Hydraulic Design of Large-Diameter Pipes
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Abstract: The Hazen-Williams formula is frequently used for the design of large-diameter pipes, without regard for its limited range of
applicability. This practice can have very detrimental effects on pipe design, and could potentially lead to litigation. Available evidence
shows that the application of the formula is accurate only if the operation of the pipe is located within the transition or smooth,
turbulent-flow regimes. Most working ranges for water-supply pipes usually fall outside such conditions. This paper presents an analysis
which highlights the potential implications of current use of the Hazen—Williams formula for the design of large-diameter pipe systems.
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Introduction with the help of the Hazen—Williams equation. After only 5 years
in service, it was found that the network was inadequate in deliv-
ering the amount of water it had been designed for. The authors
were asked to analyze why the recently built pipeline could not
meet that water demand. The analysis consistedlpfeviewing

the literature concerning issues such as range of validity and ac-

Worldwide population growth has brought along a clear need to
increase the capacity of water-supply and sewerage systems
Pipes having large diameters are commonly found in modern
water-distribution networks located in major metropolitan areas.

Consequently, the misuse of any design formulation to estlmatecuracy of the Hazen—Williams formulé) revisiting the original

flow resistance in'l.arge pipes can lead to.serious practical OlraW'da'[aset employed by Hazen and Williams to develop the equation;
backs. More specifically, those systems might not be able to meetand(3) using pressure-head and velocity measurements taken in-

theTorI]emsnd the{/N\{\lllgre defsigne:j for,r;[hl:]s(;e?ucigg tl?(-:ir E[Jhseful "lfe'dependently by two consulting engineering firms to estimate flow
€ nazen—wifiams formuia, Which dates back 1o In€ early rogjstancei.e., resistance coefficientin the pipeline system in
1900s, has traditionally been regarded as a general, simple tool tg

T . uestion.

Compme _head losses in pipes carrying wd@hen 1997 The ’ In what follows, the analysis inspired by the case study is
equation includes a conveyance coefﬁqent usually assumed t9 b‘?)resented, followed by a discussion of the results, and the con-
constant for a certain pipe-wall material, regardless of the pipe clusions.
size or the flow range. This fact can result in deficient designs
under a wide set of conditions. Unfortunately, the formula is cur-
rently being used outside of its actual range of validity throughout Preliminary Theoretical Considerations
the United States and worldwide. Furthermore, in many cities and and Analysis
some counties throughout the States, any computation dealing
with water flow in pipes is simply rejected if the Hazen—Williams There are a number of equations commonly used to estimate flow
formula is not used, without any regard for its intrinsic limitations resistance in channels and pipes. They are:
(Diskin 1960; Jain et al. 1978; Liou 1998; Christensen 2000; * Manning equation
Locher 2000; Swamee 2000 K R2/351/2

In this paper, an analysis illustrating the implications of cur- =T = (1)
rent use of available resistance formulations is presented. The . . n ]
case study that motivated the analysis refers to a large water-~ Dimensionally homogeneous Manning formiiéen 1992b

supply system for a major metropolitan area, originally designed gl2R23s1/2
Us—F7— )
n
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Reynolds Number, R = VD/v

Fig. 1. Predictions obtained with the Hazen—Williams formula plotted in the Moody diadsalapted from Diski{1960]. Operational points
of the pipes pertaining to the case studyeasurements by the two consulting engineering firms

andn, ng, C, f, andCy,y refer to the resistance/conveyance co- and slope. Vennardl958 highlighted that one of the disadvan-
efficients.K,, is equal to 1 n{%s (International System, $br to tages of the equation was related to “the impossibility of applying
1.486 f°m"¥/s if English units are employet¥en 1992b. For it to all fluids under all conditions.” Nevertheless, Diskih960
Kyw, values of 0.849 and 1.318 are used in each of the abovewas apparentlyhe firstto strongly acknowledge the limitations
systems, respectivelyleppson 1977 Hazen and Williams evalu-  associated with the formula and to undertake a rather careful
ated the factor 1.318 as a means of keefiipg,=C, for aslope  apalysis of its range of validity. Diskin first rearranged the
of 10~° and a hydraulic radius of 0.305 fi ft) (Williams and Hazen—Williams equation in the shape of the Darcy—Weisbach
Hazen 192D A considerable number of papers has been devotedformma, in a similar way as previously done by Vennéte58.

to the determination of values f@,,, pertaining to pipes made  Thus he was able to obtain a power relation betwey,, , D,
of different materials, including polyethylene pipésloghazi and R (the pipe Reynolds numbeR=UD/v; v is the water
1998. Also, several papers have addressed the optimization of thekinematic viscosity, that reads foD in meters

design of pipe networks, either using the Hazen—Williams for- '
mulale.g., Datta and Sridhard©994); and Niranjan Reddy et al.

0.2004100/C ) 852 1
(1996], or modified formulationsElimam et al. (1989; and f= 4 HW)

(6)
Charalambous and Elimafm990]. D019 RO-148
It has been well known since the beginning of the last century . . o
(King et al. 1948, that the Darcy—Weisbach and Manning formu- In Eq. (6), the value of water viscosity at 15°C was employed.

las can be both used for computations in either open-channel orThIS _expressmn _d_emonst_rat_es U@ 'S_ not a constant for a_
pipe, fully rough turbulent flow. Thus it is possible to determine certain wa!l condition, as is |nlterpreted in numerous engineering
backwater profiles in open channels using the Darcy—WeisbachManuals(Liou 1998. Instead, it depends on the flow condition,
equation or, conversely, to compute energy losses in pipes em-the pipe diameter z_;\nd relgtlvg roughness, and the water tempera-
ploying Manning’s equation, provided the convenient equivalence ture, through the klnematl_c viscosity, _
D=4R is considered, and reliable estimates for the resistance Based on this result, Diskin plotted E@) for different values
coefficients are at hanfen 1992a, 2002 The Chezy equation  Of Cpw andD into the Moody diagrantFig. 1). Using this plot,
can also be employed in either case. However, the Hazen—he was able to conclude that the formula is applicable “in part of
Williams formula has quite a restricted range of application that the transition zone.” Diskin determined the ranges of Reynolds
limits its use. numbers for which the original lines of the Moody diagram are
In their classic monograph, Williams and Hazg920 stated parallel to the lines representing the predictions of the Hazen—
that the exponents of their equation depended on pipe diameteMilliams equation. Those limiting Reynolds numbers increase
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Table 1. Measurements Performed by Two Engineering Fitvsues Computed by Authors
@

First line corresponds to the main pipe; second line pertains to another pipe in the system with another discharge.

Pipe Velocity Losses Reach Slope

diameter Area  measured measured length of energy ng C

(m) (m? (m/s) (m) (m) line Chw f n (m™) C; (m*Zs) R

2.286 4.104 1.076 9.604 13,692.53 0.00070 91 0.027 0.017 0.053 0.0034 54 2,450,000
1.829 2.627 0.960 1.884 3,213.506 0.00059 103 0.023 0.015 0.047 0.0029 59 1,750,000

(b)

All measurements pertain to the main pipes.

Losses Reach Slope
Pipe measured length of energy n C
reach (m) (m) line Cuw f n (ml%) (o (m*?s)
1-2 6.748 3,959.352 0.00170 87 0.028 0.017 0.054 0.0035 53
2-3 7.187 5,179.771 0.00139 97 0.023 0.015 0.049 0.0028 59
3-4 7.139 4,560.113 0.00157 91 0.026 0.016 0.052 0.0032 55

Note: D (m)=2.286,Q (m%/s)=6.795,U (m/s)=1.655, Velocity headm)=0.140, Reynolds numbet3.8x 1C°.

with decreasing relative roughness. Diskin also stated that the Very recently, Christense000 used a regression of Ni-
application of the formula in the appropriate range should result kuradse’s formula forf in the smooth regimévalid betweenR
in values ofCy,, between 100 and 160. =10° and 16), i.e., f=0.1079R%® and obtained an equation
Barlow and Markland1979 and Jain et al(1978 presented  with the same form of the Hazen—Williams equation. He had
similar analyses regarding the accuracy of the Hazen—Williams followed the same analysis in another discussi@hristensen
equation. In both papers, the Hazen—Williams expression was re-1984), together with a derivation of Manning's formula. Chris-
cast into a Darcy—Weisbach-type formula. Thus equations thatiensen thus suggested a diagram with zones of application of the
give f in terms ofCy, and other parameters, very similar t0 EqQ.  yaen_williams and Manning formulas. According to this plot,
(6), were obtained. Jain et al. then introduced value€g§; in there would be a minimum value @/s below which the for-

thelr(;estultlng fotrmula,t andbtth(_a ogtcon_:wg valuesf ufe:e com-l_ i mula does not apply. It becomes clear that if the Hazen—Williams
pared 1o counterparts obtained with an-accurate, - expliicit, equation is accepted to be also valid in part of the transition

Colebrook—White-type equation, previously developed by Jain — _
(1976. This was done for different values of slope and hydraulic range, the limiting value d.D/S_ l44lata Reynolt_js number of
10°, put forward by Christensen, decreases. Finally, Swamee

radius. Considering the Colebrook—White-type expression as . C . .
exact, errors of up ta-40% were computed. Jain et al. concluded (2000 pointed out some theoretical inconsistencies related to the
' | ' Hazen—Williams formula and recalled th@f,,, has dimensions

that two independent sources of error affect the Hazen—Williams i
equation, namely, the change in the value of the factor 1.318 in ©f Iéngth to the 0.37 power over time.

terms ofR andSand the change dE,,, with flow condition and Ageneral frame of reference for all resistance equations can be
pipe diameter. These authors finally presented a modified Hazen-obtained following Yen(1992a, 2002 Since the cross-sectional
Williams formula. averaged velocity has the same meaning in Efs-(4) and be-

Recently, Liou(1998 derived, through similar procedures as cause all the formulas represent the same resistive phenomenon, it
those employed by Vennard 958; Diskin (1960; Barlow and follows that
Markland (1979; Jeppsor(1977; and Jain et al(1978, the fol-

lowing expression: \/?_E_QR_M_R_UG_ U 8)
Cpuy=14.07 ~054R~0.08) ~0.01,, ~0.08 @ f Jg Vg mn ng JgRS

Liou plotted Cy in terms ofR ande/D (wheree indicates the  The denominator in the last right-hand side is called the shear
equivalent roughness of the pipler different pipe diameters. In  yelocity, U, , i.e.

doing so, he used E7), he adopted a reasonable valueitphe

held ¢ constant, and computddrom the Colebrook—White for- U,=VvgRS 9)
mula. Included in Liou’s graphs, there are some of the data points,

pertaining to new cast-iron pipes, in which Hazen and Wiliams ~ Ed. (9) can help in determining the so-called friction coeffi-
based their expression. Liou concluded that those measurementsient, C¢, as follows:

“cover only a portion of the transition zone,” in agreement with

the statement made much earlier by Diskin. He computed the Cf=(u—*
errors in the prediction of the slope of the energy grade line when u
the Hazen—Williams formula is used instead of the Darcy— . e )
Weisbach equation. Liou found that those errors are relatively According to Eq.(10) and to the definition of the resistance co-
small if the Hazen—Williams formula is applied within the corre-  €fficients for each equation, it is possible to write

sponding rangétransition regimg but that they can attain values 5 5

up to =40% when used outside of the appropriate range. Finally, f g gn Ng

he recommended avoiding the use of the Hazen—Williams for- Ci=g~ c? K_ﬁR_ll?:: R3 (11)
mula.

2
(10)
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Case Study 180
160
140 L - ] (m] of *e 0
120 ] * :jt .Xoa‘!c‘ loo:Ao
"’
The case study corresponds to a water-supply system located in a g 100 + I ﬁ. P
large metropolitan area, which due to potential legal implications Zg
shall remain anonymous. The network, which serves a population 20 4
of approximately one million, consists of pipes of different sizes 20 .
and materials, having internal diameters as large as 2.290m 0
in.). The main pipes are made of concrete. For the hydraulic de- 1B+03 TEvO4 18405 1E+08 1.E+07

Reynolds number

sign of the main pipes, the Hazen—Williams formula was em-
ployed andC,,= 120 was adopted. This value is commonly ac-
cepted as a conservative value for good masonry aqueducts; see
Williams and Hazer(1920.

After 5 years in operation, a set of hydraulic tests was per- _ o o
Fig. 2. Compilation of average values for the Hazen—Williams

formed on several pipes of the system by a consulting engineering’ '=: " ficient funct (R d b
firm. Pressure heads at the ends of the pipes and flow velocities S>r>ranc€ COetiicient as a function of eynolds humboer

were measured. The Hazen—Williams conveyance coefficient was

later computed from those measuremeftee results showed that

the calculated Gy, was significantly lower than the one used for Analysis and Discussion
the design, ranging from 85 to 95 for the 2.29¢mpipes. Will-

iams and Hazeii1920 presented similar low values for the co-  Theoretical Analysis

efficient in their classic manual; however, they pertain to tuber- ) o
culated cast-iron pipes. A cursory review would suggest that these”*S @ Step towards the analysis of the case study, the original
dataset used by Hazen and Williams to obtain their formula was

lower values ofC,,, relate to larger equivalent roughness heights _ : . .
than first anticipated in the design. If these measurements WerefIrSt reV|ewed(W|II|ams and Hazen 1920 These data |nclgde
. . - . measurements for pipend open-channel flow3he largest pipe
correct, an increase in the demand for water in upcoming years . . - ; .
would not be satisfied as planned, because the resistance to thdlameter compiled by Hazen and Williams pertains to a sewer in
P ’ ﬁ/lilwaukee, of 3.66 m(144 in), with a Cyyy, ranging from 80 to

flow in t_he;e main pipegwhich are of primary Importance to any g5 ot of the pipes studied have diameters smaller than 1.78 m
water-distribution syste)n/v.ould.be much higher thah expected. (70 in.). In fact, almost 74% of the compiled diameters are below
These res_ult_s spread dls_bellef among the t_echmcal staff of the( g m, 82% are below 1 m, and 92% are below 1.5 m. In turn,
water commission responsible for the operation of the network. 7194 of the cases analyzed in the Williams and Hazen manual
Having these results and knowing the limited range of applicabil- rejate to Reynolds numbers below<d0®, while 80% relate to
ity of the Hazen—Williams formula, it was not clear if this situa-  Reynolds numbers below 9.0in the computation of the Reynolds
tion was based on a problem with the formula or it was due to @ numbers, a value of water kinematic viscosity corresponding to
real increase in the roughness of the pipes. The water commis-20°C, »=1.005< 10" 6 m?/s, was employed. Interestingly, the
sion’s initial efforts were focused on potential errors of the mea- majority of the C,,, values below Diskin’s lower limit of 100
surements. Those observations were likely to have erroneouslypertains to tuberculated cast-iron pipes. Fig. 2 relaesrage
included local losses in the computation of the coefficient, such asvalues ofC, to pipe Reynolds numbers in a similar way as
those associated with partially closed valves or with the presencepresented by Lioi1998 (only new cast-iron pipes were used in
of bends. Another source of inaccuracies could have stemmedLiou’s papey, where it is seen that the analyzed Reynolds num-
from the placement of the velocity-measurement cross sections abers range approximately from @ 2x 10°. Additionally, Fig. 2
less than ideal locations for accurately measuring flow velocity includes aCy,—R curve for smooth flow conditions, obtained
distributions. with the help of the regression to Nikuradse’s form@teentioned

To verify that measurement error was not the cause of the low @P0vé and Eq.(7). The influence of the diameter was ignored in

C,w values, a separate consulting engineering firm was asked toth® Use of Eq(7), by virtue of the very weak dependenceyyy

undertake a second set of tests. For such a set of observations.]f,’n D through ftg? exp:one?to.og (ltTS is ﬁ:ul:rgteztot;vitlgin 3%
special attention was given to the above “hidden” losses and or a range of diameters from 0.1 to 10. 9. 2, he transi-

measurement location issues. The measurements focused on difio" €9ime exists below this smooth flow curve. A lower limit for
the transition region could be given by curves like those presented

ferent reaches of just the 2.29 m diameter pipe. The tests and . . . .

lated i firmed th lUe€ red by th by Liou (1998, which are a function of the relative roughness
;_e ated computa |]9ns an |rmI(|a h € vajue fﬂlf/v replor edby Ied dand the pipe diameter, for a given water temperature. Most of the
Irst engineering firm. Overall, these careful analyses concluded o ¢ rements used by Hazen and Williams appear to pertain to

that local losses could modi@,, in less than three units. There- o o the transitional turbulent regime, which corroborates the
fore the ranges foCyy originally reported were almost unaf-  reviously mentioned “theoretical” assertions. Also, the proxim-

fected. Tables () and 1b) depict some of the measurements jty of the points to the smooth-regime curve would support the

performed by the two consulting firms in the main and other yqjidity of the equation for that range as well.

pipes, and include additional calculations made by the authors. Large pipes(>2 m diameter show an interesting behavior.
After verification of the above results, the authors were asked Because of their size, they are related to high Reynolds numbers.

to analyze the possible causes for the observed behavior. TheHence they are likely to present operational conditions in the fully

analysis undertaken led to some interesting conclusions, whichrough turbulent regime. However, because of the high value of

are detailed in the following paragraphs. the diametere/D is very small for a certaire. Therefore the

New cast-iron pipe ¢ Cleaned cast-iron pipe & Tuberculated cast-iron pipe
Riveted pipe X Wooden-stave pipe x Cement pipe

Wrought-iron pipe O New brass pipe = New ead pipe

Fire hose u Glass pipe == Smooth flow condition
Circutar brick tunnels

o & + » O
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chances of having working conditions in the transition turbulent 0.02
regime increase. Thus the larger the diameter, the higher are the 0.018 |
chances of finding appropriate conditions for the application of E 0.016 - Using Eq.(15)
the Hazen—Williams formula, for constant equivalent roughness 2 0.014 with R=0.5m
and Reynolds numbdsee Christensen 2000 g 0012 |

Since the problem under analysis could “a priori” be attrib- § 0.01 |
uted to a large equivalent roughness, different expressions for the 2 ‘ Stricklertype
computation ofe were examined. Several explicit relations have § 0008y pengEa (19 formula
been proposed for pipes that lifiko . For example, Churchill g ooy
(1973 and Barr(1972, 1977 have proposed F 0.004

0.002
0.25 0 == ‘ ‘ ‘ ‘
f= R 576 )12 (12) 0.01 0.012 0.014 0.016 0.018 0.02
_ Iog( ﬁ + (4R—R)09 } Manning's n

Fig. 3. Comparison of predictions for the equivalent roughness of
with Rg being a Reynolds number based on the hydraulic radius. pipes as a function of Manningts obtained with Eqs(15) and (16)
Swamee and Jaifil976, in turn, have suggested virtually the
same relatior(Yen 1992a, 2002

Sensitivity Analysis
f= 0.25 (13) It is interesting to analyze the sensitivity of the different resis-
€ 5.74\ |° tance coefficients to detect, in a given pipe reach, the presence of
—log 37D + ROS combined changes in the head loss and in the velocity. Such head-

loss and velocity changes can be interpreted as errors in the vari-
which gives errors within 1% when compared to the Colebrook— ables that both consulting firms measured in the 2.29 pipes.

White formula for 10%<s/D<10"2 and 5x 10°<R<1CF. To that end, relative errors were calculated. Variables related to
Since Manning'sh can be related to Darcy—Weisbachtrough ~ length were assumed as having been measured with negligible
Eq. (12) as follows: error. For any resistance coefficiedg, the following is true:
dCr dCg 1 aCg 1
n:ﬁR—mﬁ (14) C—R=a—hfdth—R+WdUC—R 17)
Vg 8 For example, applying Eq17) to Manning’s equation
it is possible to obtain a relation betweerande using Eq.(12) hi’2 K R2S
or (13). Using Eq.(12) yields n= o ¥ (18)
Kn 0.176RY6 .
n=— (15) yields
19 —|Og(ﬁ+ﬂ) dn_ldhf_dU
R (4RR)0° TTIh U (19)

This expression can be compared to other available formulas. OneRepeating this simple procedure with the other resistance equa-
such formula is the well-known Strickler-type relation shown tions results in the following:
below, usually applied to open-channel flows but obtained also

from pipe data(Strickler 1923; Ackers 1961; Chow 1988; Yen ﬂ: dhy_,dv (20)
1992a: f h¢ u
81/6 dCHW _ d_U_ %

=& (16) Ty~ U 54 h (21)
Different authors have provided diverse values@grin Eq. (16) d_C = d_U_ E % (22)
(Yen 1992a. Chien and War{1999 explained thatC,, is a func- C U 2 h
tion o(;CR/_s,ziNrile Strickler, in his original work(1923, sug- dng_ 1dh; du
gestedC,=21.1. n—g =3 h_f_ U (23)

The comparison between Eq45) and(16) is shown in Fig. 3,
in which a value of 26 has been used €@y (a value of 26.42 was It can be seen from the above simple equations that the value of
first proposed by Williamson in 1951A very large value for the  the relative change in the resistance coefficients is linearly deter-
pipe Reynolds number has been adopted in the computations. Itmined by relative errors in the head-loss and in the velocity mea-
can be seen that both formulas give relatively close predictions upsurements, with the corresponding sign. Relative errors thus plot
to a Manning’sn value of about 0.015. After that, they separate as a plane in the three-dimensional space in terms of the relative
due to the highly nonlinear behavior of the Strickler formula. A errors in head loss and velocity.
close inspection of the curves indicates that, however, the local Since the head loss is usually calculated from the differences
error [considering Eq(15) as exact can be relatively high, de- in pressure heads and in elevation within the ends of the pipes
pending on the value of the hydraulic radius. In order to calculate (through the energy balanceand since a negligible error in the
¢ the authors relied on Eq12). measurement of the distances was assumed, it holds that

JOURNAL OF HYDRAULIC ENGINEERING © ASCE / NOVEMBER 2003 / 843



Table 2. Computation of Shear Velocity, Viscous Sublayer Thickness and Equivalent Roughness for Main Pipes
Reach Slope
Pipe length of energy U, 3, €
reach f (m) line (m/9 (m) (m) eld,
1-2 0.028 3,959.352 0.00170 0.098 0.00012 0.009 72
2-3 0.023 5,179.771 0.00139 0.088 0.00013 0.004 31
3-4 0.026 4,560.113 0.00157 0.094 0.00012 0.007 54
dh; d(Ap/y) light on the interpretation of the measurements. The idea was to
IV — (24) see whether or not other formulations showed larger values of the

hy h

flow resistance with respect to the expected conditions. As a start-

The above analysis was applied to the data obtained by the twoing point, a value of Manning’a of 0.014 was assumed to be the

consulting firms in the network of pipes.

Discussion of the Case Study

The first question arising from the analysis of the observations
was related to the validity of the application of the Hazen—
Williams equation to the design of the pipe network. To answer
this question, the values @y, n, C, f, andny were first deter-
mined from the measurements, using E¢o—(5) [see Tables
1(a) and 1b)]. In particular,f and the Reynolds number were
employed to obtain the operational points of the pipes during the
measurements, using the Moody diagrésae Fig. 1 For these

measurements, it is clearly seen in Fig. 1 that the high Reynolds

numbers and thé values involved place the flow in the fully
rough turbulent regime. As it has been previously shown, this
falls outside of the valid flow regime for the Hazen—Williams
formula to be accurate. Notice from Fig. 1 that the corresponding

expected valugin a statistical sengefrom the measurements.
This value is widely accepted for cement-mortar pig&en
19923. Since the system was only 5 years old, it was reasonable
to assume that the value of the resistance coefficient would be
close to the one for a new pigkludson 196& Using the relation
betweenf and n [Eq. (14)] for a diameter of 2.29 m, it was
possible to obtairf =0.0185, another acceptable value. Employ-
ing the set of relations in Eq11), expected values for the other
coefficients and for the friction coefficient were calculated as fol-
lows: ny=0.0438 %, C=65m"¥s, andC;=0.0023. Inciden-
tally, the above value forcan be employed to obtain an estimate
of the error in the design of the pipes. In fact, if a value of
Cpw=120 is replaced in Eq7) together with the Reynolds num-
ber (3.8 10°), it is possible to obtairf =0.0155, with a differ-
ence from 0.0185 of about 16%.

Using Egs.(19—(23), a sensitivity analysis of the possible

Cpw value pertains to the range 80-100, as calculated by bothVariation of the resistance coefficients in terms of the errors in the

firms; however,these values are meaningless, as the Hazen head loss and the flow velocity can be performed. For example,
Williams equation is not applicable in this range of flow condi- for a relative error 0f=2% in the measurement of the head loss

tions. This is consistent with Diskin’s conclusion that the Hazen—
Williams formula is not to be used i€,y is lower than 100.

and*=3% in that of velocity, it can be obtained from EG49) that
|dn|<0.04n. Then, taking the value of 0.014 for the Manning’s

Values were computed for the shear velocity, viscous sublayer resistance coefficienfdn|<5.6x10"*. This means thah can _
thickness, and the ratio of equivalent roughness to viscous sub-ange from 0.0134 to 0.0146. For other head-loss and velocity

layer thickness for the 2.29 i pipe, based on the measurements
performed by the second engineering fi(fiable 2. Knowing S
andR, the shear velocity was computed by definition. In turn, the
equivalent roughness values were obtained from(E®). [where

f was taken from Tables(d) and Xb)], and the viscous sublayer
thickness was computed frofRouse 1978

v
U,

As seen in Table 2, the calculated valuesobscillated between
4x10°% and 910 3m, with an average value around 6 mm.
These values are fairly large for a cement-mortar pipe, which
typically presents an equivalent roughness betwegd® 4 and
3.3x107°m (Yen 19924

Even though the Hazen—Williams formula should have not
been applied to estimate flow capacity of the 2.29 m diameter

5,=11.6 (25)

errors, Table 3 presents the results of the computations. Similar
ranges for the other resistance coefficients can also be faard
Table 3. Any expectation for the final value of the resistance
coefficient has to be expressed in terms of a percentage of error in
the measurement of the head loss and velocity, assuming the re-
maining variables are measured with negligible error. Thus Table
3 gives the ranges of plausible variation for the resistance coeffi-
cients.

If the numbers in Tables(d) and Xb) are compared with the
ranges depicted in Table 3, it can be seen that all the values,
independent of the resistance equation employed, indicate a flow
resistance that is larger than the expected one. This is based on
the fact that the values of the coefficients in Tablé®m and 1b)
are larger {,n,ng,Cs) or smaller(C) than the largest/smallest
corresponding value in each of the ranges presented in Table 3.
This additional resistance could be attributed to an existing larger

pipes, the analysis of the data was pursued further to shed somequivalent roughness. Notice that the calculated roughifesse

Table 3. Ranges of Expected Values for Resistance Coeffecients in Terms of Errors in Measurements

r‘g(min) Ng(m Cmin Cmax
(dhg)/h¢ (du)/u Nmin Nmax f min Finax (mlle) (m1/6) (m1/2/s) (ml/Z/S) Cf(min) Cf(ma><)
+0.02 +0.03 0.01344 0.0146 0.0171 0.0200 0.0421 0.0456 62 68 0.0021 0.0025
+0.04 +0.06 0.0129 0.0151 0.0156 0.0215 0.0403 0.0474 60 70 0.0019 0.0027
+0.06 +0.09 0.0123 0.0157 0.0141 0.0230 0.0386 0.0491 57 73 0.0018 0.0029
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2) is much higher(about 60 times highgrthan the value of the
viscous sublayer thickness.

are solely the opinion of the writers and should not be interpreted
as being representative of the thoughts and opinions of any water

It is noteworthy that this result is a physical fact: the equiva- agency and/or consulting engineering firm.

lent roughness is indeed large. This is not the result of an errone-
ous application of the Hazen—Williams equation. The problem
consists in thatafter the application of the Hazeiwilliams for-
mula outside of its range of validity, the conclusions that can be

Notation

drawn from it are meaningless. In other not so fortunate cases,The following symbols are used in this paper:

difficulties in meeting future water-supply demands could be the C
result of improper application of the Hazen—Williams equation. Ct

Interestingly, an inspection of the pipe system, conducted by Chw
divers, revealed that small scales having heights on the order of
several millimeters covered the walls of the pipes. In spite of the Ch
fact that several other factors might be playing a role in the re- Cr
sults, the presence of these scales could very well be the cause for D
the observed increase in flow resistance and the associated large f=
values of the equivalent roughnesgTable 2.

9

Summary and Conclusions hy

Several issues surrounding the Hazen—Williams formula have

. - K, andKyy
been discussed in light of a case study related to a large water-
distribution system. L

An analysis of the valid flow range of the Hazen—Williams n. andn
formula, via inspection of the original dataset, has been presented. ¢
The analysis confirmed that this range lies in the smooth and part
of the transition turbulent regimes, as stated previously by several Q
authors with the help of other means. The formula was developed R
from data for pipes with diameters ranging up to 3.66 m, but most
of the data were collected for pipes with diameters below 1.8 m. Re
The Reynolds numbers involved in the determination of the for-
mula spanned from approximately 1@ 2x 1. R

A procedure for the determination of the sensitivity of the S
various resistance coefficients to head-loss and velocity measure- U
ment errors was revisited. The analysis assumed that the remain- U
ing variables were measured with null error. This analysis pro- AB

vides a basis for the determination of expected ranges for those

coefficients when measuring in the field or in the laboratory. 5
Values for the equivalent roughness, computed from explicit

expressions, were compared to predictions obtained using

Strickler-type formulas. The local error in the values of equivalent

roughness given by Strickler-type formulas depends strongly on

the hydraulic radius for a certain value of Manning's
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