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ABSTRACT:

The present work aims to improve the results offered by the
application of classic formulas for the calculation of free
lines, taking account of the differences observed in the
engineering practice with the implementation of those. In
this way, the author proposes twelve new formulas to
calculate these channels according to the different frictions,
together with a multiple model of universal application.

The methodology is based on the testing of statistical
hypotheses which probably constitutes the most fertile
contribution of the statistical-mathematical methods to
accept o to refuse hypothesis and theories in any scientific
field that has to be contrasted to reality, and also to solve
less scientific but of undoubted practical value problems as
those involved in Hydrology and Hydraulics.

All these considerations were already taken into account by
the author in his previous book called “Five themes of
Hydrology and Hydraulics” in which in Chapter I, several
formulas for the calculus in free conductions were used
following the statistical methodology. Those formulas are
now the basis to calculate new ones adapted to forced, or
under pressure, conductions. In this case the author is not
using a unique formula, but he proposes a different one for
each type of material, in order to achieve more accurate
calculations. The formulas are established in accordance
with six categories of roughness and five intermediate.

To reinforce this line of work, a test was performed in three
different pipes (PVC, HDPE and asbestos-cement),
studying the theoretical values of a group of hydraulic
parameters both with universal used formulas and with
those here proposed. The experiment clearly showed that
these formulas gave better results in the calculus and the
measuring of the real values for forced conductions.

Keywords: channel, hydraulic radio, flow, pressure, speed,
head loss, formula and pipeline.

RESUMEN:

En el presente trabajo se propone mejorar los resultados
ofrecidos por la aplicacién de las férmulas clasicas para el célculo
de las conducciones libres y forzadas, habida cuenta de las
diferencias que se observan en la practica ingenieril con la
aplicacion de aquellas. Y asi, se proponen por el autor 12 nuevas
formulas para el calculo de las conducciones libres, segun las
diferentes categorias de rugosidad, junto con un modelo multiple
de aplicacion universal.

La metodologia se basa en la contrastacion de hipétesis
estadisticas que constituye, probablemente, la aportacion mas
fecunda de los métodos estadistico-mateméticos para aceptar o
rechazar hipétesis y teorias en cualquier campo cientifico que
hayan de contrastarse con la realidad, o también para resolver
problemas menos cientificos pero de indudable valor préctico,
cual es el caso de los que se plantean en la Hidrologia y en la
Hidraulica.

Todas estas consideraciones ya fueron tenidas en cuenta por
este autor en su libro titulado “Cinco temas de Hidrologia e
Hidraulica”, donde siguiendo precisamente la metodologia
estadistica se elaboraron, en el Capitulo | de aquella obra,
diversas formulaciones para el calculo de las conducciones libres
que ahora serviran de base para otras propuestas de formulacion
para el calculo de las conducciones forzadas o a presion.
Concretamente, en este caso el autor no dispone de una Unica
formula, sino que propugna una diferente para cada tipo de
material, con el objetivo de que los célculos sean mas exactos.
Las formulas se establecen segun seis categorias diferentes de
rugosidad y cinco intermedias.

Asi mismo, se realizd una prueba experimental con tres tuberias
diferentes (de PVC, PEAD y amianto-cemento), cuyos parametros
hidraulicos fueron calculados por aplicacién de diversas formulas
universalmente reconocidas. No obstante, los resultados
obtenidos de la experiencia realizada en las tres tuberias citadas
ponen de manifiesto, una vez mas, la bondad de la formulacion
que aqui se propone para el calculo y dimensionamiento de las
conducciones forzadas o a presion, que superé ampliamente a las
demas en cuanto a su aproximacién a los valores realmente
obtenidos, como puede comprobarse.
Palabras clave: canal, radio hidraulico, caudal,
velocidad, pérdida de carga, férmula, tuberia.
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1.- INTRODUCTION

When dimensioning open pipes, the found values of the average speed V and the circulating flow Q
corresponding to a given motor slope I, for different hydraulic average radii R, result in the calculation
differences obtained using the classical formulas of Bazin, Ganguillet and Kiitter, the simplified one by
Kiitter, Biel, Forchheimer, Manning-Strickler and Koeschlin, raise serious doubts for the resolution of
ordinary cases that arise in engineering practice. Possibly, the revision of these formulas would lose
interest some time ago, since it was apparently a solved problem; On the other hand, we will dispense
with an exhaustive review of the same: expression of their equations, justification, range of validity,
coefficients, application cases ..., for obvious reasons of space. Of course, it is not intended to question
here the validity of these formulations, which are universally recognized, although we do consider it
necessary to develop our own formulations that statistically subsume the most relevant factors of the
previous ones, while, through the coefficient de Fanning [1], facilitate its resolution for each of the twelve
roughness categories considered (simple transformation) or for all of them together (multiple
transformation).

2.- NEW FORMULAS FOR THE CALCULATION OF FREE DUCTS

In this way, once the corresponding calculation has been carried out, ten tables have been prepared (two
for each of the five formulas studied, namely: Ganguillet and Kiitter simplified, Manning-Strickler, Bazin,
Koeschlin and Forchheimer) and another corresponding to the coefficient Fanning average, with different
values of the Fanning coefficient A for each of them depending on the two independent or explanatory
variables of the problem: the degree of roughness of the walls and bottom K and the hydraulic average
radius R. See tables 1-10 in additional document.

Next, the 12 different categories of roughness are established or defined (see table 12 in an additional
document) and the mean de of each box is calculated (obtaining the arithmetic mean of the five
homologous values using the corresponding spreadsheet). See table 11 in additional document.

For this, the different nature of the walls and the flooring of the open channels that are contemplated in
the expressed formulations have been taken into account. In this way, a new table remains that
summarizes, in one, the five classic formulations expressed.

The non-linear adjustment of each column (roughness) is calculated by means of the method of ordinary
least squares (OLS) as a function of R, that is, obtaining the function: A = f (R), for each category of
roughness. There will then be 12 least squares adjustments obtained by nonlinear regression. The trend
lines, affected with their corresponding coefficients of co causality such as r>, which is the determination
or critical coefficient (which is very high in all cases, producing practically perfect correlations), as well
as by the value of the “F” statistic They can be seen in table 13 of the additional document.

From this table we can deduce, in all the cases contemplated, fully satisfactory results.

In fact, the analyzed functional form has the analytical configuration:

A =AR“=¢eB R where “A” is a constant and “e” is the base of the neperian or natural logarithms.

The speed formula is then applied and simplified:

2g 2gRI
v= 28 JRi= 2R
A A

substituting the value obtained from: A = f (R), which will leave 12 formulas (1 for each roughness
category) as a function of R and I. They are the universal formulas proposed by this author.

In any case, for the 12 categories of roughness (1-12), substituting the values obtained, the following
potential velocity functions will be had for each case. In the same way, for all cases, the direct use of the
formula that offers the flow: Q = SV, and / or substituting the value of the average hydraulic radius for: R
= S / ¢, where ¢ is the wet contour or perimeter of the channel in question. Thus, the following
expressions will be obtained:



K V (m/s) Q (m%s)

1 —o.ooiiﬁ __ =86.85R°?F" 86.85 ¢ R16215 [03
2 ,/—0‘003251;1_0‘2691 =78.29 R*#5 % 78.29 ¢ R163455 05
3 ,/ﬁ =70.02 R**0 % 70.02 ¢ R16476 103
4 J(m‘ff% =63.92 R 63.92 ¢ R165% [05
5 \/0'00622‘%% =56.24 R*** % 56.24 ¢ R1-6654 105
6 o,oozgg% =49.51 R™71% 49.5] ¢ RT3 03
7 ﬁ =43.85 R**®*F % 43.85 ¢ R109325 105
8 1/ 0 0132;%1;1 o =384 R 38.40 ¢ R19%7 105
9 \/W =31.55R*"*1* 31.55 ¢ RIS 03
10 ,/ 0 02628gI;I 5 =27.05 R 27.05 ¢RI 03
n \/W =23.21 R*7"1% 23.21 ¢ RITI66 105
12 ,/ﬁ =19.53R"7"*1%° 19.53 ¢ R17192 105

Tabla 14. Proposed formulas for speed and flow.

Multivariate formulas have also been deduced for the calculation of speeds and flows, obtaining, for each

assumption:

- Roughness categories from 1 to 12 (general approximation):

V=

29oRI -
\/R-o,sssoe-ags388+oz674x1< _ 4.43\/1 R 1-3599,6.3388-02674<K

- Roughness categories from 1 to 6 (fine approximation):

V=

2RI

R -0.30066-6.1766+0.2185><K

-

— 443\/1 R1.300666.1766—0.2185><K

- Roughness categories from 7 to 12 (fine approximation):

V=

2gRI

-0.4112 _-6.8639+0.3236xK
R e

_

— 4_43\/1 R 4112 5 6:8639-0.3236xK




The flow of the pipe, on the other hand, depending on the contour or wet perimeter ¢ (taking into account
that: Q=S - V, R =S/ ¢), will be given by the following expressions:

- Roughness categories from 1 to 12 (general approximation):

1.3559 _6.3388-0.2674 xK 0.5 1.67795 3.1694-0.1337 xK
Q =4.43 ReVIR ¥ K — 443 IR K

- Roughness categories from 1 to 6 (fine approximation):

Q — 443 RC '\/I Rl.3006eﬁ.1766—0.2185 xK — 443 CIO,5R1.650363.0883 -0.10925 xK )

- Roughness categories from 7 to 12 (fine approximation):

Q — 443 RC\/I R1.411266.8639—0.3236><K — 443 CIO.SR1.705663.43195—0.1618 xK )

3.- NEW FORMULAS FOR THE CALCULATION OF FORZED DUCTS
3.1.- BACKGROUND

A more exhaustive explanation in this regard can be seen in “additional web material”.
3.2.- METHODS

It should be borne in mind that a relatively high number of formulations or tests should be handled, since
the approximation will ordinarily grow with their number. And despite the irregular behavior of certain
formulations or individual results (“outliers™), the average results, in long successions of experiences or
formulations applied to solving the same problem, show surprising regularity [4].

In the case of forced or pressurized conduits, there are also disparate results in practice, depending on the
formulation used. Well, identical formulations to those proposed by this author in the case of free pipes
can be applied, with the corresponding corrections, in the calculation and design of forced pipes. For this,
the formulas corresponding to the first 6 categories of roughness of free pipes have been used, and they
are expressed below in the following table, depending on the tube material and for pipes used or in
service.

These formulas, which can be applied independently of the hydraulic regime and the Reynolds number
(Re) that characterizes the flow, will adopt the general configuration: V = K- RP - J%° in which the speed
(m/s) depending on the hydraulic radius (m) and the loss of unit pressure (m/ml). See table 15 of the
additional document.

The previous formulation, however, is more practical to apply depending on the internal diameter (m) of
the pipe and the flow (m?/s) circulating through it, so, for the basic case studied (pipe in used or used), we
would have, correlatively, the following expressions from table 16, in which the unit of pressure drop
(m/m) has also been cleared and the intermediate formulas obtained by linear interpolation have been
included:



Roughness v Q J

(k) (mls) (m¥/s) (m/m)

1.0 36.69 D0.6215 J0.5 28.82 D2.6215 J0.5 0.000743 V2 D-1.243
15 34.59 Do-62802 JO5 27.16 D262802 Jo5 0.000845 V2 D-1:256
2.0 32.48 D0.63455 J0.5 25.51 D2.63455 J0.5 0.000948 V2 D-1.2691
25 30.51 Do-6411 Jos 23.96 D241 J05 0.001088 V2 D-1-2821
3.0 28.53 DO-6476 Jo5 22.41 D26476 J05 0.001229 V2 D-1.2952
35 27.14 DO-6516 JO5 21.32 D26516 Jos 0.001368 V2 D-1.3032
4.0 25.76 D0-6556 Jo5 20.23 D26556 Jo5 0.001507 V2 D-1.3112
45 24.06 DO-6605 JO5 18.89 D26605 J05 0.001753 2 D131
5.0 22.36 D0.6654 J0.5 17.56 D2.6654 J0.5 0.002 V2 D-1.3308
55 20.86 DO6713 Jo5 16.38 D26713 J05 0.002334 \/2 D-1:3426
6.0 19.36 D0.67725 J0.5 15.21 D2.67725 J0.5 0.002668 V2 D-1.3545

Source: self made.
Table 16. Proposed expressions of speed, flow and unit pressure drop for pipes in service.

These values should be multiplied by the relative roughness coefficients: o, (new tubes) or o (semi-new
tubes), defined by the author of this paper, if you want to refer to these new states of service or use.
Likewise, according to the use or aging of the inner wall of the pipe, the adoption of the following
corrections is proposed, which takes into account the evolution of the hydraulic radius:

For new pipes ->K”=K"-w
For semi-new pipes —» K’ =K - oy

The estimated values of these relative roughness coefficients, o; and o, are set forth in table 17 of the
additional document, for pipes subjected to normal wear, together with the absolute coefficients Ko, K;
and K.

The proposed formulations have the advantage that, as in free conductions, the exponent of the J is, in all

cases: 1:0_5 (however, this exponent, in relation to speed, can go from 0.5 in turbulent regime,

V=

which is the most normal, up to 1.0 in laminar regime); also in the explicit formula of J the exponent of
the velocity V is m = 2.00, while the exponent of the internal diameter 3 increases progressively with the
degree of roughness k, from 0.6215 to 0.67725.

In this same order of ideas, we can also use the multivariate expression obtained for free conductions, of
the type k € (1,6); which would offer an average speed (m/s) of:

V=443 e3A0883-0A1093 -k ROA6503 JOAS

The methodology to apply is fundamentally statistical. The goodness or adjustment of the formulations
that we propose becomes evident if they are compared with the results that other current formulas
applicable to the case offer. Thus, for example, in the case of a cast iron pipe in service, the flow rates
(expressed in 1/s) that can be seen in table 18 would be obtained comparatively.

From the contemplation of said table it follows that the new formulation that we propose offers
intermediate values for the used tubes, in all cases, as previously noted, and closer to the average value. A
more illustrative and exact vision about the differences or "discrepancies" between the values calculated
with each formulation and the mean of all of them, for each case, as well as the comparison with the
"mean deviation from the arithmetic mean", can be seen in table 19, where in each box these

discrepancies have been noted, that is, the values: (g, — a ). The absolute mean deviation in relation to the

arithmetic mean (which is minimal in relation to the median) will be given, in the last column of the

previous table, by the expression:
5606

z ‘qi - Q‘

DM ==L —
566

each case. To score the goodness of the approximation measure to the arithmetic mean, anyone who

meets the condition is considered as “anomalous data” or “outlier”: | qi -q |> DM. Thus, in the last row

, and represents a measure of absolute dispersion of the hydraulic variable "flow", for

of the previous table, the number of outliers (abnormal results or "non-compliances") of each of the
formulas studied has been indicated. The result thus obtained allows us to order these formulations due to



their greater credibility due to their discrepancy in the value of the “arithmetic mean” of all of them,
ultimately resulting in the following ranking in order of best to worst:

FRANQUET (0 outliers).
HAZEN-WILLIAMS (4 outliers).
BIEGELEISEN-BUKOWSKY (5 outliers).
DARCY (6 outliers).

BIEL (6 outliers, with 2 less tests).
KUTTER (10 outliers).

A

Thus, the formulation resulting from our study has offered, in the 12 cases analyzed, results always below
the absolute mean deviation in relation to the arithmetic mean, exceeding, at a considerable distance, its
own [5], which is be the second best ranked based on these same criteria.

When we intend to compare magnitudes expressed in different units or in different situations, to be able
to compare them we will have to make them homogeneous, and this process of homogenization of the
different magnitudes requires their “typification” or “normalization”. Once the corresponding calculations
have been carried out, table 20 has been prepared.

If we now compare the results offered by the sum of the absolute values of the typified variable for each
formulation, it is observed that similar conclusions remain with those obtained by the application of the
concept of "measure of approximation to the arithmetic mean". The formulation proposed in our work
[6,7] continues to be the best, the [8] slightly exceeds that of Hazen-Williams and it should also be noted
that the formulation of [9] has 2 less tests than to be performed They would undoubtedly worsen their
results. As almost always, in short, the worst results are obtained by the formulations [10,11].
Subsequently, the confidence limits for the mean p of the population of flows have been established in the
event that the variance of the population of flows (measured empirically and / or estimated from a large
number of “ad hoc” formulas) is unknown, as is the case at hand. Calculations have been made for the 12
cases, with a confidence level of 95%. To find the standardized value of the series, we will look in the t-
Student table for a probability level of:

0.95+ 0.05 =0.975, with 4 d.f. for the first two cases and 5 d.f. for the remaining 10.
2

Finally, to score the goodness of the formulations studied, table 21 has been prepared, in the last row of
which the number of “non-compliances” or “rejections” appears, while in the last column the number of
acceptances of each one of the 12 cases analyzed. On the 70 tests or situations, a total of 47 acceptances
and 23 rejections are recorded, that is:

a7 % 100 = 67% (acceptances) and 33% (rejections).
70

Also, the result of this new statistical analysis allows the previous formulations to be ordered by their
highest degree of credibility, taking into account their 95% confidence interval, resulting, in short, in the
following ranking in order of best to worst of the formulas in question:

FRANQUET (0 outliers)
BIEGELEISEN-BUKOWSKY (2 outliers)
HAZEN-WILLIAMS (3 outliers)

BIEL (3 outliers, with 2 less test or experiences)
DARCY (7 outliers)

KUTTER (8 outliers)

SAINAIE o e

Note that the results obtained from this new analysis give a classification quite similar to that resulting
from the study of "discrepancies" between the values of the flows calculated with each formulation and
the mean of all of them, for each of the 12 assumptions contemplated; although here, as has also been
deduced from the study of the typing of the “flow” variable, the formulation of Biegeleisen-Bukowsky
slightly surpasses that of Hazen-Williams. In addition, and this involves a certain perfectionist logic, its
goodness undergoes a clear chronological progression.

It should be noted that both analyzes have started from the randomly chosen practical assumption
proposed in the work [12], p. 138 and his appendix pp. 610-614, so it is not possible to suspect in this



regard the carrying out of any type of manipulation or prior “adaptation” of the data or of the results
obtained.

Finally, the study for new cast tubes has been repeated, replacing the first two formulations (Biel and
Biegeleisen-Bukowsky) with [13,14]. The result thus obtained allows us to order these formulations due
to their greater credibility due to their discrepancy in the value of the “arithmetic mean” of all of them,
ultimately resulting in the following ranking in order of best to worst:

FRANQUET: (0 outliers).

LANG: (5 outliers).
HAZEN-WILLIAMS: (6 outliers).
KUTTER: (6 outliers).

DARCY: (7 outliers).

LEVY: (11 outliers).

AN

Thus, the formulation derived from our study has offered, in the 12 cases analyzed, results always below
the absolute mean deviation in relation to the arithmetic mean, surpassing, by a considerable distance,
Lang's own, which turns out to be the second best. The typing and testing of hypotheses of the variable
"flow" also offer totally favorable results for the proposed formulation.

3.3.- MATERIALS AND EXPERIMENTAL TEST

The test we carried out attempted to reflect the different comparisons between the theoretical data,
obtained by the application of some of the different usual calculation formulas, and the practical data
obtained by measurements carried out "in situ" in three pipes of POLYVINYL CHLORIDE (37 m and 56
mm inner diameter), HIGH DENSITY POLYETHYLENE (316 m and 113 mm inner diameter) and
ASBESTOS CEMENT (95 m and 50 mm inner diameter) of the drinking water distribution network of
the city of Tortosa (Tarragona, Spain) and different diameters. The precise data was provided by the
Municipal Company of Public Services, S. L., of public capital in its entirety, which managed the
corresponding drinking water supply service in said city, directly and efficiently. The PVC pipe was
experimental and was expressly installed at the exit of one of the population's supply tanks in order to be
able to carry out the corresponding calculations and deductions.

Next, the location plans of the other two pipes, which are part of the urban fabric of said city, are
attached.
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Figure 1. HDPE pipe (high-density polyethylene).
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Figure 2. Asbestos cement piper.

A more exhaustive explanation of the materials and procedure used in this trial can be seen in “additional
web material”.

3.4.- RESULTS

Subsequently, the comparison of the results obtained according to the materials was carried out depending
on the average of the difference between the theoretical pressure that is deduced from the different
formulations (adding to the loss of continuous pressure 15% for losses singular load of the network) and
the one actually obtained, for each of the three pipes under study. For this, the corresponding tables and
graphs in number of 25 were prepared, a sample of which can be seen in table and graph 22 referring to
the Manning-Strickler-Gaukler formulation for the HDPE pipe, resulting in the following:

a) PEAD:

e Darcy-Weisbach's formula = -3.2883

e Blasius-Flamant's formula = -3.2890

e  Manning-Strickler's formula = -3.6326

e Kiitter's formula = -1.1048

e Hazen-Williams formula = -3.0870

e Scobey's formula = -2.2102

e Franquet's formula = 1.121 (1.5276)

The formulas closest to the reality of our pipes, as can be verified, are that of Kiitter and the one proposed
here by Franquet, although one is by excess and the other by default.

b) PVC:

e Darcy-Weisbach's formula = 0.3757
e Blasius-Flamant's formula = 0.4418
e  Manning-Strickler's formula = 0.7108
e Kiitter's formula = 2.3454
e Hazen-Williams formula = 0.4358
e Scobey's formula = 0.7130
e Franquet's formula = 0.6860



In this case, the formula that is closest to the result obtained in practice is that of Darcy-Weisbach.

¢) ASBESTOS CEMENT:

e Darcy-Weisbach's formula = -3.4635
e Scimemi's formula = -4.6413
e Blasius-Flamant's formula = 1.2562
e  Manning-Strickler's formula = 12.0355
e Kiitter's formula = 3.6701
e Hazen-Williams formula = 2.5505
e Scobey's formula = 3.2267
e  Meyer-Peter's formula = 0.3240 (0.5685)
e Ludin's formula = -2.1607
e  Stucky's formula = 2.9099
e Franquet's formula = 1.9583

In the latter case, the closest formula to the sampling is that of Meyer-Peter, which is a special formula for
calculating asbestos cement pipes. Those of [15] and Franquet also offer good results. However, those of
von Ludin, Scimemi and Stucky [16] are also special for asbestos cement, but do not give as good results,
as can be seen.

Comparing the discrepancies of the values resulting from the application of the 7 previous formulas for
the 3 pipes analyzed, in relation to the values actually obtained from the head losses, the joint results of
table 23 are obtained.

Finally, to assess whether there are significant differences between the distribution of the values of the
total pressure losses obtained by application of the 7 different formulas studied and the distribution
actually measured, it is convenient to test the hypothesis at the significance level of the 0.10. In this
regard, we recommend consulting Annex 3 of our book [6] regarding the “Chi-Square” statistical test (p.
562 and following).

In our case, the critical value of 2099 Will take into account the number of categories or classes for each
test (8 for PVC pipe, 7 for HDPE and 6 for asbestos cement), with one less unit for the number degrees of
freedom (d.f.). That is:

%000 (7 d.£)=12.0 (PVC) ;%10 (7 d.f.) =2.83 (PVC)
%2090 (6 d.£.)=10.6 (HDPE) ; %%.10 (6 d.f.) = 2.20 (HDPE)
v2090 (5d.£)=9.24 (ASB) ;%%.10(5 d.f)=1.61 (ASB)

In any case, also the hypothesis test or test x? fully confirms the goodness of the formulation proposed
here for calculating pressure pipes.

4.- CONCLUSIONS

The consideration of 12 categories of roughness (K) of walls and screed in free conduits allows the
calculation engineer to apply non-integer or intermediate values to this parameter between 2 correlative
categories, with which the margin of maneuver is greatly expanded.

Already in the case of forced or pressure pipes, it is confirmed that the formulation proposed here is the
one that offers the most confidence from the statistical point of view, comparing it with other 5
formulations of usual use in the hydraulic dimensioning of pipes and water distribution networks
agricultural, industrial or urban, achieving, with sufficient and expressive clarity, better results than any
of them.

Lastly, the results obtained from the experimental test carried out on three pipes made of polyethylene,
polyvinyl chloride and asbestos cement show, once again, the goodness of the formulation proposed here
for the calculation and dimensioning of forced pipes, since it is the one that offers the smallest
discrepancies between the values observed in the test and the theoretical ones.
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ANNEX
NEW PROPOSED FORMULATIONS FOR THE
CALCULATION OF HYDRAULIC CONDUCTIONS
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Table 1. Ganguillet-Kiitter formulation (simplified). Values of C.
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Table 2. Ganguillet-Kiitter formulation (simplified). Values of 1.

12



O08F8'0L |€6vGZ 6l |80vOv ¢ |06956 92 |cL969EE [9860S'8E [€L8267F [LBELE'ES [92Z6E™/9 [/8¥B82'6. [6Z089'€0L[LSPRLVEL
6550901 |28Z/68l |8/0vLcc |G689G9Z |6LLLZEE |S9SS6'LE [PSL8C vy [06/€1'€S [8eczr'99 |P8evL's. [/188L°20L [9/vvBCEL
00bFE 9L |988/9'8l |66L6L°1C |0P0SL'9Z [00889CE [2Z/GE'.E [96E8SEV [LBO0EZS [109/€'S9 |28ZL6'9. [8€8/5700L [20ZSL0EL
Z9BG0 QL |GBEGEBL |eschv LZ |6£S69GE |pe6ll e |0//01°9€ 19528y [8/06€'LS [/¥8€Z'¥9 |SSw.G'S. [2€828'86 [S69./F'8Ch
9G/v. GL |Lcl66 L) |v/966'0C |60961'GC |CLS6F LE |cv#B6 GE |SVEGG L |8LZ6E0S |£2066C9 |£090L ¥, [S6/06'968 |9¥086'ScTh
OLL0FGL |92109'ZL |6/vES0C |9/1¥9ve [02208'0€ [LGcOT'SE [95690°Ly [csesc’er [0P09'L9 |FoSive. [L6SLLW6 [0880Z'CCl
190L0'GlL |66¥GLZL |PLPLO0Z [86SL0FE [€2L20°0€ [/660€F¥E [92820°0F [96€€0'8y |Stzr009 [908€9'0L [L62/€26 |06¥80°0Z)
ZSL9G 7L |VZIPO9L |9EGLr6L |PPB6ZeC |SOEZL 62 |SPERT'EE [BO0E8'8E [8896G'9F [609¥2'8S |0.¢2S'89 [62609'68 [6L26F 9LL
CL0E0 VL |SPPEOOL |£890.°8L |0Z8YF'ce |S2090'8 [988907¢E [voelv'/E€ [L¥968'%F [LSOZL'9S [20¥20'99 [9L6€€'98 [20LvZeLlL
GGE/E€L |90¥BZ Gl |OFLEB'ZL |69/6€LC |LL/P.OC [¢L89G0E [//299°GE [1€G6.CF |LZv6reS [92ve629 [L/862¢C8 |£7886'901L
0000SZh |LZS8Z Pl |99999°9L |000000C |00000'GC |e¥L/G'8C [OEEEE'EE [00000°0F [00000°0S (e¥eze'8S [00£Z6'9/ [00000'00L
FOE6E 2+ |OLPOL ¥l |PBYZS 9L |286286L |/c2/8.WC |LE8TEBT |/96F0'SE |¥9BSQ'6E |SS¥/S'BY |062ZE'8S |9¥89Z'9/. [B06YL 66
0Sz8¢ Zh |VLZE0'FL |999/€°9L |002S96) |00S9S¥C |62¢/0'8C |0EES/'CE |00POE'6E [000EL'6Y [L666L.G |SSP8SS. [1L009Z'86
0L99L 2L [LLPOB'EL [Sklzz oL [G/SOF'6L |6LZEE¥e |22808'/C [68CkF'CE |0SLE6'8E [8EVOS8r [LlzSe /S |0Z898'%. [9.8TE'/6
PREVOCl |8EV9L' €L |PPBSO9L |PL0/Z6L |/9/80%C [//825°/Z |989LLCE |/20PG'8E [PES/L'8F [8/9/0°9S [€8GLL ¥/ [890SE'96
€0GL6'LL |[8L219°ClL |0/988°GL |GOP90'6L |900£8'€C [9cvez’/Z [Be€//LE [0182L'8E [€L098'L¥ [¥90.0'9S [0zEge'e! |9202€'S6
088Z/'LL |9GLOF'ElL |PLGOLGL |81S¥8'8L [2//GG'€C [LLEZ6'9Z [/20L¥Le |9e269'/€ |SkSLL Ly [G862F SS |€2ssv ¢/ |060£Z'v6
CEVETLL |8E96C €L |cPeLG'SL |e6PL98L |9989Z'€C |S/2659C |G8PC0LE 98622 L€ |2ELES'OF [0/6vL¥S [L8S6S L. |POb.0'EE
1Z08F'LL |SCO0ZL €L |SBO0EGL |vEBOE'8L |EF096CC |6¥OWC 9¢ |88ELO0E [699€/'9E [980Z6'Gh [Sie0'vS [Ov/v9'0L |2iLv8'L6
00SLE'LL |ZVLEGCL |99980°SL |BBEOL'SL |66629CC |S8298'Ge |6¢E/L'0E 662029 |666SZ'SY |SB9¥Z'ES [890£9'69 |/66L506
GJOEL LI [V//22CL |668¥8FL |088L8°LL [0S€/272¢ |[E¥GSY'GZ [/6/69'6Z |[09/€9'GE [669¥S Ty |#LBOFZS |//€€S589 |66£6068
16276 0L |Ge90S ¢l |c906G L |G/80G 2L [#6S887LZ [0GZL0'GZ [22l8lL'6Z |0G/1L0'GE [88LLL°EY [¥Z96k LS [6TLPE L9 |9.E¥G /8
€E0EL 0} {vceoZ el |LLIOETPL [€G8OLZL [/909%'LZ [8¥92Sve |6L¥L9'8C [10/EE€WE |€€LZ6Cy |09S6F 05 [S/2€099 |/9Z¥8'G8
oZver 0L |VVEEB'LL |PEZB6'EL [LBO6. 9L [2S886'0C [88986'cZ |99¥86°/C |€918G'EE [€0//6'Ly [9OvBE6F [666.S 9 [L0VS6 €8
8L82C 0L |GE689'LL |/G/E9°EL |60S9E9L |9£9S¥ O |0/8/€'cZ [2LS/2/C |8L0clee [2/ZLe'0v |vSeeEl '8y |6S2v6'C9 |SPSTa'L8
/12266 |€96EE Ll |9S6ZC €L |8¥S/8'GL |SEPPR'6L |S26/97¢C |0L6SP'OZ |960S.°LE [69889'6E [0S269'9Y [/¥6S0'LY |6ELLE6L
800956 |18GZ6'0L |Z/9V.CL |EL96ZGL |9L0ZL'6L |29LS8'Le |ESE6F'SC |9226G0E [€E0vZ'8E |¥S886'vy |LTLE8'8S |S9081 9.2
£/8/¥'6 |v8CE8'0L [LE8E9ZL [86G9L'GlL [/¥/S6'8L [89G99'Lz [099/2'GZ |S6LEEOE [P6¥L6'ZE [€/S09vy [Z90€€'8S [88628'SL
v/E6€6 |0/SEL'0L [86¥eSch |86620GL [/¥/81'8lL [OFL.v'LZ |¥66P0'SZ [966G0°0E [S6V.G'ZE |SLS0C by [95.08°.S |066%) SL
1/POE'6 |G6EEQ0L |/290F L |€5/88wL |ev609'8L |L6/9C LT |€SZL8vZ [/0G/.'6C [¥88lLZ /€ [6/98L'Cy [696SZ /S [/9/EV'V.
0ZLlz6 |60/250L |09L8ZCL [e6/€/%L [LvZer 8L [8L¥SOLe [61£95FZ [S8S/r'6C [28PY89E [LL9FEEh |82P89'9S [€9689EL
69ZLL'6 |LSyLP 0L |G20SL el |LE08S L |6ESZZ 8L |20628°0¢ |6¥00EWZ |2909L'6Z (810579 [02€88'Ch [9082079S [95L06'CL
GG8006 |67G6C 0L |OvLI0CL |89ELv ¥l |OLZLO'8L |/60650¢C |8/Z20%Z |9€/28'8Z [0ZFPE09E |LLEBE'CY [8LLEF'SS [L¥B90ZL
10868'8 |OL69L 0L |LOV98'LL |289€Z vl |2096/' /L [LEBEE0Z |L08ZL€Z |¥OE.v'9Z [S0z65'SE |€62/8'Ly [v69S.HS [60¥8L LL
¥L08.'8 |SPPEOOL |S890/'LL |€¢8¥O vl |6209SZL |06890°0C |69ELP'EC |9¥960'8C [L50ZLGE |Sc8LE'Ly [09LE0HS [SLIvE 0L
8/€59'8 |p0068'6 |ZEBES LI |G09¥8'€l [ZGZ0E'ZL |8008.°6) |£/9.0€C |LL269'/T [€1LSLOvE [coezL'OF |00FSZ'ES |/C0EZ'69
ov/LC'8 |vebEl'6 |L99GE'LL |£6/C9€l |26¥E0ZL |8¥89¥'6L |OcEllCe |/8SSZ'/Z |€8690'FE |60280°0F [B0SLY'CS [/96€EL'89
809¢08 |99¢/1'6 [c€¥L0Z0L [2/L¥8Zl [S1250'9L [2ESvE'8l [G820¥' Lz [GvE89'SZ [LEWOLZE [LL69LLE |0ZLBE 6F [2980Z #9
¥G88S' . |c9c/98 |S08LLOL |Z9LvLeh |60LZLGL |veSPEZL |0L9ET0Z |PEEST¥e |ZLPSE0E |€Z0LL'GE [B98E9'9F [SEB0.'09
GyB696'0 |80S96'. |6GZ6Z6 |CLLGL'LL |0BSEBEL |LLOE6'SL |8LG8G8L |vZcOEee |6///8'/T |GE/6L'ZE |/8888'CF |B6GGS/'GS
//£08'G |882€9'0 |GE8E./ |€09826 |¥S/09'LL |S/G9T'EL |0/9/¥'GL |902/6°8L [/0Glz'eZ [08LiIE/Z [9vSL/L'GE [PLOSY OF

13

Japjois-bujuuey ap ugloe|NWLIO) B Unbas
o {8) (U/1) =D 30 SFHOTVA

Table 3. Manning-Strickler formulation (simplified). Values of C.



88706900

55982500

00v88€0°0

22169200

ZZ9CLL00

¥9L2ELO0

0016000

0€¥/900°0

GSLEFOO0

0811000

£628100°0

6801000

00804200

90Z¥¥S0'0

GZ866€0°0

95942200

00221070

LG09ELO0

95666000

¥1#6900°0

SZpir00'0

/602£00°0

0//8100°0

90111000

GELEEL00

99219500

92LZiP00

51998200

¥EFESLO0

Lyy0rL00

Z81€0L0°0

¥591200°0

8585000

€ELEE000

G/€6100°0

G9¥LL000

15665200

8£81.850°0

€LvIZP00

95896200

88668100

65bSPL00

29890100

¥129200°0

16%/00°0

LLEPE000

19002000

¥/8L100°0

69€06.00

92150900

£85krr0°0

8E/80€0 0

T

¢6546100

18215100

9rLLLLO0

¥814200°0

86£6¥00°0

069S£00'0

1/80200°0

0SEZL000

82£9280°0

8592£90°0

0L8¥9P00

¥8.22€0 0

78590200

¥918510°0

€029L1L00

96908000

9¥91500°0

PLELE000

02812000

11621000

0886980 0

£008990'0

80£6870 0

/6/6€€00

0/%7/120°0

00599100

12£2210°0

6678000

L9E¥S00°0

L8Z6E00°0

0622000

Z65€L00°0

£9E¥Z60°0

61220400

5661500

6101900

160LEZ00

626921070

68662100

0/20600°0

€41/500°0

FPZLF000

60¥Z00°0

£bri1L00°0

04256600

0r€Z9.0°0

/8009500

67688€0 0

/268%20°0

58506100

Z200v10°0

1£22600°0

Z€TZI00°0

£961700'0

£629200°0

8555100°0

6/856010

ZE06E80 0

ZEV9L90°0

81082100

0./6€/20°0

85/6020°0

80LPSL00

6L0.0L0°0

26789000

9867000

8€68200°0

£2L2100°0

00¥¥S2L'0

00#0960'0

1095000

00006%0 0

00SELEQD

00L0¥20°0

0079100

00522100

00+8400°0

#$99500'0

¥ZLEE0G 0

00961000

€209/21L0

55669/600

¥9.L120°0

Lv86¥00

9006L€£0°0

6E2PYC00

Lr¥6.10°0

ZIopTlo0

16264000

12925000

GBIEE00 0

8E£66100°0

61266210

S1/¥660°0

LL80EL0'0

8052050 0

G08FZEQ0

6/98¥20°0

€0/2810°0

/1892100

10218000

89985000

80€¥E00°0

00£0200°0

00ZFZEL 0

L#8EL0L 0

£98F720°0

99221500

0SOLEE00

09v€£520°0

91298100

9LE6ZL00

£9/28000

9665000

196¥€00°0

16902000

LZZL5ELD

6ZSPE0L O

£9009/0 0

12812500

G08/EE00

2€985200

91006100

SGBLELDD

LS#F8000

91019000

1895€00°0

€111200°0

£6508€L0

910/50L°0

¥869//0°0

PEZ6ES0 0

8rLGPE00

¥5Z¥920°0

SrLr6L00

¥Z8FELO0

/8298000

£rEC900°0

95v9€00°0

Z.51200°0

869ZLPL0

16518010

£F9¥6.0 0

SE8LSS00

G/LESEQ0

660200

19986100

656/€L0°0

6288000

26.£900°0

¥0€/£00°0

£202200°0

9L08¥FL 0

£€9801L1°0

0LGrL800

LEGG9S0'0

¥00Z9€0°0

661//20°0

829€0200

80vL¥LO0

10506000

/8€5900°0

LEZBE00°0

62922000

vSL/8FL0

€098ELL 0

GZSG9€80 0

02608500

68/1/€0°0

15978200

Z16020'0

0€ZSPL00

/626000

65129000

0/Z6€00°0

1£T€T00°0

L060ESL0

96022110

€€11980°0

8008650 0

GZ/28€0°0

¥20£620°0

£825120°0

2056¥L0°0

18956000

0£16900'0

SZv0r00'0

0Z6EC00°0

66208510

91660210

61688800

POELLS00

G/0S6€00

6/¥20£00

0222200

OCEYSLO0

6986000

L9€1L200°0

0£LL$00'0

269v200'0

2998910

oFleSZL 0

08902600

09€6€£90 0

161L60F0°0

/8ZELEQ0

0/10€20°0

0¥865L0°0

86220100

016€£00°0

LZZEP000

¥/SGZ00°0

G/2Z0/1°0

OEEOEL 0

0£52G660°0

15679900

69552¥00

92852£00

€8€6£20'0

8€Z9910°0

Z6€90L0'0

6989.00'0

L56F1700°0

86592000

vZ/6L21°0

L0929¢L 0

S601L00L°0

S025690°0

LEGYPF00

0G90rE0"0

¥/20520°0

L08E/L0°0

€€CLLL00

99€0800°0

96691000

808.200°0

vZGeL8L'0

LLPPERLD

8G8€G0L 0

S¥8LELOD

L8E89Y0 0

#0985£00

GOrE9Z00

19628100

G60/L10°0

Z09¥800'0

£/¥6100°0

72262000

89806610

852F2SL 0

v986LLL°0

€89/210°0

LLLL6¥00

59018€0°0

9966200

LerrBL00

6Zv¥Z1i0'0

00668000

1/52500°0

L0LLE00'0

vESPYLZ 0

606LFSL 0

LOE90ZL 0

80./€80°0

£EL9ES00

/1¥01¥00

9/GL0€0'0

JZy6020°0

€20PEL00

6€896000

62995000

80SEE00'0

L0GL8LE'0

11202810

$60/2210

67125800

G/EGYS00

€66/1+0°0

¥//90€0°0

JE0EL200

yrESEL0'0

60586000

50925000

980¥€00°0

15112220

€180041°0

ZovebeL 0

6£9/980 0

68255500

€7LSZP00

LGEZLEQD

01691200

2288100

6620010'0

£598500°0

90.¥£00'0

G98E9ZZ 0

LIZEELLO

SZYelZL'0

Z2EY880°0

99659500

SLEEEPO0

/S€8LE00

18012200

ZéPLrio0

82220100

08265000

€.€S€00°0

09001€20

0r989.1 0

0L66ZL 0

/9€20600

GLS//500

091L2FF00

€587ZE0'0

26552200

6.£¥7100

7IEFOLO'0

00019000

S609€00'0

¥/209€2°0

680,081 0

GG9/ZEL0

28612600

69006500

1//15%0°0

YLBLEE0'D

S6r0£C0 0

L1G/¥10°0

18690100

92€29000

6.89€00°0

[ A

80167810

62G8SEL 0

ZTrer60'0

06/£0900

11229%00

€€96£€0'0

9585€200

81605100

09060100

G//€9000

LE41£00°0

L¥SS.LPE 0

9EEGH8L 0

£6¥Z6EL 0

800/960°0

58881900

YEBELP00

yCL8yEQ'0

Z5.L¥e00

1Z/¥S10'0

18711100

0/£5900°0

0898€00'0

£SPerSe'0

G9S9¥61 0

LELOEPL'O

9¥LE6600

£195£900

17998700

£€G/SE0°0

9828¥20 0

€0685L0°0

808¥L1L00

JE129000

92/6€00'0

£vC/L9T 0

9Z8E00Z 0

00ZziyL'0

09€2201 0

LLEYG900

15600500

0S089€0°0

0655520 0

8/G€910°0

58181100

21169000

#680%00°0

£691L04C°0

¥85890¢C 0

¥0/6151°0

6¥€SS0L 0

£2¥5/90°0

LZLLLS00

9266.£0°0

JEBEYZ00

95889100

66612100

ZreLL00°0

71227000

ZEIZYOE0

SLS62ET0

Z8rLLLLO

82588110

8590900

6.£28500

1/8/2¥0'0

ZELL6200

79106100

¥BELELDD

SrE£0800°0

LFS.¥00°0

909E0rE 0

9885092 0

0ESFLBL 0

€ES6ZEL 0

1060580 0

L/y1590°0

€£98/¥0'0

€8ECEE00

G2/2120°0

G69E5L0'0

11868000

L8LES000

OrLGEOF 0

601680€ 0

11269220

6229/51°0

98/80010

2GETL.00

v¥¥/950°0

LSOFBEDD

16125200

€1228L0°0

£5590L0°0

670£900°0

GEBELBS 0

9¥0SSPP 0

LB0ELZED

2862.220

60LpSPL0

L9ELLLO

G/Z81L80°0

9¥Z8950°0

LJ9E9E00

85/2920'0

¥G9EGL00

19Pou)S-Duluuey ap ugidoe|NWLIO) B] UNDas

E Bujuued ap 3juUBIIB0D

61606000

Table 4. Manning-Strickler formulation (simplified). Values of 1.
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Table 5. Bazin formulation (simplified). Values of C.
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Table 6. Bazin formulation (simplified). Values of A.
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Table 7. Koeschlin formulation (simplified). Values of C.
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Table 8. Koeschlin formulation (simplified). Values of A.
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Table 9. Forchheimer formulation (simplified). Values of C.
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Table 10. Forchheimer formulation (simplified). Values of A.
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Table 11.1. Average coefficient of Fanning.
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Table 11.2. Average coefficient of Fanning.
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Channel class | Categ. (K) | Roughness Channel typology
1 Very low | Irrigation ditches and pipes
2 “ partially filled.
3 Low Channels lined with
Artificial 4 “ concrete.
Channels 5 Middle-low Channels lined with
6 “ masonry.
7 Middle-high Excavated channels
8 “ (without coat).
9 High Natural channels
Natural 10 “ consolidated.
Channels 11 Very high | Natural channels without
12 “ consolidate (in avenues).

Source: self made.

Table 12. Classification of open channels according to roughness categories.

K 12
(roughness TREND LINE (coefficient of (_jgtermination (Sne decoFr statistic)
category) or critic)

1 A = 0.0026-R0-2430 0.9951 11711.2

2 A =0.0032-R-0-2691 0.9962 15046.2

3 A = 0.0040-R0-2952 0.9963 15526.5

4 A =0.0048-R03112 0.9963 15598.9

5 A =0.0062-R0-3308 0.9960 14263.3

6 A =0.0080-R0-3545 0.9942 10010.6

7 A =0.0102-R0-3665 0.9944 10226.5

8 A =0.0133-R0:3914 0.9922 7333.24

9 A =0.0197-R04166 0.9899 5673.76

10 A =0.0268-R 04222 0.9901 5820.31

11 A =0.0364-R 04322 0.9898 5629.16

12 A = 0.0514-R 04384 0.9902 5834.41

Source: self made.

Table 13. Potential adjustment of the function A = f(R) for each category of roughness.



3.1.- BACKGROUND

Prior to the proposal of a methodology that is sufficiently valid in the establishment of new alternative
formulations for the hydraulic calculation of pressure pipes, it is convenient to carry out —although briefly
due to understandable space limitations- a bibliographic review that, in the end, puts I manifest the need
to obtain new practical formulas in the face of the disparity of results offered by the application to the real
cases of many of the existing ones.

And so, let us see that H. Darcy (1865) carried out extensive experiences on 21 pipes of cast iron, lead,
soft iron, asphalt cast iron and glass, with diameters between 0.012 and 0.5 m and 100 m in length (except
the glass). Three piezometers made it possible to simultaneously read the pressures in the center and at
the ends of the tube. Thus, Darcy found, for new cast tubes, the relationship:

V... (1)

DJ = (0.001014 +—0'00002588 j

or, expressing the unit head loss as a function of the flow Q, in m*/s:

2
J= (0.001644 + wj%,

whose value, thus calculated, of the pressure drop is doubled in the case of used tubes; In addition, when
projecting pipes, the diameter D calculated by formula (1) will be increased by twice the thickness of
possible incrustations. Since J is approximately proportional to 1: D, if that magnitude is doubled, the
diameter is only divided by 1.15.

The great disparity of existing criteria among hydraulists regarding this issue, decided the Association of
German Architects and Engineers to compile experiences regarding the loss of load and its variation after
prolonged service of the pipeline. Data came from many cities, from which O. Iben [2] shortly afterwards
deduced that, for clean pipes, Darcy's formula is the one that best expressed the experimental results, and
is still applicable for the largest diameters (Forchheimer, 1935-1950). They concluded that no general law
can be established for the increase in resistance over time due to the variety and irregularity of the
sediments that are deposited on the tube walls (rust, mud, mollusk shells, etc.).

Subsequently, H. Lang in Hiitte [3] (1931), taking into account all the experiences published up to 1887
and another 300 of his own, deduced an expression, for speeds between 0.004 and 53 m/s, and for smooth
tubes (iron sweet, obtained by pressing or stretching, of glass, of zinc plate, painted or asphalted
internally Later, Lang himself modified his points of view, and in 1915 proposed, for turbulent movement
in tubes, another formula depending on the Kinematic viscosity.

Analogous results to those of Reynolds (1903) had been reached by A. Flamant (1891), who, based on the
essays by Couplet, Jardine, Bossut, Dubuat, J. Leslie, J. Simpson, H. Darcy, GH Bailey, GS Greene, IM
Gale, CIN Lampe, CG Darrach, V. Ehmann, O. Iben, Hamilton Smith, FP Stearns, C. Herschel, CB
Brush, EC Clarke, Humblot, and Meunier established various formulas (Forchheimer, 1935-1950).
However, Flamant seems to be unaware of the greater accuracy achieved by changing V! to V2 in the
case of tubes with a very rough internal surface.

While, according to Tutton (Forchheimer, 1935-1950), n decreases when p increases in the Flamant
formulation:

3
7

V =AD"J"=AD7]

=~

a, P

Jov

according to A. V. Saph and E. W. Schoder (1903) they are in a fixed relationship. These authors, by
exact measurements on very smooth brass tubes from 2.5 to 52 mm, verified that two apparently identical
tubes can give rise to different pressure drops or flow rates, ceteris paribus.

E. Sonne maintains the not unjustified view that only a formula for clean or new pipes can be established.
He observes that, for diameters of 0.10 and 0.15 m, the head losses measured by O. Iben (1880) are much
greater than those calculated according to Darcy's formulas for new pipes, which for D = 0.30 m the tests
sometimes offer values higher and others lower than those calculated by said Darcy formula, and that for
D = 0.50 m there is no longer any appreciable difference between the calculated and observed values. He
points out, among other points, that, according to Lang (1931), the values of J, for tubes of small
diameter, are even lower than according to Darcy, and, finally, he proposes the same formula:

6 DJ=
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0.00012 +/D +0.00003
D

DJ = [0.00087 + ]VZ =bV?,

which, put under the classic form of Chézy: V = ¢ /li_‘] , give the following series of values (calculated

with greater accuracy than that used by the author of the formula):

D=0.05 0.10 0.20 0.40 0.60 0.80 1.00 1.20 1.60
c=44.6 50.8 55.7 59.4 61.0 62.0 62.6 63.1 63.8

whereas, according to Darcy, said values of ¢ are, respectively:
51.1 56.0 59.2 60.0 61.4 61.8 62.0 62.2 62.3.

Thus, in the case of used tubes, the Sonne formula (Forchheimer, 1935-1950) must be applied, while for
new tubes the pressure loss thus calculated must be multiplied by a certain coefficient whose average
value is for:

D=0.1 02 04 0.6 0.8 1.0m.
respectively =20 18 1.6 1.4 1.2 1.1.

This difficulty is solved with the formulas proposed by this same author, in which the values of the
average speed are affected by variable multiplicative coefficients, depending on the internal diameter of
the pipe, depending on whether they are semi-new tubes (o.1) or very new (o), the same being true, where
appropriate, of the loss of unit load J.

B. Biegeleisen and R. Bukowsky (1942) proposed, as a result of many pipe calculations, a formulation for
new and used cast pipes, respectively. And so it could be understood that the speed and flow of the used
tubes is only 67%, or 2/3 parts, of those corresponding to the new tubes. Also R. Tillmann (Forchheimer,
1935-1950) establishes, for new iron tubes, a new formulation.

Subsequently, as of the second half of the 20th century, the most common employment formulations
whose comparison continues to offer disparate results in engineering practice have been the following:
Darcy-Weisbach, Hazen-Williams, Manning-Strickler-Gaukler, Scimemi , Meyer-Peter, Ludin, Stucky,
Scobey, Kiitter, Blasius-Flamant, Kozeny, Cruciani-Margaritora, Veronese-Datei, various modern PVC
formulas and others of lesser use, such as those of Dupuit, Lévy, Bazin, Prony, Mougnie , Sonier, Barnes,
Vallot, Lang, Von Mises, Biel, Sonne, Colombo, Catani, Wegmann-Aeryns, Eytelwein or Lampe. In all
these cases we will omit the expansion and development of each of them for the reasons of space
mentioned.

Roughness
degree Material Ki B
(K)
1 Plastics, glass, brass 86.85 0.62150
2 Asbestos cement, 78.29 0.63455
aluminum
3 Steel, other metals 70.02 0.64760
4 Foundry 63.92 0.65560
5 Concrete 56.24 0.66540
6 Ceramics 49.51 0.67725

Source: self made.

Table 15. Coefficients of the proposed formulation according to the different categories of roughness.
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Friction coefficients - Normal wear
Values (D) Ko K1 K2 ol o2
0.01 0.833333 1.000000 1.250000{ 1.200000] 1.500000
0.02 1.559038 1.846990 2.265409] 1.184699] 1.453082
0.03 2.228147 2.616864 3.169873| 1.174458] 1.422650
0.04 2.857143 3.333333 4.000000; 1.166667| 1.400000
0.05 3.454915 4.008936 4774575 1.160357| 1.381966
0.06 4.027121 4.651531 5.505103] 1.155051] 1.367007
0.07 4.577706 5.266523 6.199352| 1.150472| 1.354249
0.08 5.109583 5.857864 6.862915| 1.146447| 1.343146
0.09 5.625000 6.428571 7.500000{ 1.142857| 1.333333
0.10 6.125741 6.981019 8.113883| 1.139620] 1.324555
0.20 10.557281 11.803399| 13.383054| 1.118034| 1.267661
0.30 14.316767| 15.827417| 17.694468] 1.105516] 1.235926
0.40 17.660738] 19.371294| 21.448744| 1.096856| 1.214487
0.50 20.710678| 22.581381| 24.823584| 1.090326] 1.198589
0.60 23.536857| 25.540682| 27.917451| 1.085136] 1.186116
0.70 26.184669| 28.302039] 30.791969 1.080863| 1.175954
0.80 28.685614| 30.901699] 33.488856| 1.077254| 1.167444
0.90 31.062690| 33.365876| 36.037961| 1.074146| 1.160169
1.00 33.333333] 35.714286| 38.461538| 1.071429] 1.153846
1.10 35.511161 37.962220| 40.776719] 1.069022| 1.148279
1.20 37.607060 40.121834| 42.997033| 1.066870] 1.143323
1.30 39.629907| 42.202985| 45.133391| 1.064928| 1.138872
1.40 41.587058| 44.213804| 47.194746] 1.063163| 1.134842
1.50 43.484692| 46.161094| 49.188557| 1.061548 1.131169
1.60 45.328063] 48.050615] 51.121116] 1.060063] 1.127803
1.70 47.121683| 49.887299| 52.997789] 1.058691| 1.124701
1.80 48.869465] 51.675409| 54.823199] 1.057417| 1.121829
1.90 50.574826] 53.418657| 56.601361] 1.056230{ 1.119161
2.00 52.240775| 55.120302| 58.335789] 1.055120, 1.116672
2.10 53.869976] 56.783225 60.029580| 1.054079] 1.114342
2.20 55.464803] 58.409984| 61.685482| 1.053100] 1.112155
2.30 57.027383] 60.002867| 63.305944| 1.052176] 1.110097
2.40 58.559628] 61.563929] 64.893160] 1.051303] 1.108155
2.50 60.063268| 63.095023] 66.449109 1.050476] 1.106319
2.60 61.539873| 64.597828| 67.975578] 1.049691| 1.104578
2.70 62.990872| 66.073872] 69.474190, 1.048944| 1.102925
2.80 64.417572| 67.524548| 70.946423] 1.048232] 1.101352
2.90 65.821171 68.951132] 72.393631| 1.047553] 1.099853
3.00 67.202771 70.354796| 73.817052] 1.046903| 1.098423

Table 17. Absolute and relative coefficients of friction. Normal wear.
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NOTE: JUSTIFICATION OF THE VALUES OF THE FRICTION COEFFICIENTS

Under normal operating, conservation and aging conditions, the following values of the coefficient m of
the Kiitter formula are proposed:

Used pipes —>m=0.25
Semi-new pipes — m = 0.20
New pipes —->m=0.15

With this, and based on the diameter D (m), the absolute coefficients of friction previously tabulated will
be worth:

- Used pipes: K - 100-R _ 25D _ 50D
*025+4R VD 0.50++/D
0.25 +7
- Semi-new pipes: . _ 100R 25D 50D
' 0.20+VR VD 040++D
0.20+T
- New pipes: K. = 100-R _ 25D _ 50D
27 0.15+4R VD 030++/D
0.15+T

In the same way, and in relation to the speed and flow rate of the water in the tubes used, the following
relative coefficients of friction will be obtained depending on the inside diameter of the tubes:

e For semi-new tubes — o = K _ 0.50 + VD
K, 0.40+/D
e  For new tubes > q _K, 0.50 + VD

* K, 030++/D

which have been tabulated for the inner diameter series D € (0.01,3.00).

Values of Used pipes (l/s)
J (%) | D(m) Biel Béiﬁ:;::;' Darcy Kiitter V:I-Ii7l?ae:1-s Franquet A\;f;:’ge
0.04 - 0.035 0.044 0.028 0.035 0.039 0.036
0.1 0.10 - 0.37 0.49 0.39 0.39 0.45 0.42
1.00 231 142 172 231 166 202 191
0.04 0.176 0.177 0.202 0.130 0.184 0.182 0.175
2.154 0.10 2.26 1.88 2.28 1.79 2.04 2.08 2.06
1.00 1110 716 799 1070 872 939 918
0.04 0.91 0.89 0.94 0.60 0.96 0.85 0.86
46.42 0.10 11.0 95 10.6 8.3 10.7 9.6 9.9
1.00 5200 3604 2950 4980 4579 4359 4279
0.04 4.31 4.50 4.36 2.79 5.06 3.92 416
1000 0.10 50.7 47.8 49.2 38.6 56.3 44.7 479
1.00 24200 18100 13700 23100 24030 20230 20560

NOTA: In the case of the Biel (1907) formula, the two uncalculated values are below the lower limit of application or validity of said
formula. Own elaboration.

Table 18. Comparison of the six formulations analyzed in cast iron pipe in service.
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Values of Used pipes (l/s)
. Biegeleisen- . Hazen-
0/
J (%o) D (m) Biel Bukowsky Darcy Kiitter Williams Franquet DM
0.04 - -0.001 +0.008 -0.008 -0.001 +0.003 0.004
0.1 0.10 - -0.05 +0.07 -0.03 -0.03 +0.03 0.04
1.00 +40 -49 -19 +40 -25 +11 31
0.04 +0.001 +0.002 +0.027 -0.045 +0.009 +0.007 0.015
2.154 0.10 +0.20 -0.18 +0.22 -0.27 -0.02 +0.02 0.15
1.00 +192 -202 -119 +152 -46 +21 122
0.04 +0.05 +0.03 +0.08 -0.26 +0.10 -0.01 0.09
46.42 0.10 +1.1 -0.4 +0.7 -1.6 +0.8 -0.3 0.8
1.00 +921 -675 -1329 +701 +300 +80 668
0.04 +0.15 +0.34 +0.20 -1.37 +0.90 -0.24 0.53
1000 0.10 +2.8 -0.1 +1.3 -9.3 +8.4 -3.2 4.2
1.00 +3640 -2460 -6860 +2540 +3470 -330 3217
N° outliers 6 5 6 10 4 0 -
NOTE: Shaded amounts indicate the outliers for each formula. DM = Mean Deviation. Own elaboration.
Table 19. Discrepancies of the formulations analyzed in cast iron pipe in service.
Values of TYPED FLOW VARIABLE Y
0 : Biegeleisen- . Hazen- c
J (%) | D(m) | Biel Bukowsky Darcy Kiitter Williams Franquet | Mean Variance
0.04 - -0.25 1.60 -1.60 -0.25 0.50 0 1
0.1 0.10 - -1.10 1.85 -0.75 -0.75 0.75 0 1
1.00 | 1.21 -1.49 -0.50 1.21 -0.76 0.33 0 1
0.04 | 0.05 0.09 1.18 -2.05 0.41 0.32 0 1
2154 | 010 | 1.1 -1.00 1.29 -1.40 -0.11 0.11 0 1
1.00 | 1.37 -1.44 -0.85 1.10 -0.33 0.15 0 1
0.04 | 0.4 0.29 0.66 215 0.83 -0.04 0 1
46.42 | 0.10 | 1.02 -0.43 0.75 -1.72 0.70 -0.32 0 1
100 | 118 -0.86 -1.70 0.90 0.38 0.10 0 1
004 | 021 0.49 0.29 -1.94 1.29 -0.34 0 1
1000 | 0.10 | 0.52 -0.02 0.24 -1.71 1.55 -0.58 0 1
1.00 | 0.97 -0.65 -1.82 0.67 0.92 -0.09 0 1
Absolute value | g 05 8.1 1273 17.20 8.28 3.63
z

Source: self made.

Table 20. Typified flow variable.
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Values of 95% CONFIDENCE LEVEL
J (%0) | D(m) Biel Béﬁ:::\::ﬁ; Darcy Kiitter VI\.IIial‘I?:;s Franquet acceptations
0.04 - YES NO NO YES YES 3
0.1 0.10 - YES NO YES YES YES 4
1.00 NO NO NO NO NO YES 1
0.04 YES YES NO NO YES YES 4
2.154 0.10 YES YES NO NO YES YES 4
1.00 NO NO YES YES YES YES 4
0.04 YES YES YES NO YES YES 5
46.42 0.10 YES YES YES NO YES YES 5
1.00 NO YES NO YES YES YES 4
0.04 YES YES YES NO NO YES 4
1000 0.10 YES YES YES NO NO YES 4
1.00 YES YES NO YES YES YES 5
n° outliers 3 2 7 8 3 0 47

Source: self made.

Tabla 21. Classification according to the 95% confidence level.

Materials and procedure used in the experimental test

Firstly, the pipeline object of our study had to be chosen, determining the following factors: material of
which it was made, internal diameter (in the case of being external, the interior had to be determined by
the thickness of the wall, measured with vernier caliper), length and special pieces.

It was also necessary to determine the characteristics of the fluid (drinking water) that circulates inside it
and the temperature (which turned out to be 19°C in all three cases), since kinematic viscosity, as is
known, is a function of temperature.

It was also necessary to apply the flowmeter to each pipe to determine, at all times, the amount of fluid
that was circulating through the section analyzed. For this, a Dostmann flowmeter, model P-770-M,
manufactured by PCE Instruments was used, which also offered the centigrade temperature through a
liquid crystal display (LCD).

Once the flow meter was in place, the gate valves were opened to allow the flow of the fluid until the
flow meter indicated the desired flow rate (it must be borne in mind that obtaining specific or discrete
data, such as 1 1/s, 2 1/s, ... is very difficult, since this operation is not performed mechanically, but
manually).

When the desired fluid passage was obtained, the pressure at the beginning of the pipe and at the end of
the pipe was measured by means of an analog glycerin pressure gauge (manometer). To do this, it was
necessary, before taking the samples, to calibrate the manometer. In case of presenting a certain margin of
error, this will be the same in both the first shot and the second shot, which can affect the specific data but
not the difference between data.

The pressure loss obtained so far is that which occurred between the beginning and the end of the pipe.
Lastly, to obtain the unit head loss (linear m/m), the relationship between the total head loss and the
length of the section of the pipe analyzed had to be calculated, that is: J = H/I.
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H (m.w.c)
28.00
26.00
24.00
22.00
20.00
18.00
16.00
14.00
12.00
10.00

8.00
6.00
4.00
2.00

0.00
0.0000

MANNING-STRICKLER-GAUKLER

x2= 15.4315 m.w.c. | == Hr+Hs ==®=Hreal

0.0050 0.0100 0.0150 0.0200 0.0250 0.0300

Q (m'/s)

Table and graph 22. Observed differences between theoretical and real pressures.
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FORMULA MAT. PIPELINE Al;_solute mean % discrep. Order 22 (m)
iscrepancy (m.w.c.) number

HDPE 32883 11.0218"

Darcy - Weisbach PVC 0.3757 7.1275 6 0.5576
ASB 3.4635 pyTT—

HDPE 3.2890 10.9472"

Blasius — Flamant PVC 0.4418 4.9870 2 0.6845
ASB 12562 07423

HDPE 36326 15.4315°

Manning — Strickler PVC 0.7108 16.3789 7 14338
ASB 12.0355 30.5649"

HDPE 1.1048 21137

Kiltter PVC 2.3454 7.1203 5 8.6678™

ASB 3.6701 4.6439**

HDPE 3.0870 9.6981™

Hazen — Williams PVC 0.4358 6.0733 3 0.6724
ASB 25505 4051

HDPE 2.2102 4.8745™

Scobey PVC 0.7130 6.1499 4 1.3545

ASB 3.2067 26613

HDPE 15276 17142

Franquet PVC 0.6860 41719 1 1.3504
ASB 1.9583 1.6699**

Source: self made.

Table 23. Discrepancies between observed and actual values.

NOTE: Empirical formulations that differ significantly from those observed at the significance level of
0.10 have been indicated in the table above with an asterisk (*), which is the case with the Darcy-
Weisbach, Blasius-Flamant and Manning-Strickler formulations. Gaukler [17], for the HDPE, and also
for the latter in the case of the ASB. It may happen, however, that the agreement between the two
distributions is not so good as not to reasonably doubt what was deduced, or that the results obtained
empirically are subject to a reasonable influence of sampling error, for which reason the study should also
be carried out of the probability distribution 2 10 in all cases, having indicated with a double asterisk (**)
those somewhat dubious formulations, in this latter sense.
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