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DETERMINING THE EFFICIENCY
OF RADIANT WATER INTAKES WITH REGARD
TO LOSS OF ENERGY IN COLLECTORS

The methods allowing us to take account of energy losses in the collectors in
calculation of basic characteristic of the efficiency of infiltrating water radiant intakes
are given. The algorithm of numerical calculations according to Newton method is
presented and used to work out the ,DREN” program in the Fortran language for
a computer Odra 1300. An example of application of the methods, according to which
8p = @, was calculated to determine the efficiency of a radiant intake in Warsaw,
is given. It has been stated that the results obtained for the efficiency of infiltrating
water radiant intakes calculated according to the formulae of Surow and Macieje-
wski, in which the regarding losses of energy in the collectors were taken into account,

are similar to the results of pumpings.

NOTATIONS

a — empirical coefficient, the value of which for perforated filters ranges from 9 to 15,

¢ — coefficient of silting-up characterizing seal degree for river (0.5 < ¢ < 0.6),

Ahy — hydraulic losses due to water flow through the filter surrounding the collector [m],

4hs — hydraulic losses due to water flow inside the perforated and non-perforated seg-
ments of the collector, including the losses occurring when water flows into the cumula-
tive well of the intake [m].

ky — filtration coefficient of aquiferous layer [m/s],

kro — coefficient of silted up filtration of demersal ground layer [m/s],

k, — equivalent sand roughness according to Nikuradse [m],

ly — length of the collector’s perforated part [m],

ly — length of the collector’s non-perforated part [m],

n — number of collectors,

7o — inner radius of the collector [m],
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s — real depression outside the cumulative well [m],

sp — apparent depression inside the cumulative well [m],

z — depth of the collector under the bottom of river [m],

B — dimensionless empirical coefficient for ¢ > 0.10, B =~ 1.0,
D — outer diameter of the cumulative well of the intake [m],
H — depth of river water [m],

H,, — thickness of aquiferous layer [m],

I — total length of the collector: L = ly+ly [m],

R — equivalent radius of the natural filter round the collector [m],
Q. — efficiency of the intake [m?/s],

a — coefficient of interaction of the collectors,

B — angle between the collectors [rad],

1 — coefficient of linear resistance in a non-perforated pipe,

» — coefficient of kinematic viscosity of water [m2/s],

@ — permeability of perforated wall of the pipe (collector).

1. INTRODUCTION

The paper deals with infiltrating radiant intakes with level collectors placed
under the bottom of river or under a surface water tank. The efficiency of this
intake type depends on many factors characterizing hydrogeological and opera-
tion conditions as well as the intake’s structure:

Q. = F(H,, kfy kf07 8y 8ps l’f} Ty Toy Py ?).

These quantities (except for kg, s,, ¢) occur in most of the formulae used
for calculations of the efficiency of this intake type, though they are dealt
with in these formulae differently.

Calculations of the efficiency of radiant water intakes, based on most often
used currently Razumow, Surow, Ostrowski and Polubarinowa—Koczina formu-
lae, give, as a rule, too optimistic results. Divergences, that may reach 500 %
[2], [4], [17], result among others from the fact that these formulae do not
contain hydraulic losses 4k, due to a water flow through the natural filter
formed around the collectors and through openings made in the wall of the
collectors, as well as losses 4h, caused by the motion of water inside the perfora-
ted and non-perforated sections of the collectors (fig. 1). These losses cause,
that the depression of water level with respect to hydrostatic level, the so-called
apparent depression s,, is much greater than the factual depression (outside
the cumulative well), taking place due to hydraulic resistance during infiltra-
tion of water through aquiferous layer.

This fact is of essential importance when the efficiency of radiant intakes is
to be calculated because the formulae used at present have a general form
Q, = f(s), and not @, =f(s,) (when water intakes are exploited, factural
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depression s is not measured). A linear dependence @, = f(s) resulting from
the most often used formulae is not a true representation of the basic character-
istic of the efficiency of infiltrating radiant water intakes [4].

Results of field [15], [16] and model investigations [4], [5], [9] have proved
that identification of factural depression s with apparent depression 8, may
lead to considerable errors when calculating the efficiency of the intakes discus-
sed.
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Fig. 1. Schematic diagram of radiant water intake under infiltration
Rys. 1. Schemat ujecia promienistego w warunkach infiltracji

Attempts at including hydraulic losses Ahg in the so far known analytic
formulae for calculation of the efficiency of radiant intakes have been under-
taken in papers [1], [13], [15]-[18]. The authors of most of these papers (except
Siwoni, whose formulae are based on results of laboratory tests of loss of energy
due to flow of water inside the perforated collector) defined the value of Ahg
approximately, among others as a function of resistance coefficient 2 in non-
perforated wall pipes. Therefore they obtained different results [14], e.g. calcu-
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lations according to the formula given in [18] yield two times or three times
lower hydraulic losses Ah,, measured under field conditions by STEFANCZYK
[15] or calculated according to the formulae given by SIwoX [11]-[14].

Calculations of the characteristic of efficiency s, = f(Q,) of infiltrating
radiant intakes are very labour-consuming due to a complicated form of initial
formulae.

In the present work the algorithm of a computer-aided quick-running method
for calculation of this characteristic has been presented.

B

2. INITTAL FORMULAE

The efficiency of infiltrating radiant water intakes at a finite thickness
of aquiferous layer may be calculated among others by means of the formulae
of Razumow, Surow and Maciejewski [2]-[4]. According to papers [2], [4],
[17], the results of calculations based on the formulae of Razumow and Surow
as well as on those of Polubarinowa—-Koczina and Ostrowski are in general
overestimated with respect to the results of field measurements performed
for radiant intake in Warsaw, as well as to the results of model testing. Average
differences between the results of calculations and measurements of the factual
efficiency of the intake [17] vary from 1509, (according to Potubarinowa—Ko=—
czina formula) to 259, (according to Surow formula). The results of calculations
obtained from the Maciejewski formula have not been compared yet with the
results of field or model measurements. According to [3] the efficiency cal-
culated by means of this formula gives results close to those obtained by apply-
ing the Razumow formula (n < 10).

In the sequel the following analytical formulae will be used:

1.The Surow formula:

Q, = ackg,snl, @ [m?[s] 1)

where a — coefficient of interaction of the collectors (0.6 < a < 1.0) calculated
from the formulae:

A
¢ =—7— )
A+05 Y K
t=1
and
2 2
_ 22 . 0.51,+V0.251; +42 ’ (22)

n
1.2257, L
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[f+HVF2+d +4(2+n) J(e+Ver +a)
(V4@ ) [e+VeE +@ +4(e+10)* 1
f=R.—yg,
R, =1,+0.5D,

K =In (2b)

g = acosp,
a = 0.5(R,+L+0.5D),
L =141,
e =L+0.5D—g,
d = asing.

Vertical filtration coefficient %k, in formula (1) is determined as a weighted
average of filtration coefficients of two layers:

a) silted up layer, 0.5 m thick, filtration coefficient ki,

b) lower aquiferous layer, the thickness of which is H,, = 0.5 m, and filtra-

tion coefficient k,:
w—O.
= H, /[ 2 ] [m/[s]. (3)
'fo

Coefficient @ is determined from the formula:

1 IT 22+, Im »r
O =—1 Bl e .
oMl n[g(4 i, )“tg(éc Hw)] &

2.The Razumow formula:

9, = 2.73k;sslen [ma/s] (5)

n—1
IgU+——2—-lgUﬁ

here:
7 3H,,zl, (6)
T ro(Hyp—2) (L +VE+16HE)
1612,
Uy =1+ (7)

sin?p
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Application conditions:

2
<0.8,

L
02— —>3
ST, m,”

2> 201, f>0.393(22.5°), H,—=z=21,.
3. The Maciejewski formula:
Q. = 5.4k sl 2~ 4 H}; ¥r)-*® [m3/s]. (83—

Application conditions:

L 2
—>100, 15<—< 310,
7o "o

H,
20 < <415, 4<n<16.
7o

The formulae of Surow [1], Razumow [5], and Maciejewski [8] have been
transformed to the form convenient for a further analysis:
Q.2

* = kgl (1)}

n—1
Qv+ 160y
— 5
- 2.73kslm [m], S5}

0.40

B Q.2

- 0.56770.12,,0.28
5.4k n " HY S

[m]. (8a)

s

The value of depression s comprises factual depression s, and the sum of
hydraulic losses 4h and 4h . If we assume that analytical depression s given
in the formulae (1), (5), and (8) for infiltrating radiant water intake denotes
the depression at the beginning of the collectors (fig. 1), then [3], [13], [14]:

8p = s+ Ahs+ Ah[m]. (

Estimation of the value of Ak is much difficult. This value comprises hydraul-
ic losses caused by the change of the area of flow cross-section (at the so-called
contact zones that oceur e.g. at aquiferous layer and the natural filter interface
and also that of the natural filter and the perforated collector), losses due to
a water flow through the natural filter zone (including the losses caused by
the reverse motion of water jets), as well as the holes in the collector wall [14].
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Hydraulic resistance in the near filter zone can increase when water intake
is used due to cementation of the bed with deposits of chemical compounds
contained in water and to mechanical silting-up. Hydraulic resistance may
be additionally caused by overgrowing inlets of the collector (the so-called
cementation of inlets), though this process is usually weaker in radiant water
intakes than in standard (upright) bored wells [187, [19].

In literature there are no data concerning the value of hydraulic resistance
Ahy in level filters of drains. .

By analogy to the level wells, the value of Ak, may be approximately esti-
mated from the Abramow formula:

8pQu
Ah; = 0.01a]/ STInRl %, [m] (10)

where E is equivalent radius of the natural filter formed around the collector;
it depends mainly on the method of water intake construction. According
to OrLos [10]: B =1.0m — at the Ranney method, B = 0.6 m — at the
Fehlmann method, R = 0.25 m — at the Preussag method.

The value of Ak, in formula (9) is the sum of hydraulic losses due to a flow
of water inside the perforated and non-perforated wall segments of the collec-
tors (including hydraulic resistance during the water inflow to the cumulative
well of the intake). Results of field and model investigations obtained so far
presented among others in [6], [7], [15], [16] indicate that in infiltrating
radiant water intakes, the water inflow to collectors is distributed uniformly.
It is probably due to the fact that in sandless zone which forms a natural filter,
the flow of water may be parallel to the axis of collectors. The increased hydraul-
ic resistances of the bottom of infiltration source (silting-up) and that of ground
occurring at higher inflow rate, which reduce the possibility of considerable
increase of unit intensity of water inflow above the average values for col-
lectors, are additional factors.

The formulae allowing the calculation of the value of Ah, have been taken
from papers [11], [12], [14] in which the problem of hydraulic calculation of
perforated collectors has been discussed in detail. For a unifrom distribution
of water inflow intensities along the collectors perforated with round holes,
these formulae take the following forms:

27,

k
l17.18ro+[0.0106¢°‘413+0.11( = 40.282¢>4
Ahy =

1160.7r3n?

106.767,vn

0.25
5 ) B] L4341,

i 1160.7r;n®

Q> [m] (1)




92 A. Korowskr et al. ..J

where 2 is linear resistance coefficient of the collector prior to its perforation.
The value of coefficient A may be calculated by means of the Altszul formula

[14]:

k 106.767,vn \**°
=0l h——2 ) 12
(27'0 + Qu ) ( )
3. FORMULATION OF PROBLEM AND DESCRIPTION —

OF ALGORITHM

The problem consists in determining with assumed exactness the efficiency
Q,, of infiltrating radiant water intake for the given values of depression s, in
the cumulative well according to the formulae of Razumow [1], Surow [5],
and Maciejewski [8]. Structure of the intake and hydrogeological conditions
are defined. The initial equation has the form:

a) general:
s = Ahg+A4hg— s, = 0, (13)
b) detailed:
(by +b2)QfL+Ol(S,R,JlI)Qu +d1Q?[5_8p =0 (1’:TJ
where:
17.18r,+0.0106¢"*"*1
e T PODPT %, (14a)
1160.775n
k 106.76 0.25
0.11 (0.282¢74 + = 4 N g s,
by = £t u (14D)
2 1160.7r3n° ’
Oys,rumy — coefficients calculated individually:

a) Cys) according to the Surow formula:

(0]
-2 (157]

C
18) aC’nlf kfp !

b) Cyg according to the Razumow formula:

- |
19U+ ”T 1T,
Comn — 16
Lo 2.73%,l,m ’ =




Efficiency of radiant water intakes 93

¢) Cyar) according to the Maciejewski formula:

zOAO
Cymy = 17
1(M1) 5.4k,lfn°'“H?,;12r3-” ’ ( )
d, = 0.004 ]/ 5
1 = 000V ket )

In order to solve equation (14), the Newton method of determining zero
places of function has been used. Computational algorithm is shown in fig. 2.
Tt allows us to determine efficiency @, of the water intake and analytical depres-
sion s for the assigned apparent depression s, in the cumulative well, using
the formulae of Surow, Razumow and Maciejewski completed with formulae

(10) and (11).

Data reading
sp,n,(p,|mrmcf,o,kz,z,0,p,k,,kfo, H., max iteration number, precision

of caleulations

Calculate
1,C15,C1r3Cqm2d4

Solve the equation:
by Q4+ Ciis,rm) QuSp0

=

Calculate: b

Calculate: o
F(Qy)= (bsz)QS'Cus,P,M)'Qu’df Qu-sp

T >iterat

N<eXact,

Calculate
Ahps Ah g, Bhgs8hy,s

Calculate : b5(Qy)

Results printed
[ Qu, Ahy, Ay, Ah, Bh,,8,3 Calculate : F'(Qu)
- Calculate F:(
@ Qw0 F(,)
7

Tig. 2. Algorithm of the ,DREN” program
Rys. 2. Algorytm programu ,DREN”
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The denotations used in algorithm are identical with those used in the
text and letter indexes correspond to: § — the Surow formulae, B — the Razu-
mow formulae, M — the Maciejewski formula, respectively.

Bagsed on the algorithm (fig. 2), the “DREN” program in the Fortran lan-
guage for a digital computer Odra 1300 has been formulated.

4. AN EXAMPLE OF THE “DREN” PROGRAM APPLICATION

i}

In order to check the usefulness of the developed methods for determining
the basic characteristic of the efficiency of infiltrating radiant water intakes,
numerical calculations s, = f(@,) have been performed for testing data of the
Warsaw radiant water intake ‘“Gruba Kafka”.

Data: H, =29.2m,k, = 3.5 x10-*m/s, &y = 3.0 x10~*m/s, I, = 79.1m,
ly =13.4m,n = 15 collectors,r, = 0.147Tm,p =32%,2 = 6.7m, D = 13.8m,
k, =1.0x102*m,a =12.0, R = 1.0 m, » = 1.306 X10~%m?[s, s, =1.0,2.0,
3.0, 4.0,5.0,6.0,and 7.0 m. Results are shown in fig. 3.

Some results of field measurements of the efficiency of the Warsaw radiant
water intake have been published in paper [17]. From July 21 till November
11, 1971, mean efficiency @, of the intake amounted to 1.435 m3/s at average
apparent depression s, = 6.43 m.
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: I 1IN
s,sp[[m] ® obtained from the measurements performed at the Warsaw intake “Gruba Kaska™ —

Fig. 3. Graphical interpretation of numerical calculations of the efficiency characteristic
of the radiant intake in Warsaw '

S — according to the Surow formula, M — according to the Maciejewski formula, R — according to the Razumow
formula

Rys. 3. Graficzna interpretacja wynikéw obliczerni numerycznych charakterystyki
wydajnosei ujecia promienistego w Warszawie
8 — wedlug wzoru Surowa, M — wedlug wzoru Maciejewskiego, R — wedlug wzoru Razumowa
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By applying the “DREN” program for s, = 6.43 m, the following results
have been obtained:
a) losses of energy Ah, and 4hs(s, = s) not included:

according to the Surow formula @, = 1.590 m3/s,

according to the Maciejewski formula @, = 1.760 m3/s,

according to the Razumow formula @, = 0.755 m3/s;
b) losses of energy 4h, and A4h; included:

according to the Surow formula @, = 1.350m3/s,
e according to the Maciejewski formula @, = 1.495 m3/s,

according to the Razumow formula @, = 0.710 m3/s.
When hydraulic losses of the collectors were not taken into account, the
discrepancies between the results of calculations according to the formulae
of Surow, Maciejewski and Razumow and the results of pumpings are conside-
rable, ranging from — 47.49% to 423 %. If, however, these losses were included,
the differences varied from ca —509%, for the Razumow formula and —5.99,
for the Surow formula to +4.2 9 for the Maciejewski formula. Thus, the formu-
lae of Surow and Maciejewski, completed with the formulae (10) and (11),
may be regarded as being appropriate for the conditions of the Warsaw intake.
The presented results of calculations and comparisons indicate a significant
effect of hydraulic losses 4h; and 4hg on the efficiency of the infiltrating radiant
intake. Under similar hydrogeological conditions this effect will be the higher
e smaller the average diameter of the collectors and the greater their length
[4], [13]. The calculated values should be compared with the results of field
calculations made for this type water intakes.

5. CONCLUSIONS

The present paper allows us to draw the following conclusions:

1. If calculations of the efficiency of infiltrating radiant water intakes
are based on the known to-day hydrogeological formulae and the loss of energy
in the collectors is taken into account, then the results obtained are close
to the measurement data. It must be stated, however, that basic differences
tween the results of calculations and measurements are not so much due
to disregarding hydraulic losses in the collectors as to the application of not
suitable hydrogeological formula in given conditions. In this case the data
achieved may be successfully corrected by introducing losses 4h, and Ah, if
the calculations were carried out according to suitably chosen formula.

2. The worked out hitherto formulae for calculation of hydrogeological
infiltrating radiant water intakes are far from being perfect because of simpli-
fication as well as difficulties in analytical solution of this problem. Thus investi-
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gations on physical models should be continued in order to describe in a more
detailed way the phenomena accompanying the drawing of water from radiant
intake and to give the adequate formula. Such investigations have been under-
taken in the Institute of Environment Protection Engineering of the Technical
University of Wroctaw.
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OKRESLANIE WYDAJNOSCI PROMIENISTYCH UJEC WODY
Z UWZGLEDNIENIEM STRAT ENERGETYCZNYCH W ZBIERACZACH

Przedstawiono metode, ktéra pozwala uwzglednié w obliczeniu podstawowej chara-
kterystyki wydajnosci ujeé¢ promienistych wody infiltracyjne;j straty energetyczne powsta-
jace w zbieraczach. Zaprezentowano algorytm obliczed numerycznych wedlug metody
Newtona. Na podstawie tego algorytmu opracowano program ,DREN” w jezyku Fortran
na maszyng cyfrowsg serii Odra 1300. Zamieszczono przyklad zastosowania obliczen sp
= f(Qu) dla okreslenia wydajnosci ujecia promienistego w Warszawie. Stwierdzono, ze
uwzglednienie strat energetycznych w zbieraczach przy obliczaniu wydajnoseci infiltracyj-
nych ujeé promienistych wody na podstawie wzoréw Surowa i Maciejewskiego zbliza uzy-
skane rezultaty do rzeczywistych.

DIE BESTIMMUNG DER FILTERBRUNNENERGIEBIGKEIT
L_ MIT BERUCKSICHTIGUNG VON ENERGIEVERLUST IN DEN ROHREN

In dem hier besprochenen Verfahren werden die in den Rohren entstandenen Energie-
verluste in die Berechnung der Filterbrunnenergiebigkeit miteingezogen. Der Algorithmus
fiir die Computerberechnungen wird mit Hilfe der Newtonschen Methode aufgebaut. Dieser
Algorithmus wird als Stiitzpunkt fiir die Bearbeitung des Programmes DREN in der Mas-
chinensprache Fortran angewendet. Das hier besprochene Beispiel bezieht sich auf die
Bestimmung der Ergiebigkeit eines Warschauer Filterbrunnens. In den Berechnungen
werden die Surovschen und Maciejewskischen Formeln ausgeniitzt. Es wird festgestellt,
daB die Beriicksichtigung der in den Filterrohren entstandenen Energieverluste die Erge-
bnisse der so durchgefiihrten Berechnungen zu jenen der Wasserforderung annihern.

OITPENEJIEHUE TTPOM3BOAUTEJIBHOCTU PAZIMAJIBHBIX BOZIO3ABOPOB
C VUYETOM DHEPIETMYECKUX ITOTEPH B BOJOCBOPHUKAX

Tlpenmosxen MeTon y4éTa SHEPIETHYECKHX MOTEPH, BOSHUKAIONX B BOIOCOOpHUKAX, B pacuéTe oC-
HOBHBIX II2PaMETPOB IPOM3BOMUTENBHOCTH PaIHATBHEIX BOL03a60POB HE(DMILTPAHOHHON BogsL. Ilpen-~
CTaBJICH aNrOPUTM YHCICHHBIX PAaCI€TOB IO Meroqy HBIOTOHA, HA OCHOBE KOTOpOro paspaboTana mpo-
rpamma ,,JIpen” Ha s3pike POPTPAH st mudpoBoil BHMECIHTENBHON MALINHED OJPA 1300. Ilpu-
BEINEH IpHMeEp IPUMEHEHHS pPaCYETOB sp = f(Q,) B ompeeneHAW NPOW3BOIUTEIbHOCTH pan@anbHOro
Bozo3abopa B Bapmape. OTMEYEHO, YTO YYET SHEPreTHYCCKHX NOTepk B BOAOCOOPHHKAX IIPH pacuére
OPOE3BOAUTENLHOCTH PaUAIBHBIX HHOUITbTPAIIMOHHEIX BOL03a60POB Ha OCHOBE dopmyn Cyposay Ma-
LEEBCKOTO NPUOIIKAET TONyYCHHBIE Pe3yJbTATH K DPe3y/bTATAM HACHCTAHHMIL.
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