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Hydraulic Design of Large-Diameter Pipes
Fabián A. Bombardelli1 and Marcelo H. Garcı́a, M.ASCE2

Abstract: The Hazen–Williams formula is frequently used for the design of large-diameter pipes, without regard for its limited ran
applicability. This practice can have very detrimental effects on pipe design, and could potentially lead to litigation. Available ev
shows that the application of the formula is accurate only if the operation of the pipe is located within the transition or sm
turbulent-flow regimes. Most working ranges for water-supply pipes usually fall outside such conditions. This paper presents an
which highlights the potential implications of current use of the Hazen–Williams formula for the design of large-diameter pipe sy

DOI: 10.1061/~ASCE!0733-9429~2003!129:11~839!

CE Database subject headings: Pipe flow; Resistance coefficients; Roughness; Pipe design.
to
em
er
as
at
aw
e

life
rly
ol

o b
ip

gn
ur-
ou
an
lin
s

ns
00

r-
Th
te
ed

rs
iv-
ors
ot

ac-

ion;
in-
w

is
on-

ow

ty;

t. o
-
om

Hy
ng
r-

us
on
tor
ibl
r is
Introduction

Worldwide population growth has brought along a clear need
increase the capacity of water-supply and sewerage syst
Pipes having large diameters are commonly found in mod
water-distribution networks located in major metropolitan are
Consequently, the misuse of any design formulation to estim
flow resistance in large pipes can lead to serious practical dr
backs. More specifically, those systems might not be able to m
the demand they were designed for, thus reducing their useful

The Hazen–Williams formula, which dates back to the ea
1900s, has traditionally been regarded as a general, simple to
compute head losses in pipes carrying water~Chen 1992!. The
equation includes a conveyance coefficient usually assumed t
constant for a certain pipe-wall material, regardless of the p
size or the flow range. This fact can result in deficient desi
under a wide set of conditions. Unfortunately, the formula is c
rently being used outside of its actual range of validity through
the United States and worldwide. Furthermore, in many cities
some counties throughout the States, any computation dea
with water flow in pipes is simply rejected if the Hazen–William
formula is not used, without any regard for its intrinsic limitatio
~Diskin 1960; Jain et al. 1978; Liou 1998; Christensen 20
Locher 2000; Swamee 2000!.

In this paper, an analysis illustrating the implications of cu
rent use of available resistance formulations is presented.
case study that motivated the analysis refers to a large wa
supply system for a major metropolitan area, originally design
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with the help of the Hazen–Williams equation. After only 5 yea
in service, it was found that the network was inadequate in del
ering the amount of water it had been designed for. The auth
were asked to analyze why the recently built pipeline could n
meet that water demand. The analysis consisted of:~1! reviewing
the literature concerning issues such as range of validity and
curacy of the Hazen–Williams formula;~2! revisiting the original
dataset employed by Hazen and Williams to develop the equat
and~3! using pressure-head and velocity measurements taken
dependently by two consulting engineering firms to estimate flo
resistance~i.e., resistance coefficients! in the pipeline system in
question.

In what follows, the analysis inspired by the case study
presented, followed by a discussion of the results, and the c
clusions.

Preliminary Theoretical Considerations
and Analysis

There are a number of equations commonly used to estimate fl
resistance in channels and pipes. They are:
• Manning equation

U5
KnR2/3S1/2

n
(1)

• Dimensionally homogeneous Manning formula~Yen 1992b!

U5
g1/2R2/3S1/2

ng
(2)

• Chezy equation

U5CR1/2S1/2 (3)
• Darcy–Weisbach equation

U5S 2g

f D 1/2

D1/2S hf

L D 1/2

(4)

• Hazen–Williams equation

U5KHWCHWR0.63S0.54 (5)

where U indicates the cross-sectional averaged veloci
R5hydraulic radius;S5slope of the energy grade line;D5pipe
diameter;L5length of the reach of the pipe;hf5energy loss in
the pipe reach ~expressed as per unit weight of fluid!;
g5acceleration of gravity;Kn andKHW5unit conversion factors;
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Fig. 1. Predictions obtained with the Hazen–Williams formula plotted in the Moody diagram@adapted from Diskin~1960!#. Operational points
of the pipes pertaining to the case study~measurements by the two consulting engineering firms!.
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andn, ng , C, f, andCHW refer to the resistance/conveyance c
efficients.Kn is equal to 1 m1/2/s ~International System, SI! or to
1.486 ft1/3m1/6/s if English units are employed~Yen 1992b!. For
KHW , values of 0.849 and 1.318 are used in each of the ab
systems, respectively~Jeppson 1977!. Hazen and Williams evalu-
ated the factor 1.318 as a means of keepingCHW5C, for a slope
of 1023 and a hydraulic radius of 0.305 m~1 ft! ~Williams and
Hazen 1920!. A considerable number of papers has been devo
to the determination of values forCHW pertaining to pipes made
of different materials, including polyethylene pipes~Moghazi
1998!. Also, several papers have addressed the optimization of
design of pipe networks, either using the Hazen–Williams f
mula @e.g., Datta and Sridharan~1994!; and Niranjan Reddy et al.
~1996!#, or modified formulations@Elimam et al. ~1989!; and
Charalambous and Elimam~1990!#.

It has been well known since the beginning of the last cent
~King et al. 1948!, that the Darcy–Weisbach and Manning form
las can be both used for computations in either open-channe
pipe, fully rough turbulent flow. Thus it is possible to determin
backwater profiles in open channels using the Darcy–Weisb
equation or, conversely, to compute energy losses in pipes
ploying Manning’s equation, provided the convenient equivalen
D54R is considered, and reliable estimates for the resista
coefficients are at hand~Yen 1992a, 2002!. The Chezy equation
can also be employed in either case. However, the Haz
Williams formula has quite a restricted range of application th
limits its use.

In their classic monograph, Williams and Hazen~1920! stated
that the exponents of their equation depended on pipe diam
840 / JOURNAL OF HYDRAULIC ENGINEERING © ASCE / NOVEMBER 2
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and slope. Vennard~1958! highlighted that one of the disadvan
tages of the equation was related to ‘‘the impossibility of applyi
it to all fluids under all conditions.’’ Nevertheless, Diskin~1960!
was apparentlythe first to strongly acknowledge the limitation
associated with the formula and to undertake a rather car
analysis of its range of validity. Diskin first rearranged th
Hazen–Williams equation in the shape of the Darcy–Weisb
formula, in a similar way as previously done by Vennard~1958!.
Thus he was able to obtain a power relation betweenf, CHW , D,
and R ~the pipe Reynolds number,R5UD/n; n is the water
kinematic viscosity!, that reads forD in meters

f 5
0.2004~100/CHW!1.852

D0.019

1

R0.148
(6)

In Eq. ~6!, the value of water viscosity at 15°C was employe
This expression demonstrates thatCHW is not a constant for a
certain wall condition, as is interpreted in numerous engineer
manuals~Liou 1998!. Instead, it depends on the flow condition
the pipe diameter and relative roughness, and the water temp
ture, through the kinematic viscosity,n.

Based on this result, Diskin plotted Eq.~6! for different values
of CHW andD into the Moody diagram~Fig. 1!. Using this plot,
he was able to conclude that the formula is applicable ‘‘in part
the transition zone.’’ Diskin determined the ranges of Reyno
numbers for which the original lines of the Moody diagram a
parallel to the lines representing the predictions of the Haze
Williams equation. Those limiting Reynolds numbers increa
003
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Table 1. Measurements Performed by Two Engineering Firms~Values Computed by Authors!

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

Pipe
diameter
~m!

Area
~m2!

Velocity
measured

~m/s!

Losses
measured

~m!

Reach
length
~m!

Slope
of energy

line CHW f n
ng

~m1/6! Cf

C
~m1/2/s! R

2.286 4.104 1.076 9.604 13,692.53 0.00070 91 0.027 0.017 0.053 0.0034 54 2,45
1.829 2.627 0.960 1.884 3,213.506 0.00059 103 0.023 0.015 0.047 0.0029 59 1,75

~b!
All measurements pertain to the main pipes.

Pipe
reach

Losses
measured

~m!

Reach
length
~m!

Slope
of energy

line CHW f n
ng

~m1/6! Cf

C
~m1/2/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)52.286,Q (m3/s)56.795,U (m/s)51.655, Velocity head~m!50.140, Reynolds number53.83106.
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with decreasing relative roughness. Diskin also stated that
application of the formula in the appropriate range should res
in values ofCHW between 100 and 160.

Barlow and Markland~1975! and Jain et al.~1978! presented
similar analyses regarding the accuracy of the Hazen–Willia
equation. In both papers, the Hazen–Williams expression was
cast into a Darcy–Weisbach-type formula. Thus equations t
give f in terms ofCHW and other parameters, very similar to Eq
~6!, were obtained. Jain et al. then introduced values ofCHW in
their resulting formula, and the outcoming values off were com-
pared to counterparts obtained with an accurate, expli
Colebrook–White-type equation, previously developed by Ja
~1976!. This was done for different values of slope and hydrau
radius. Considering the Colebrook–White-type expression
exact, errors of up to640% were computed. Jain et al. conclude
that two independent sources of error affect the Hazen–Willia
equation, namely, the change in the value of the factor 1.318
terms ofR andSand the change ofCHW with flow condition and
pipe diameter. These authors finally presented a modified Haz
Williams formula.

Recently, Liou~1998! derived, through similar procedures a
those employed by Vennard~1958!; Diskin ~1960!; Barlow and
Markland~1975!; Jeppson~1977!; and Jain et al.~1978!, the fol-
lowing expression:

CHW514.07f 20.54R20.08D20.01n20.08 (7)

Liou plottedCHW in terms ofR and«/D ~where« indicates the
equivalent roughness of the pipe! for different pipe diameters. In
doing so, he used Eq.~7!, he adopted a reasonable value forn, he
held « constant, and computedf from the Colebrook–White for-
mula. Included in Liou’s graphs, there are some of the data poin
pertaining to new cast-iron pipes, in which Hazen and William
based their expression. Liou concluded that those measurem
‘‘cover only a portion of the transition zone,’’ in agreement wit
the statement made much earlier by Diskin. He computed
errors in the prediction of the slope of the energy grade line wh
the Hazen–Williams formula is used instead of the Darcy
Weisbach equation. Liou found that those errors are relativ
small if the Hazen–Williams formula is applied within the corre
sponding range~transition regime!, but that they can attain values
up to 640% when used outside of the appropriate range. Fina
he recommended avoiding the use of the Hazen–Williams f
mula.
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Very recently, Christensen~2000! used a regression of Ni-
kuradse’s formula forf in the smooth regime~valid betweenR
5105 and 108), i.e., f 50.1079/R0.16, and obtained an equation
with the same form of the Hazen–Williams equation. He h
followed the same analysis in another discussion~Christensen
1984!, together with a derivation of Manning’s formula. Chris
tensen thus suggested a diagram with zones of application of
Hazen–Williams and Manning formulas. According to this plo
there would be a minimum value ofD/« below which the for-
mula does not apply. It becomes clear that if the Hazen–Willia
equation is accepted to be also valid in part of the transit
range, the limiting value ofD/«51,441 at a Reynolds number o
105, put forward by Christensen, decreases. Finally, Swam
~2000! pointed out some theoretical inconsistencies related to
Hazen–Williams formula and recalled thatCHW has dimensions
of length to the 0.37 power over time.

A general frame of reference for all resistance equations can
obtained following Yen~1992a, 2002!. Since the cross-sectiona
averaged velocity has the same meaning in Eqs.~1!–~4! and be-
cause all the formulas represent the same resistive phenomen
follows that

A8

f
5

C

Ag
5

Kn

Ag

R1/6

n
5

R1/6

ng
5

U

AgRS
(8)

The denominator in the last right-hand side is called the sh
velocity, U* , i.e.

U* 5AgRS (9)

Eq. ~9! can help in determining the so-called friction coeffi
cient,Cf , as follows:

Cf5S U*
U D 2

(10)

According to Eq.~10! and to the definition of the resistance co
efficients for each equation, it is possible to write

Cf5
f

8
5

g

C2
5

g

Kn
2

n2

R1/3
5

ng
2

R1/3
(11)
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Case Study

The case study corresponds to a water-supply system located
large metropolitan area, which due to potential legal implicati
shall remain anonymous. The network, which serves a popula
of approximately one million, consists of pipes of different siz
and materials, having internal diameters as large as 2.29 m~90
in.!. The main pipes are made of concrete. For the hydraulic
sign of the main pipes, the Hazen–Williams formula was e
ployed andCHW5120 was adopted. This value is commonly a
cepted as a conservative value for good masonry aqueducts
Williams and Hazen~1920!.

After 5 years in operation, a set of hydraulic tests was p
formed on several pipes of the system by a consulting enginee
firm. Pressure heads at the ends of the pipes and flow veloc
were measured. The Hazen–Williams conveyance coefficient
later computed from those measurements.The results showed tha
the calculated CHW was significantly lower than the one used f
the design, ranging from 85 to 95 for the 2.29 mf pipes.Will-
iams and Hazen~1920! presented similar low values for the c
efficient in their classic manual; however, they pertain to tub
culated cast-iron pipes. A cursory review would suggest that th
lower values ofCHW relate to larger equivalent roughness heig
than first anticipated in the design. If these measurements
correct, an increase in the demand for water in upcoming y
would not be satisfied as planned, because the resistance t
flow in these main pipes~which are of primary importance to an
water-distribution system! would be much higher than expecte

These results spread disbelief among the technical staff o
water commission responsible for the operation of the netw
Having these results and knowing the limited range of applica
ity of the Hazen–Williams formula, it was not clear if this situ
tion was based on a problem with the formula or it was due
real increase in the roughness of the pipes. The water com
sion’s initial efforts were focused on potential errors of the m
surements. Those observations were likely to have erroneo
included local losses in the computation of the coefficient, suc
those associated with partially closed valves or with the prese
of bends. Another source of inaccuracies could have stem
from the placement of the velocity-measurement cross sectio
less than ideal locations for accurately measuring flow velo
distributions.

To verify that measurement error was not the cause of the
CHW values, a separate consulting engineering firm was aske
undertake a second set of tests. For such a set of observa
special attention was given to the above ‘‘hidden’’ losses
measurement location issues. The measurements focused o
ferent reaches of just the 2.29 m diameter pipe. The tests
related computations confirmed the values ofCHW reported by the
first engineering firm. Overall, these careful analyses conclu
that local losses could modifyCHW in less than three units. There
fore the ranges forCHW originally reported were almost una
fected. Tables 1~a! and 1~b! depict some of the measuremen
performed by the two consulting firms in the main and ot
pipes, and include additional calculations made by the autho

After verification of the above results, the authors were as
to analyze the possible causes for the observed behavior.
analysis undertaken led to some interesting conclusions, w
are detailed in the following paragraphs.
842 / JOURNAL OF HYDRAULIC ENGINEERING © ASCE / NOVEMBER
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Analysis and Discussion

Theoretical Analysis

As a step towards the analysis of the case study, the origi
dataset used by Hazen and Williams to obtain their formula w
first reviewed~Williams and Hazen 1920!. These data include
measurements for pipeand open-channel flows. The largest pipe
diameter compiled by Hazen and Williams pertains to a sewer
Milwaukee, of 3.66 m~144 in.!, with a CHW ranging from 80 to
95. Most of the pipes studied have diameters smaller than 1.78
~70 in.!. In fact, almost 74% of the compiled diameters are belo
0.5 m, 82% are below 1 m, and 92% are below 1.5 m. In tu
71% of the cases analyzed in the Williams and Hazen man
relate to Reynolds numbers below 53105, while 80% relate to
Reynolds numbers below 106. In the computation of the Reynolds
numbers, a value of water kinematic viscosity corresponding
20°C, n51.00531026 m2/s, was employed. Interestingly, the
majority of the CHW values below Diskin’s lower limit of 100
pertains to tuberculated cast-iron pipes. Fig. 2 relatesaverage
values ofCHW to pipe Reynolds numbers in a similar way a
presented by Liou~1998! ~only new cast-iron pipes were used in
Liou’s paper!, where it is seen that the analyzed Reynolds num
bers range approximately from 104 to 23106. Additionally, Fig. 2
includes aCHW2R curve for smooth flow conditions, obtained
with the help of the regression to Nikuradse’s formula~mentioned
above! and Eq.~7!. The influence of the diameter was ignored i
the use of Eq.~7!, by virtue of the very weak dependence ofCHW

on D through the exponent20.01 ~this is accurate to within 3%
for a range of diameters from 0.1 to 10 m!. In Fig. 2, the transi-
tion regime exists below this smooth flow curve. A lower limit fo
the transition region could be given by curves like those presen
by Liou ~1998!, which are a function of the relative roughnes
and the pipe diameter, for a given water temperature. Most of
measurements used by Hazen and Williams appear to pertai
part of the transitional turbulent regime, which corroborates t
previously mentioned ‘‘theoretical’’ assertions. Also, the proxim
ity of the points to the smooth-regime curve would support t
validity of the equation for that range as well.

Large pipes~.2 m diameter! show an interesting behavior.
Because of their size, they are related to high Reynolds numb
Hence they are likely to present operational conditions in the fu
rough turbulent regime. However, because of the high value
the diameter,«/D is very small for a certain«. Therefore the

Fig. 2. Compilation of average values for the Hazen–William
resistance coefficient as a function of Reynolds number
2003
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chances of having working conditions in the transition turbulen
regime increase. Thus the larger the diameter, the higher are
chances of finding appropriate conditions for the application
the Hazen–Williams formula, for constant equivalent roughne
and Reynolds number~see Christensen 2000!.

Since the problem under analysis could ‘‘a priori’’ be attrib
uted to a large equivalent roughness, different expressions for
computation of« were examined. Several explicit relations hav
been proposed for pipes that linkf to «. For example, Churchill
~1973! and Barr~1972, 1977! have proposed

f 5
0.25

F2 logS «

14.8R
1

5.76

~4RR!0.9D G 2 (12)

with RR being a Reynolds number based on the hydraulic radiu
Swamee and Jain~1976!, in turn, have suggested virtually the
same relation~Yen 1992a, 2002!

f 5
0.25

F2 logS «

3.7D
1

5.74

R0.9D G 2 (13)

which gives errors within 1% when compared to the Colebrook
White formula for 1026<«/D<1022 and 53103<R<108.
Since Manning’sn can be related to Darcy–Weisbach’sf through
Eq. ~11! as follows:

n5
Kn

Ag

R1/6

A8
Af (14)

it is possible to obtain a relation betweenn and« using Eq.~12!
or ~13!. Using Eq.~12! yields

n5
Kn

Ag

0.1764R1/6

F2 logS «

14.8R
1

5.76

~4RR!0.9D G
(15)

This expression can be compared to other available formulas. O
such formula is the well-known Strickler-type relation shown
below, usually applied to open-channel flows but obtained al
from pipe data~Strickler 1923; Ackers 1961; Chow 1988; Yen
1992a!:

n5
«1/6

Cn
(16)

Different authors have provided diverse values forCn in Eq. ~16!
~Yen 1992a!. Chien and Wan~1999! explained thatCn is a func-
tion of R/«, while Strickler, in his original work~1923!, sug-
gestedCn521.1.

The comparison between Eqs.~15! and~16! is shown in Fig. 3,
in which a value of 26 has been used forCn ~a value of 26.42 was
first proposed by Williamson in 1951!. A very large value for the
pipe Reynolds number has been adopted in the computations
can be seen that both formulas give relatively close predictions
to a Manning’sn value of about 0.015. After that, they separat
due to the highly nonlinear behavior of the Strickler formula. A
close inspection of the curves indicates that, however, the loc
error @considering Eq.~15! as exact# can be relatively high, de-
pending on the value of the hydraulic radius. In order to calcula
« the authors relied on Eq.~12!.
JOURN
t
he
f
s

e

.

ne

o

It
p

al

e

Sensitivity Analysis

It is interesting to analyze the sensitivity of the different res
tance coefficients to detect, in a given pipe reach, the presenc
combined changes in the head loss and in the velocity. Such h
loss and velocity changes can be interpreted as errors in the v
ables that both consulting firms measured in the 2.29 mf pipes.
To that end, relative errors were calculated. Variables related
length were assumed as having been measured with neglig
error. For any resistance coefficientCR , the following is true:

dCR

CR
5

]CR

]hf
dhf

1

CR
1

]CR

]U
dU

1

CR
(17)

For example, applying Eq.~17! to Manning’s equation

n5
hf

1/2

U

KnR2/3

L1/2
(18)

yields

dn

n
5

1

2

dhf

hf
2

dU

U
(19)

Repeating this simple procedure with the other resistance eq
tions results in the following:

d f

f
5

dhf

hf
22

dU

U
(20)

dCHW

CHW
5

dU

U
20.54

dhf

hf
(21)

dC

C
5

dU

U
2

1

2

dhf

hf
(22)

dng

ng
5

1

2

dhf

hf
2

dU

U
(23)

It can be seen from the above simple equations that the valu
the relative change in the resistance coefficients is linearly de
mined by relative errors in the head-loss and in the velocity m
surements, with the corresponding sign. Relative errors thus
as a plane in the three-dimensional space in terms of the rela
errors in head loss and velocity.

Since the head loss is usually calculated from the differen
in pressure heads and in elevation within the ends of the pi
~through the energy balance!, and since a negligible error in the
measurement of the distances was assumed, it holds that

Fig. 3. Comparison of predictions for the equivalent roughness
pipes as a function of Manning’sn, obtained with Eqs.~15! and~16!
AL OF HYDRAULIC ENGINEERING © ASCE / NOVEMBER 2003 / 843



Table 2. Computation of Shear Velocity, Viscous Sublayer Thickness and Equivalent Roughness for Main Pipes

Pipe
reach f

Reach
length
~m!

Slope
of energy

line
U*

~m/s!
dv
~m!

«
~m! «/dv

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
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ger
dhf

hf
'

d~Dp/g!

hf
(24)

The above analysis was applied to the data obtained by the
consulting firms in the network of pipes.

Discussion of the Case Study

The first question arising from the analysis of the observatio
was related to the validity of the application of the Hazen
Williams equation to the design of the pipe network. To answ
this question, the values ofCHW , n, C, f, andng were first deter-
mined from the measurements, using Eqs.~1!–~5! @see Tables
1~a! and 1~b!#. In particular, f and the Reynolds number wer
employed to obtain the operational points of the pipes during
measurements, using the Moody diagram~see Fig. 1!. For these
measurements, it is clearly seen in Fig. 1 that the high Reyno
numbers and thef values involved place the flow in the fully
rough turbulent regime. As it has been previously shown, t
falls outside of the valid flow regime for the Hazen–William
formula to be accurate. Notice from Fig. 1 that the correspond
CHW value pertains to the range 80–100, as calculated by b
firms; however,these values are meaningless, as the Haze–
Williams equation is not applicable in this range of flow cond
tions.This is consistent with Diskin’s conclusion that the Hazen
Williams formula is not to be used ifCHW is lower than 100.

Values were computed for the shear velocity, viscous subla
thickness, and the ratio of equivalent roughness to viscous s
layer thickness for the 2.29 mf pipe, based on the measuremen
performed by the second engineering firm~Table 2!. Knowing S
andR, the shear velocity was computed by definition. In turn, t
equivalent roughness values were obtained from Eq.~12! @where
f was taken from Tables 1~a! and 1~b!#, and the viscous sublaye
thickness was computed from~Rouse 1978!

dv511.6
n

U*
(25)

As seen in Table 2, the calculated value of« oscillated between
431023 and 931023 m, with an average value around 6 mm
These values are fairly large for a cement-mortar pipe, wh
typically presents an equivalent roughness between 531024 and
3.331023 m ~Yen 1992a!.

Even though the Hazen–Williams formula should have n
been applied to estimate flow capacity of the 2.29 m diame
pipes, the analysis of the data was pursued further to shed s
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light on the interpretation of the measurements. The idea wa
see whether or not other formulations showed larger values of
flow resistance with respect to the expected conditions. As a st
ing point, a value of Manning’sn of 0.014 was assumed to be th
expected value~in a statistical sense! from the measurements
This value is widely accepted for cement-mortar pipes~Yen
1992a!. Since the system was only 5 years old, it was reasona
to assume that the value of the resistance coefficient would
close to the one for a new pipe~Hudson 1966!. Using the relation
betweenf and n @Eq. ~14!# for a diameter of 2.29 m, it was
possible to obtainf 50.0185, another acceptable value. Emplo
ing the set of relations in Eq.~11!, expected values for the othe
coefficients and for the friction coefficient were calculated as f
lows: ng50.0438 m1/6, C565 m1/2/s, andCf50.0023. Inciden-
tally, the above value forf can be employed to obtain an estima
of the error in the design of the pipes. In fact, if a value
CHW5120 is replaced in Eq.~7! together with the Reynolds num
ber (3.83106), it is possible to obtainf 50.0155, with a differ-
ence from 0.0185 of about 16%.

Using Eqs.~19!–~23!, a sensitivity analysis of the possible
variation of the resistance coefficients in terms of the errors in
head loss and the flow velocity can be performed. For exam
for a relative error of62% in the measurement of the head lo
and63% in that of velocity, it can be obtained from Eq.~19! that
udnu<0.04n. Then, taking the value of 0.014 for the Manning
resistance coefficient,udnu<5.631024. This means thatn can
range from 0.0134 to 0.0146. For other head-loss and velo
errors, Table 3 presents the results of the computations. Sim
ranges for the other resistance coefficients can also be found~see
Table 3!. Any expectation for the final value of the resistanc
coefficient has to be expressed in terms of a percentage of erro
the measurement of the head loss and velocity, assuming the
maining variables are measured with negligible error. Thus Ta
3 gives the ranges of plausible variation for the resistance coe
cients.

If the numbers in Tables 1~a! and 1~b! are compared with the
ranges depicted in Table 3, it can be seen that all the valu
independent of the resistance equation employed, indicate a
resistance that is larger than the expected one. This is base
the fact that the values of the coefficients in Tables 1~a! and 1~b!
are larger (f ,n,ng ,Cf) or smaller ~C! than the largest/smalles
corresponding value in each of the ranges presented in Tabl
This additional resistance could be attributed to an existing lar
equivalent roughness. Notice that the calculated roughness~Table
025
027
029
Table 3. Ranges of Expected Values for Resistance Coeffecients in Terms of Errors in Measurements

(dhf)/hf (dU)/U nmin nmax f min f max

ng(min)

~m1/6!
ng(max)

~m1/6!
Cmin

~m1/2/s!
Cmax

~m1/2/s! Cf (min) Cf (max)

60.02 60.03 0.01344 0.0146 0.0171 0.0200 0.0421 0.0456 62 68 0.0021 0.0
60.04 60.06 0.0129 0.0151 0.0156 0.0215 0.0403 0.0474 60 70 0.0019 0.0
60.06 60.09 0.0123 0.0157 0.0141 0.0230 0.0386 0.0491 57 73 0.0018 0.0
003
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f
s,
2! is much higher~about 60 times higher! than the value of the
viscous sublayer thickness.

It is noteworthy that this result is a physical fact: the equiv
lent roughness is indeed large. This is not the result of an erro
ous application of the Hazen–Williams equation. The probl
consists in that,after the application of the Hazen–Williams for-
mula outside of its range of validity, the conclusions that can
drawn from it are meaningless. In other not so fortunate ca
difficulties in meeting future water-supply demands could be
result of improper application of the Hazen–Williams equatio

Interestingly, an inspection of the pipe system, conducted
divers, revealed that small scales having heights on the orde
several millimeters covered the walls of the pipes. In spite of
fact that several other factors might be playing a role in the
sults, the presence of these scales could very well be the caus
the observed increase in flow resistance and the associated
values of the equivalent roughness« ~Table 2!.

Summary and Conclusions

Several issues surrounding the Hazen–Williams formula h
been discussed in light of a case study related to a large w
distribution system.

An analysis of the valid flow range of the Hazen–William
formula, via inspection of the original dataset, has been presen
The analysis confirmed that this range lies in the smooth and
of the transition turbulent regimes, as stated previously by sev
authors with the help of other means. The formula was develo
from data for pipes with diameters ranging up to 3.66 m, but m
of the data were collected for pipes with diameters below 1.8
The Reynolds numbers involved in the determination of the f
mula spanned from approximately 104 to 23106.

A procedure for the determination of the sensitivity of t
various resistance coefficients to head-loss and velocity meas
ment errors was revisited. The analysis assumed that the rem
ing variables were measured with null error. This analysis p
vides a basis for the determination of expected ranges for th
coefficients when measuring in the field or in the laboratory.

Values for the equivalent roughness, computed from exp
expressions, were compared to predictions obtained u
Strickler-type formulas. The local error in the values of equival
roughness given by Strickler-type formulas depends strongly
the hydraulic radius for a certain value of Manning’sn.

The case study, related to a large-diameter pipe system,
used as an example of the current misuse of the Hazen–Willi
equation outside of its proper range of validity. The operat
flow regime was in the fully rough turbulent regime. When d
mand increases, the continuous operation will generate a la
equivalent roughness and, thus, the working points will be fart
away from the transition regime. Therefore any future use of
Hazen–Williams formula for verification of the flow resistance
that network would also be meaningless. In this regard, the
thors strongly recommend using the Darcy–Weisbach equa
which includes all flow regimes.

Finally, it is important to point out that the indiscriminate a
plication of the Hazen–Williams formula either in the design
verification of water-supply systems is far from a simple a
demic problem. It may lead to serious practical and concep
implications in otherwise straightforward computations.
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Notation

The following symbols are used in this paper:
C 5 conveyance coefficient in Chezy equation;

Cf 5 friction coefficient;
CHW 5 conveyance coefficient in Hazen–Williams

equation;
Cn 5 coefficient in Strickler-type relations;
CR 5 generic resistance/conveyance coefficient;
D 5 pipe diameter;
f 5 resistance coefficient in Darcy–Weisbach

formula;
g 5 acceleration of gravity;

hf 5 energy loss in the pipe reach~expressed per
unit of weight!;

Kn andKHW 5 unit conversion factors for the Manning and
Hazen–Williams formulas, respectively;

L 5 length of the reach of the pipe;
n, andng 5 resistance coefficients of the Manning and

dimensionally homogeneous Manning for-
mulas, respectively;

Q 5 discharge of a given pipe;
R 5 pipe Reynolds number, based on the diam-

eter;
RR 5 pipe Reynolds number, based on the hydrau-

lic radius;
R 5 hydraulic radius;
S 5 slope of the energy grade line;
U 5 cross-sectional averaged velocity;

U* 5 shear velocity;
Dp 5 pressure difference between the ends of the

pipe;
dv 5 viscous sublayer thickness;
« 5 equivalent roughness of pipe;
n 5 kinematic viscosity of water; and
r 5 density of water.
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