions of a
constant potential and a uniform flux density over the entire length of the
perforations, MUSKAT (1946) has modified his soluticon for flow towards a
partially penstrating well on the bases of numericel calculations. He con-
cluded that for a partially penetrating well extending to the upper or lower
boundary of the aguifer, one may assume the flux density over the well to be
uniform if 2 is taken at a guarter from the free end of the well. For a

well situated symmetrically in the aquifer, this means that

ar the effective average potentiel is situated cne-eight of the way from the

free ends. Introducing this value of z, we obtain for aea
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= L 2 nf 'q n_;iE‘. m 05(2 n T -y)
Oea TN »n=1 © r n Ty € 4

4nmmk b, . 2R
Nz1 o o . ) sin(n T 7) é_ [s]
+ 2 22 {?Eq Ko(—__ﬁ;——_ sin 5_) Ty cos(4 nMY)y + 1n W_EE
which is egn. {1.64) for arched boundary conditions. Replacing Bp by 5p/2

results in egn. (1.65) for plane boundary conditions.

Egn. (B) of MUSKAT (1946] on p. 274 gives thz head loss for a partially
penetrating well extending to the upper or lowser boundary of a confined
aquifer (fig. IV.1a) for which a uniform flux density has been assumed by
taking the poctential at a guarter from the free end of the well.

For a well situated symmetrically in the cenfined aquifer, using eqn.
(6] of MUSKAT (1948) on p. 267, we may write, after integration with respect
to g fromo = x to ¢ = y, for the additicnal head loss Ak compared to a

fully penetrating well [Hydrologisch Colloquium, 1964 : egn. (7) on p. 81ﬂ :

8 A
- & 1 - r 4
Ah_ZT‘rklr\’]‘ lr'|'3 *E—;;ln!l)
p
in which
4 - T(w - ) Tly -w) T'(1 -w-2) Ty +w)
I -w+x) T(1 -y vw) T+ T -y - w
and
A
o Y - - P
LA W A WA 1wl e Sl w
r r r r

@ is the well discharge and for the other symbols used reference is made

to fig. IV,1b.
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Fig. Iv.1

Assuming a uniform flux density and taking the potential one-eight of

the way from the free ends of the well, we may write that

I - I i I N
wegoqgT ik 7 and y 7
Hence
1 7_ Tyl
.. I'(3g T) 1"(15 VNIGrEN i TS 7)
- 4 7 17 1 1
{1 —ﬁ‘f) N ‘ﬁ?) F(f‘Té"'Y) r(‘i‘ﬁ‘}')

Applying the reasoning of CAVELAARS (15970), we obtain for the additicnal
fead loss of half a cylindrical well and ¥ such wells

g A

.9 1 - r._ A
A% rmkhr(v in 5 zvlnA)

This is alsc the additionmal head loss due to the discontinuity of slits,
and has to be added to the head loss for continmuous longitudinal slits.
Since Q/Ar = g, the discharge per unit drain length, the entrance resistance
for discontinuous longitudinel slits with arched boundary conditions can be

derived
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1 ZRO 1 -7 B?\r
o] —=|1n + 1n
ea TN N.Bp ¥ ﬁp
1 7 1 7 1 1
BT MM TG TG+ ) TG+ ) }
2(1 - %) _r 7 1 _z 1.1
-5 TO -FDIG-FNDIG-57

which is egn. (1.86}. Replacing ﬁp by ﬁp/2 results in egn. (1.687) for

discontinuous longitudinal slits with plane boundary conditlons.
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