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S This thesis presents the results of clean vater, open '

, Channel hydraulic tests done ih the T. Blench Graduate

Abstract

a

¢

’

~Hydrau§ics Laboratory on commerclally available concrete

and plastic pipes.

‘compare the hydraullé¢ characteristige of the tvo plpe

materials under similar conditions of steady uniform

flow.

¢

The purpose of the tests was to

5

e ‘ oo\
Flow'development in two of the plpes was_analyzed by

measuring velocity profiles along the central axis of

flov. It vas condiuded by examining velocity profile

overlap, that the flow was fully developed within 40 pipe

.diameters of the inlet.

Uniform flov experiments fell into the transition

zone betveen between hydraulically smoo§h and rough

N

turbulent flow. Manning 8 n vas found to vary with slope

QManning's n vere small enough to allow useful average

and depth to dianeter ratio. Hovever, the variations in

‘va;y%s,to be calculated.‘Ratios of the hydraﬂlic elements'

and the variation in Hanning‘s n'expressed'as a ratio of

: the average n value vere plotted for each pipe. The

latter vas found to be a useful vay to. illustrate the

variahility.in Manning's n.

AY

iv

. e

I



some classical theorlies concezning bounda;y layer

. grovwth in a tvo dimensional £low fleld vere conéared to;v§_
thJ results of these tests. The boundary layer defined ae}
the point in the flow vhere the velocity attains

ninety nine percent of the free streanm velocity, is not
applicable to boundary layer growth in a circular )
section. The ‘Blasius seventh power equation wvas found to
agree with observed bbundary layer growth as a first
approximation. Hovever developing flow in part full pipes
should be analyzed as a three dimensional problem due to

the presence of eecondary_cuxﬁtnts.

1

A discussion of‘the‘experimental uncertainties is
p:esented.vaen in controlled laboratory conditions &
vexperinental errot invthe order of twenty-five percent is
'common for feasured friétion coefficiente This suggests -
that more than two significant figures cannot be

justified vhen reporting these coefficients.



*
.

R Acknovledgements
. ‘ 3 . 'U.
.,
The writer would like to thank Dr. N. Rajaratnam and

Professor A. W. Peterson for their guldance and assistance

£

| work -

“thanks

e N

oving pipes and setting up the experiments.
go to G. Flato, L. Flint Peé!rson and R. Povley for
"contributing to the boundary layer analysis. For thelir
ideas, encouragement and suppo;t the wrlter would like to
thank Dr. R. Gerard, Professor P. Bouthilller, P. G. Van Der
'Vinne and R. and B. Chyz. Sincerest thahks to C. Lawler of
Consdli%%ted C§ncrete Limited who supplied the pipes and

‘much of the financlial support for conducting the tests.

- Most of all the writer would liké to thank his vife,'
K ! . f . , .
Patricia and children, Laura and Shannon for their enduring

gpatience and‘uhderstanding.

vi



Table of Contents

Chapter Page
1 Introduction............. Q.....t .......... S |
2 theratqre Review............ '.....................:...1

'2.1 Boundary Layer TheOXY.....euovevrvvinsrensen. - A

2.1.1 Boundary Layer Formulae...................;..7

2.2 Uniform Flov Egquations........... Cereie et .12
2.2:1 Empirical'hpproach..... ....... ...:..........113
2.2%2 The;:ptical Apptoédh... ............. ..;......{7
2.2.3 Previous Btudles.....ivuiiiiienrnienronenenns 20
2.2.4 Effects'of Aginé on Sewers}, ..... ............23 

;h\2.2.5 Summary......... ...?\vﬂ...... ....... ceee e .26

3 Apbaratus and Procedure....... .......:; ..... ...,......29

3.1 Experimental Set-uUp......eueiveeeenreneernnnncneens 29
3.1.1 Boundary Layer Measurements......... PN ¥
3.1.2 Uﬁlform Flow Measurenents....i .......... P K )
3.1.3 Megbureﬁents of pipes................ N34
3.2 qugedure..:; ............ R R TR 1

'3'2.1 Pipe Asse‘blytlI'..l...“...'.‘.‘...l..0‘."0.'0;5
3.2.2 Uniform Flow Measurements.........cco00000...36
3.2.3 Boundar¥;Layer Measurements..................37

3.2.4 Roughness Measurements...............cc000s..40

A
4

3.2.5 Répeafability of Results......coo0nvevceaoe. 43

4?0!._“_.,133 Usedvl0“-...0..000-00.o.goc.oo.no-lc.oolooni“

T \ Covid



“ SR >~
4.1 Boundary Layer Analyals. ............ P 1|
4. ?ricb;on Coefflolents............ cieieane R [ |
4.3 Hydraul}c Elphents....:.. ........ et "..’!..51
5 Results .;b;............ ........ ceeeeeneanas AP .54
5.1 Boundary Layer Deveiobment... ..................... 54
5.1.1 Mild 8lopes.........c.o0. hesseee e e e 54
5!1.2 Steep 816pes....‘ ........ e Cheee e 54 -
5.2 Friction Factb;s{. ............... e e 56
5.3 Hydr#ul;c'Elenents ....... N e f' ...... 58
5.4 Repeatability of Results........ D 59
5.5 Roughness Analysis ......:.... ............ :...59
5.5, 1 Depcript}on of Surface Roughness......... ce..60"
5.5.2 Observed versus Heasuzed Roughness..;Z ....... 62
6 Analysis and Discussion......... e ettt 64’
6.1 Boundary Layer ngelopnent;....;...;... ...... veo..64
6.2 Unlform FloW....cieiterneeresnncncesnsossenotococnns 66
6.2.1 Experimental Uncértalnty................ e 66
6.2.2 Resistance to FloQ.,..f? ........ Ceeeeaes ee. 70
7 Conclusions......ccoviiiiiiiiiniinnn fe e 71
8 Rec#bnendations.........:.....;.... ................ e. 73
9 References.......ccovveveennns ettt e 121!
AppRndix A Manufacturers and ASTM épecifications o _
‘ for the pipes tested..... Coreeeeeii e 126 .
Appendix B Specifications fﬁr pumps, ﬁlavnéters i
o and other hardvare................ e 127
' Appendix C Pipe dlane:er‘neasutenents. ......... [ i {1

A N viit



4

‘Appendix D Typical datasheet............. et rera e ... 132

Appendix E Root}méan squared roughness.o
. the ‘pip‘ea tested. . .......cc0vvun O .‘133
Appendix F Fortran programs.................... S 13%
Appendix G Error"‘ﬁalysls....‘ .......................... 147
Appendix H Results in tabular form..... et e e 152

‘ ‘ /
&
‘ ’
‘ ’
4
-

Ix



Tabie

‘Table

Table

Table

Table
Table

Table

List of Tablesa

[
Values of Manning n from two types
of concrete plpe“ From Bloodgood
and Bell (1961)......... e e e i e 74
Equivalent roughness for concrete plpes{ ‘
From Straub and Morris (1950).................. 74
Information about pipé dimensions and
total installed length of each pipe.f .......... 75
Measured and calculated boundary layer
__para-etQIS-onn;ooonco‘aov-ancoo nnnnnnnnnnnnnnnnn 76
Average valués of Manning's n from this
StUdY oooooooooooooooooooooooooo (] LR A L N R 'Y 82
Root mean squared zﬁhghness and standard
deviation for the pipes tested................. 84
Physical roughness compared to calculated -
values of equivalent roughness (kg )............ 85

’

N\

,‘}



Fig.

Fig.

Fiq.

Flg.

11

List of Figures

Laboratory set-up sﬂd&lnq the flume,
installed pipe, and detalls of the
pressure tappings and pipe cradles....,......... 86

Device used to measure lhslde.sﬁzface

roughness of the pipcs.... ..... ................67
- O’ -

Typical output from depth capacitance

3 .88

Typical readout from the Validyne
pressure transducer used to measure
velocity proflles..........0iiiiviininennennnns 89

TypicaLAtoughness records from 'the
roughness measuring device.............cco0uu... 90

Measured and theoretical boundary layer
growth in the 200 mm concrete pipe........ eee. 91

Measured and theoretical boundary layer
growth in‘thg 200 mm concrete pipe with
measurements ekxtended further down pipe........ 92

Boundary layerlérovlh in the 200 and 380 mm
concrete pipes......... e e ettt 93

Velocity profllqg in the 200 mm concrete
o o T 94

Velocity profiles in the 200 mm concrete

concrete plipes.........cciviiiirieevennnnens ——1

xi



Fig.

Fig.

Fig.

Flg.

Fig.

Fig,
Figq.

Fig.
'Flg.
Figﬂ

12 Alot of depth ratio versus the ratlo of

14 Water surface profiles in the 250 mm

¢
- O

» ‘distance from the pipe inlet to pipe

dlameteronrc..o-:.oo.---..‘-.ﬂc..--.-..-ov oooooo R 9 7

13 ”water surface profiles in the 250 mm
concrete plpe' mild slopes.,..; ....... v sae e .98

| concrete pipe: steep slopes.. ........ ;..(;..,.:99
15 Water sh!%Lce profiles in the 250 mm |

plaatic plpe: mild sLQpes T P . .100
16 Water_surface,profiles in the-250vﬁml

plastlc pipe: steep slepes.,....};.......; ..... 101 -
17 Bhear stress downstre@g'from”the“inlet o

- of the 200 and-380 mm concrete pipes.......... «102

18 Manning n;versus‘cepth’:atio for the ' | _
200 mm concrete and plastic plpes............:.103
19 Manning n verSus depth‘ratio for the

250 mm concrete and plastic pipes..l..., ....... 104
20 Manning n versus depth ratio for the ‘ -

" 380 pm concrete and 450 mm plastic pipes.; ..... 105
'21' Dlspersion of Manning n with depth

- ratio for the 200 mm concrete and _

plastlc pipeB. . -.'- . o ¢ e e e o0 00 . o‘.- LN AN AN e -106
22 ‘Dispersion of Mannlng n with depth '

ratio £or the 250 mm concrete and .

(p198tlc.p'1peslo...'.~-.....-..,..\..'..‘.;.’..’.. ooooooo 167
23 Dispersion of Manning n vith depth

zatlblfor the 380 mm concrete .and :

450 mm plastlc pipes..i.}....,. ......... teie...108
24 Hoody dlagram for' the 200 .mm concrete | |

and ﬁlastlc plpes .....;.,...;.....,.;., ...... ‘. .109

@

xrll ‘ . ’ . o . -



"Fig. 25

. Flq. 26

Fig. 28

Fig. 29

Fig. 30

ST .,

Moody dlagram for the 250 mm concrete )

and plastic pipes"‘.l.l...'..‘.......q ...... ...l.;.ﬂllo
Moody diagram for the 380 mm concrete
and 450 mm plastic pipes......;..........;1;...111
Plots of the hydraulic elements for the
200 mm concrete and plastic pipes..............112
Plots of the ‘hydraulic elémgnt§ for tﬁe. » '
250 mm concrete and plasticiplpes..,.;.........111
Plots of the hydraulic elements for the \
380.mm concrete and 450 mm plastic pipes.......114
Repeatabilitx of results demonstrated :
by Manning n versus depth ratla ...... T & 1.
' /
4
//
//
/
//
. // 4
/
« /I :
/
o ' /
2 !

xiii



9
/ " List of Plates

s o T : - ' ' ‘ \

Plate 1 Experimental set-up showing the flume vith

the 380 mm concrete pipe inétalled....;.i..u..lls

Plate 2 Typlcal jolnts in the 250 ‘mm concrete plpe | T
o -with and without flowing water.... ..... cevesas 117

Plate 3+ Roughness measurtng device.....ocovvenevsnns \.118
,P}atev4 Manometers at mif& and_steep.slopes.{;... ..... 119
;:Plate 5 Mgnbmgters'showing standing vavég in pipe.... +120

» ? . ! , . . ! . ‘
w4 \ . : ‘ N\

xiv



)

n " n ] [ ] |} L} il

List of Symbols

in Schlichting (1979)
area occupied by the flow in a channel

constant in the universal veloclt& dLﬁtributlon law

4

constant ;n.the‘universal velocity distribution law
Chezy's resistance coefflcfent ) | |
1ngiee diamete: of bipe |

Froude nunber '

head 10{‘

velocity function used by Po eroy - (1967)

Pomeroy's resistance coefficient

entrance loss coefficient _\

1ength of plpe used in Darcy s equatlon for full

pipe flow

vetted petimeter =~ - : | N
rate of flow-
hydraulic radlus

Reynold s number

‘bed elope

slope of the hydraulicibrade line
top width of an open channel
free streanm velocity |

averaqe velocity of flow |
friction veloclty _ ]
exponent of R'used bylPavlovskii'(in'Chow,'i959)

" * )

~ .
2

Xv:



shape cor;ection‘fgctor used by Powvell (1946) -

.Povell's roughnesﬁ’cbefficlent '

Dazcy's' friction coefficient
acteleration due to gravity

head loss in Darcy's equatibn‘-
eduivalent sand grain roughpeﬁg" —

representative length

coefficlent of hydraulic elements used by

Pomeroy . - >

Manning's cdefficiept of resistance

l"'}~

pipe radius | |
velocity at a point in the flow

shear véloclty,

. exponent of hydraulic elements. used by

Pomeroy

distance down the channel measured from
the inlet |
dlstihcq abové ihverf'measdred normal to'

the plpe’bounda:y
e -

~='normal depth of flow

boundary layer thickness

dlsplabenent‘thickndss .

.;oientﬁn Ehlcknc;sf

definition of boundary layer thickness

- 3.1416 R o
radial angle occupied. by fye flov .

x91



<
.

kinematic viscnslty

= mass density of wvater

Fo Bl
"

boundary shear stzegs'

xvri



3%

1 Introduction
This research was undertaken to. examine uniform gravity

flow in commercially available precast concrete and extruded

plastic pipee typicelly used for sanitary and storm sever

'applicatione. The study vas designed as a controlled

comparison between the tvo pipe materials to produce

reliable uniform flow data ‘required to generate resistance

coefficients. o ' p

A

The requisite condition for steady uniform flow ae'
stated by Hendersontil966)‘is that the hydraulic pr&perties
of the flow are congtant fR the direction of the flow. To
attaln this condition in a laboratory or field installation
the flow must not suffer any external perturbationsbbeyond

the steady reactions to the gravitational field. There can

'be no change in the channel slope, cross—sectional

uproperties, or discharge over ‘the length of the channel or

in time. Assuming the above conditions have been satisfied,

then the channel length needed to reach_the steady uniform

-atatex‘the flow dev&ippment length, must be deternined. .

Water entering a channel from a reservoir or a section
with different properties adjusts to the changing
conditions. It vill decelerate‘or‘accelerete depending on

the change in the channel geometry, As the fluid moves from

e
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an upstréam reservoir it accelergges down th ‘chéhhel,

,Imﬁediately upon ehtexing a‘channel the bou Qary ot<the ‘
channel begins to exert a shearlngxesist;ﬁZQf;n-thé'fio;
such thaél§he vater molecul®s in contact with ‘the boundary .
are held mqtloniess (Strefter:and.wY115,19810. The sheariﬁg
resistance to the flbw is prbportidnal to, the flbw velocléy

as shown by equattlon (1){ ‘ ' , »,
-~ '

pfv: o )

vhere: T, = boundary shear stress (Pa)
¢

P = vater density (kg/m3)

V = mean flow velacity qu/s)

£ Darcy's friction coefficlient

The 1nf1uencé of the-ch?nnel boundaries:aze not

immedlaﬁely experienced by the elements of the flow remote

- from the walls, but as the water‘pzogiessep dowvnstream the

- vall effects pfqpagate into the flow. The’lajer’of fluid

vhich is ekperienqing»ghearinglresiétancqlis called thé
bqundary layer. The_béuhdary layer contiéu;s tonexpand hnt;l
it occupieﬁéthe entire fiow, At'thls»polnt the shearing . |
resiétancg;forCes and the driving gravitational £otc§s are

in equilibrium and the flow is uniform and fully developed.

“»



Do

‘The vqlocity‘profilee verled down the channel in the R

'developing flow reglon, but remain constant vhen the flow is

fully developed. \
v ' L

The grovth of the boundary layer at the entrance to a

pipe 1s eomething that is often ignored by hydraullc

englnee{s. The effect of the boundary layer on the flow is

ueue{ly eccounted fo: in an empirically determined entrance

'loss coefficlient. This coefficient also includes energy

losses due to the geometry of the inlét and due to

vseperetion.orhe,head'loes is determined from an equation of

LY

the form: . ,

% | ()
H=K,—
L2q
vhere: H = head loss at the pipe entrance
V = mean velocity of flow
g = acceleration due to gravity .

K., = entrance loss coéfficlent

For a vell rounded entrance, the coefficlent K is iﬂ“al to |
about 0.10. | i
- standard uniform flow equations, like Darcy—Weisbach -

Manring, and Chezy assume thet ‘the velocity distribution is

» fuilyedevelqped. In most cases the effect_of-the.boundary

blayer developeent zone is assumed to appiy to 'such a short

<



A

length, compared to the overall length of the pipe, that the
uniform flow equatlons can be used for the entire plpd&vlth

'a correctlon applied over zero length at the entrance.

Under some lecumstanceg, this simplified approeq 4,

not be justified. One important example is in labora

less and the flov development zone may comth;~f

proportion of the .total pipe length.

A great deal of tlme and ‘effort was expended during this
studyoto determine‘the flow develophent length. Measdf@pents
vere compared to classical theories of boungary layer |
development over flat plates of zero incidence and for )
\axisymmetric flow in pipes flowing full. These theories were

nog>develdped to accurately describe a three dlmenslonal

flow fleld.

. . . - \},,;
Igitial inspection may leag“a researcher to' assume that
t

oben channel flow in a circular sectlon is similar to

. axlsymmetric flow in full pipes.ﬁHovever, unequal shear

stresses develop along the wvalls in a pazt full pipe section
which cause a double spiral flow pattern normal to.the
central axis of the.pipe. These Qecondery currents,

commented on by Replogle and Chov&(1966)7 depress the



filament of maximum velocity to_a point wvell below the water
surface and tend to mask the development of the boundary

| . 2
layer parallel to the central axis of the pipe.

.

Without undertaking a comblete three dimensionél study
of the flow, it is left to the.zeseatcher to éxamine
velocity profliles takenlalong<the-centrél axis of‘the pipe

S§~‘>B\determine if tﬁa Elow is Eullyidevelopedaafhls wvas the,
approach used in thisvstudy" Due to time constféints{
velocity profiles were obtained for only two of the six
pipes tested. Comparisons were made between the velocity:

iﬁ'p‘rofiles and vater surface profiles which alloved the £low
‘developmentflethhs for the other pipes to be estimated as

well. »

The secgnd part of the study focused on the analysis of

“gxhe unlfdr@ flov region. Flow parameters including average
depth, channel geometry, and discharge vere measuredﬁ,There
are experimental uncertalhtles inherent in the heésurément
of these parameters. Even in aﬂlaboratory Lnstallation vhere
the prbflle grade 3nd alignment are carefully controlléd,

- standing vaves deyeiop in the flow wh;ch'éause error in
ayetage depth neaéurements. There are also the_effects of
Tthe pipe joints which are a source of continuing '
perturbation to the flow. In effect, a new boundary layer

must develop each tlﬁé the flow encounters{a'joint. These‘

small scale flow characteristics areﬂSeyond the scope of
, N
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most of the practical uniform flow equations used by
hydraulic engineers, but must be dealt vith before any
analytical expression can be develdped. A thorough txiatmont
of these: flow characteristics vas not attempted as part of
this study. The dpproach used vas to obtain sufficient
measurementslto average or dampen the effects of the sfall

scale flow irregularities.

In conjunction with the uniform flow exserlments[
pﬁysical measurements were also made on all the plipes
tested. It was hoped that by measuring the sl;e of the
roughness feétures on the pipe boundaries that conclusions’
could be drawn about éhe reliablility of the equivalenf |
roughness measurement used in some formulas f i
(Colébrook—White). In addition, 1; calCulated values of
gqpivalent roughness were significantly larger than the mean
roughness mgasured, this could provide an indication about

the effect of the pipe joints and alignment izregulaf}ties

on the overall res{stance of the pipe.

| Prior to describing the study in detall, a brief review

g of thé theory and relevant previous literature is.presented.
Due to the bulk of previous work on boundary layer analysis

and uniform f16¢ in oben channels, iteyas necessary to limit
this review primarily to studies dealing with circular

“channel sections.
. }



2 tharatute Revievw

2.1 Boundary Layer Theory

p

Nikuradse (repérted in SchllCht%ng, 1979) det;rmlned
that the fully developed velocity distribution had been
attained vlthl; 25 to 40 pipe diameters of the entrance for
turbulent pipe flow. Hovevez; Straub,‘Bovers, and Pilche
(1960) found that in rough concrete plpe, even though the
hydraulic grade line showved no further curvature, the
velq;ity proflile was still not fully develdped after 20 to
30 pipe dlamefers‘from the entrance. Most researchers rely
on boundary layer expressions developed for axlsymmetrlc

flow to estimate boundary layer growth -and flow development

length. The relevant theory is shown below.

2.1.1 Boundary Layer Formulae

As mentioned, most of the éiassical wdrk in boundary
layer theory considered only idealized two dimensional
sltuat;ons such as ' axisymmetric flsvs (pipes flowing full)
or flows with semi-infinite boundaries. Unfortpnai?ly, B
boundary layer developpent in pipes flowing part-fﬁll is
" more complicated, ;ﬁd has not been investigated to any great .
degzee.’Hovever, there is value in compéring the results of i

these tests to standard theory.



!QT The displacement thickness is detian by Schlichting
(1979) as "the distance by which the external gtzeanlin::

fare shifted owing to the formation of the boundary layer".

The displacement thickness is defined by the folloving

¥ - u ' .
o-f 1-—|d (3
~ o f(g)e

where: 6,-~ displacement thickness

eguation:

u = velocity at some point
Uo = free stream velocity

Yy = distance normal to the boundary

The momentum loss in the boundary layer is given by the
g

expression: , . SO
: )

Y
Pj; ou.(U.,-u.)dy t 4)

P = fluld density

This allows the definition of an additional thickness

called the momentum thickness by the following relationship:

N ' (5)
% fouo(l U.)“’

vhere: 6z = momentum thickness

a
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Itglsvreported‘by Schllchtinq that thé\momentum.

ythickngss and‘the,displaceﬁent thickness c&mpare to the

'boundary layerathiékness,és foilbvs: ﬁ o \

. R P - o
o C o / :
5 , . 61 - %6 . 'T\j . (6) "
6,= 15 : (7)
2 6 : . . )
where: 8 = boundary layer thickness
. - "The boundary layer thickness is usually defined sdhéahag

~arbitrarily as the digfance from the boundary to the point
in the flow where £5e veloc1ty is n!nety-nfﬁs‘percent of the
o frée-Strga{;veldclty. Theviocation of the digplacement

- .'}hickness 1s obtained directly from the vélqci;;\profiles

«

: N . e N
- and can be;plotted versus distance from the entrance to
: . ; o _
determiné the location where“the flow becomes fully
| deVelbbed.‘Thé resuits of such a plot are usually compared

to the Biaslus seventh pover law for»groéth dfvthe
o . o ) ' ) . N ‘_\ ; . .
dimensionless boundary layér on a flat plate of zero

- inclidence: *
: R S

. B o U x!-o.z Lo
g : g-0.37(——° ) - 8)
~where: x = the distance from the entrance

L

v = kinematic v1scos1ty
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The boundary shear stress depends on the velocity
gradient normal to the flow boundary. At the point of

origin, the boundary layer is in;initeiy thin. Therefore,\‘

-the velocity gradient and the’ snear stress at this point are_

..‘,m\

infinibely'large. As the flow proceeds dovn the channel the

bl

boundary layer growvs in thickness and thﬁgve%bcity gradients

between any two points in the boundary layer, normal to the
’ P

boundary, bécome less. At' the 1ocatio% where‘the boundary

layer‘bec%mes‘fully,developed the velocity gradient reaches .

eqoilibrium and the_shear stress is,constant in the

°

direction of the -flow. The rel: tionship for the shear stress

at the pipe boundary is developed below.

<

The universal law for velocity.distribution Lo the

gvicini_‘ty‘of hydrodynamically rough surfaces is stated»as

follows: °

LY R (9)
o Aologk.*-B |

.
»

- where: u = the velocity 3t a pogpt in the flow *
up = shear velocity equal tp ‘To

N

N -

Y = distance normal to the boundary

k, =*equiva1ent-sand'grain rouqhnessk

Ad~and B are constants determined experimentally

#

;;‘)%P | ,
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to the shear stress as follows:

‘For one 1°§ cycle: .

; follows that:

= we= Aqu.dogy - u.(Aglogk,+ B) (10)

If the bopndery layer velocity‘meaSutements'are'plotted |

versus depth-on semi—ldgarithmic'paper the resulting'curve;

should be linear. The slope of the straight line is related

il

v

Yzf1071

80

u,-u,-Aou.logz—z--Au. (11
‘ .

or:

Uz-u,

Ao

Carefui experiments by Nikuradse on rough pipes flowing

_full with the assumption that. the univegaal constant

"~ described by Karman vas 0.4 yielded the. cqnstants needed for

applicetion-of this theory.,Nikuzadse determined that
constant A,can be taken as 5?7§\and that B is 8.5. It

i T Uamhy (12) ..
5 A WS 575 ' o
. substitutingé . IR “_5‘

SN
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K T :
e o =2 \ . (13)
P

results in the expression for_boundary shear stress:

. u' -;L ‘ 2' . 6v‘u
. ro-p( 52.75l) 3 (14)

-

'The results‘oﬁ'these tests were compared‘to theoretical
boundarp layer thickness calculated with equation’(a).nThe
- . shear stress uas determined from the measured Veloéity
distributions by plotting the points on semi logarithmic
paper. The velocity distributions should plot on a straight
'1ine;and thé-slope of this line;is related to the shear
stress by.equation tld). TheSe‘theoretical equations are
often used to describe'boundary iayer deveiopnent.'For« |
‘comparison purposes, measurements taken in'these tests werei
used in the above formulas to gain insight 1nto the flow -

‘development length

. o 2}2 Uniform Flow EQuatY:hs

The study of frictional resistance to flov in open

channels follovs tvo approaches. First, the empirical

‘approach is represented by well kno, formula like Manninc'sv
! R . . bty |
and Chezy equations. These expressions have been applied to



" a’wlde Variety'ofichannei shapes and to a broad spectrum‘of

£low condltions and are favored by many engineers for their

simplfcity. | | .

\\\_—/ The second approach is theoretical and 1is based |
primarily on the work of Von Karman, Prandtl and leuradse
done in the early part of the tye;;ieth century, The

" logarithmic expressions commonly used for flov resistance

and velocity profile'farmulations are based on this work.
. © '

. 2.2.1 Empikical Approach

One of the}earliest attempt to formulate the'zesistance
to flow in open channels was by Antionne Chezy (in Chow,

| 1959); His'well knbwp resistance fofmula:

C-(:; . (15)
or: ’ !
3 i. ' R
‘ V=C{RS
!,phezylthoefficieht of resistance’

vhere: C

mean velocity of f£low

‘hYdfguliq radius = A/P‘ -

‘crosaasectiohalyarea occupied by the flow

L I -
"

wetﬁed.pezlmetef of the channel
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Various reeearchers have attempted to deecrlbe Chezy s
coefficlent. Ganguillet and Kutter (in Chow, 1959) devised a
complicated formila for C which depended on.channel slope,
hydraolic radlus; and Kutter's n. Baiin (in Choﬁ)fand Powell
(1950)_also developed formulas but these have not been

widely used; ‘ . : K .

. | , | »
‘Manning (1891) reported the equation which would later

bear his hame and .is currently written in the SI form:
| i | 5 . -
' V-R?Iaslll , (16)
v , - n | {\r |
Where: n =.Mann1ng 's n ‘
R = hydraulic radius (m)
-8 = slope of the»hydraulicsgrade line
= slope of the pipe inQert-for unlform.flov‘

Vo= average veloclity of flow (m/s)

'dManhing's coefficient”of resletance has gaihed
conslderdble recodnltion.fnanninq}s n is ‘t'eoieiy
- dependent on‘the relative roughness of th.'channel wali. For
a qiven roughness, n has also been reported to be. dependent
" on slope, pipe diameter, and depth of flow (hydraullc
eradius) Johnson (1944) states ‘that Manning's n decreases as
' the normal depth to- pipe diameter ratio (y/D) lncreaees. \
'However Camp (1944) states that there ie not enough “

1nformation in Johnson s paper to prove this. The vork of

ch
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‘ﬂllcok (192l)§§6ee”ehow that Manning's n decreases as y/p
increases indisputably. As stated by Powell (1946) in his
y . A ‘ o

conclusions:.

\

"It is too much to expect that formulas IMke Kutter's or

Mannlng s formulas can -be expected to handle all cases

tg:; arise {f n is consldered to depend on roughness'

¥

0 LJ

Schmidt (1959) found that Manning's n varied with the

~ depth of flow . Qtraub‘aod Morris (l§50)’£ound an increase
"in the value of Mapning's n vwith an increase in the pipe
.dlameter vhen the pipes vere flowling foll Thebpipes they
tested at the St. An hony Falls Laboratory vere commercially
availablejprecast concrete plpes. The Amerlcan SOclety of
civil Engineering (ASQE).Task Committee (1963) studlgd open
chenhel flovw to deterﬁine the range of suitability for each
of the occepted resiétance equatiops ahd/stated the

following with respect to Manning's eouetioni

"The Manning equation ls'sultable only for fully

developed, hydreullcally rough flow".

_

C Bloodgood end Bell (1961) found that slope, pipe slze,

- and dlscharge vere all: slgnlflcant 1n determlning ‘Manning's

\

"'n values, They reported a decrease in Manning 8 n vith an
lncrease ln\the channel slope. The factor shovlng the

»etrongest correlgtlon vith the varlatlonxin Hannlng‘s n vaef

n



~

w hw

the depth to dlametez zatlo. Chow (1959) has shown that the
Chezy formula and Manning s‘;ormula are related by the
following exprosslon; |
) ceR” | Can
V- o n o
‘Chow noted that the value o£ the exponent in Mannlng s
equation was derived from Bazin s data. The actual vakuowot
the. exponent of the hydraulic radius varies between 0.6499
and 0.8395 for various shapes of. surfacevroughness. For tﬁis
reason the above equation is sometimes vritten ln the more ’

-

general form: I L ‘ .

c..l_R‘ (18)
n

in vhich y is a variable. Pévlovskii (InFChow,'1959)-used

the formula: ) .
a=2. sJ_ 0.13-0. 75J_(J" 0.10) (9
for metric units vhere. . . )

a ="the variable exponent for the hydraullcfkioius (R) shown
above and | | " -

n = Mannlng's n

The equation 13 valid when the hydraulic zadius (R) 15 g

betveen 0.1, and 3.0. For practical purposes it can be

written as -follows:

16 .
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a=1.5{n ‘ | .

for R < 1.0 m

a-l.SJE
fpr R;}-i.o m

] . L] . . . \ B
In summary it seems practical to'use Manning's formula

only £oi'£u11§ developed, fully rough flow conditlons.'
2.2.2 Theoretical Approach
Weisbach,(reported in Rouse, 1957) first oroposed the .
dimensionless friction coefficlent (f) which was dependent
.%% the flow dynamics (Reynolds numbe:) and on the equivalent
roujﬁness as originally presented by Nikuradse. As stated in

. -

the ASCE Task Force (1963):

"Dafcy proposed formulas for the friction coefficient
but it remained for Blaslus using the boundary layer
theory developed by Prandtl to prove that Darcy's £ 1is

dependent on Reynolde number only for smooth pipe flow."

“§§ﬁ1933 Nikuradse and péandti had formulated lavs for
hydrodynemically rough and smooth flow in pipes flowing
gpll Keulegan (1938) used hydraulic radius as the =~
charactezietic length to replace the plpe diameter used.by
- Nikuradse to generalize the full pipe'flov'equatiOns.to
rlnclnde open chennel flov ln,pipes..He presented the

following veli‘knovn formulae: ' j T -~



(1) Shooth Flow:

Ve V.(S'.25+S.?Sloq R-—t—f)
wvhere: V. = friction velocity
£ = Darcy'sff

R = hydraulic radius

V.=JgRS
c

[(8g)

Cwm =L

f

S0:

/\
C=4y2glog (—-————R'm)

'"2.51C

[}

or.

! (R.V7)

Tf- 2]09 2'51

 vwhere: R, = Reynold's number = RV .
: v

The other varlables are as previously_deflned.

(2) Rough Flow:

ey - - v

18

(20)

(21)-

(22)

(23)

(24)
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(12R) ' (25)

! - g = 2log
Vi 8¢ ky

.\ ‘4'
vhere:‘}ﬁ = equivalent sand grain roughness

RV

Colebrook (1938) pﬁbliihed the quebrook—White equation
desc;iblng flow transition begveen the hydrodynamically
smooth and rough equations o@iuikuradse. This transition
~ equation lqcks'the cha;acterigtlc "dip" shown,iﬁ.Nikuraése;s'
data and is useful for dedb?ib}ng the flov in commercial

pipes which is characteriied by random surface‘rouqhness

elements.
=7 C kg 2.5
o ==~2lo + (26)
J8g f,((lzn) (R,J?))
The transition reglion is usually defined by::
' \
PLALP 100

v

A varlety of friction coefficients have been pre;epted
in the literature. However, the most popular for
-investlgations of open channel flow }n pibés are the
equivalent sand grain roughness, Daicy's £, Chezy cvand

AN

Manning's n.

S
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: 2.2.3 Previous Studies

£

%,
L

Keulegan's work trlggeréd‘a great deal of interest in
flow resistance in open channels and a number of.very good

studles focussing on pipes have been published.

Wilcox (1924) tested 8 inch vitrified clay pipes and
found that the effects of surface roughness on Chezy C tend
to~decreasé with increased slope. His results also showv a
decrease~in resistance (an increase in Chezy C) with
increasing dépth to diameter ratios. Wilcox used the
~sa1§fveloc1ty method of velocity measurement. Johnson (1944)
studied four domestic sewers to determine Kutter's nl. Sewer

"D" tested by Johnson had g clrcular cross section and his

conclusions regarding this sewver were as follows:

(1) Higher values of Kutter's n should be used for‘lovlflows
in sewers than for larger flows of greater depth.

(2) Kutter's n values are higher than thoﬁe reported by
others for clean wvater flow in sewver pip;s, probably due to
the thin layer of slime and grease deposited on the sever

walls.

\

Johnson reported Kutter's n values between 0.0146 and
b .
0.0201, the latter being for a circular brick-lined sever.

Wilcox, on the other hand found much lover n values of

1 Kutter's n vas first devised as a method to determine
Chezy C. Chow (1959) makes no distinction betveen Kutter's n
and Manning's n.
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0.0095 for the vitrified clay pipe and 0.0102 for concrete
pipe. Coulter (1944) explains that variation in ﬁanning's n
is caused by fixing the exponents of the ﬁydraulic radius
~and slope. Therefore, when.n 15 determined for varlous
depths of flow in a given chanﬁel, it causes n not only to
reflect channel roughness, but also chanqes in the hydraulic
radius. Ramser (Y944) shows results from a 30 inch.concrete
tlle.line and also found a consistent decrease in the value
of Kutter's n with an increase in flow and the magnitude of

n vere close to Johnson's values.

Povell (1946) found the following relationship based on
the equatioh set forth by Keulegan for a smooth

semli-circular channel: .-
\

R
C-c,=32.65log —+21.69 (27)
s c '

- wvhere C = Chezy's C
R, = Reynold's number

c, = shape correction factor

Bloodgood and Bell (1961) found that variation in
Manning's n vere all related to the depth to diameter.ratio.

The values fhey reported are listed in table 1.

Ackers (1961) recommends the following form‘of the
Colebrook-White equation in imperial units for circular

conduits flowing part full:
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#

\

V- 329R3109(-—-k' + l.2SSv) @

14.8R RJI¥IgRS

Ackers (1958) shows that within the range: -

4R
. 7<——ii
K, 130

wr

that Manning's equation is within twé percent of the
1oga£ithm1c expression for fully rough flow. Ackers'also
compares Manning's n to the equivalent sand grain roughness
for fully rough flg\\(impfrial units) as follows:

ne é_‘ikg-" (29)

%7
Results from the tests of Straub and Morris (1950) show

equivalent roughness values (k.f for various precast

concrete pipes as shown in taple 2.

Ackers (1961) evaluated the from data in the paper by
Straub and Morris (1950). He found that the apparené
roughness was greater under parf-full floﬁ conditions than
full bore ﬁestsmgnd gives the fqQllowing possible
e#planatlons: P |

"™X1) Transformation of the general section by uaipg hydraulic
rad(us may beaan ove:simplifica&ion.
(2) There may be a real change in the effective roughness as

the wetted perimeter changes. ‘

(3) There are additional energy losses underx freb surface



£low because of surface wvaves which are dependent on the

Froude numher. , ' ,
. , . i , . W

(4) There are secondary.curre%ts produced which use energy

@

and help to retard the flow. | . L -

. (5) The measured_depthdmay no ac%urately represent the mean.
vater level due to ?5)‘and (4) abéve . |

o | S < ,
Powell and Posey (1959) did extensive tests on open

channel flow in a triangular;flume and, contrary to‘popular.»

e

opinion at the time, found M nning's equation to be as

- reliable as the logarithmic-hipreSSions'for both smooth and
| rough triangular channels. P@well (1946) obtained solutions
for open channel flow similar to those obtained for full
pipe flow by Nikuradse, and defined his own roughness
coefficient However, as pointed out by Thisse (1951), there
.was no method mentioned by Povell to obtain~the roughness
height., As a'reeult Powell's work has not'gained”wide'
‘recognition. | =
‘2 2, 4 Effects 5¥ Aging on. In situ Sewers
- Wilcox (1924) recommended that tests should ‘be done on
’actual sewver installations to determine the effect on

resistance from fouling and silting  Johnson (1944) carried

out tests on in situ sevefﬁ’and £ound Manning S n values
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) Pl o : . : :
“wnignifiéahtf%xhigher than Wilcox's laboratory results,

e
Johnson states that the higher resistance vas probably

caused by a build -up of slime and grease in the sewer.

s E

, Schmidt (1959) studied sewers under actual field

conditions and found Manning s n varied with changes in the

~ - depth of flow . However, deposits or other factors vhich

alter the invert surface of the sewver probably cause a
greater variation in Manning's n than changes in the depth

of flow.

Ackers (1959) realized the need for more £ie1d 7
information and undertook a study of hydraulic head losses'
at sever manhole junctions and recémmended that nore‘work

be done to measure friction coefficients in old sewers;

- Ackers, Crickmore, and Holmes (1964) presented a survey of ~...

" field tests done in England and compined with previously

published data provided a good basis for design of new
sewers considering the effects of aging on surface roughness‘
in the sewers. The primary causes of increased roughness'

b d

with aging are:
(1) slime.build+up“in the sever
(2) deposits of sediment in the pipe invert . |
-(3) joint offsets and aligtment " o e

(4) degradation of'the interior pipe surface
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.'ickersmfound a range of gs‘values from 0.00003 feet in a
;clean 15 inch-cdnCrete pipe to 0.4 feet in a slimed 27 inch
diameter concrete pipe with»sediment deposits on the invert
Both bf these sewers had'been in operation for only two
~years.“Fi£ty percent of Ackers' equivalent rougbness ‘results-
lie in the range of O, 001 to 0. 01 feet The median value is
0. 006 feet. For precast concre e a typical equfvalent .

roughness value vas 0. 005 feet

thick The . effect of sliming was stated concisely by Ackérs

et al (1964): - |

: "With normal workmanship a'sewer wnentnew will'probably.ﬁ
have.aniequivalent roughness of-apout90.005>feet,=§ith 5'
%slime 1ayerinot erceeding 5 mm the ksgvalues may
'deteriorate to 0;065‘feet,‘while_with a ‘thickness of up

“Y¥L to 25 mm a ks value of'OJOS would be appropriate“.'

) o

'Pomeroy (1967) reported the following factors effecting

the‘flow velocity in sewvers:

; t(l) Fouling of Sewers o . '?if :s
Low flow velocities are both cause and result of fouling

"of the sewerﬁ He defines' -
J So.qu.uv o =, (30)

' g
as a uSeful velocity pr&%oting fﬂ!ption The velocity

3
function (J) should exceed 0. 03 or 0.35 for at least an hour
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each day to prevent accumulations of solids in the sewvers.

Even 1f this criterion is met, the seyer may not maintain

good hydraulic performance indefinitely without Cquning.

' (2) Critical Depth Effects

- Pomeroy proposes‘the equation:

V Ksouoon . (31)

where: K Pomeroy 8 resistance coefficient
to represent the velocity in a pipe up to a deoth to

diameter ratlio of 0.85,

(3) Relative Flow Depths (y/D)

Pomeroy compared Manning's n and Hazen- Willlams C with
his own K with respect to relative depth effects (Froude
humber between 0.9.and 1.4). He found Manning S n was

'considerably lower for low flows and that equation (33) was

effected the least by changes in relative dep'l

e 'd',w ‘\‘ .

2.2.5 Summagyf

Following the ®ork published'by Keulegan (1538).iesearch4
in open channel resistance formulae iocused on the .
logarithmic equations describing turbulent flow in pipes.
Researchers compared the analytical logarithmic expressions

' with the traditional empirical_equations.

‘_ :', N ] '  J
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The confusion about friction factors in open channe1315
prompted the American Society of Civil Engineering to’form a

Task Committee (1963) to study the problem ‘The committee

'recommended the following formula for steady fully developed

zflow in open channels:

_[_L’__' (37
°"%RZg = B

vhere ' 8 = lope of the hydraulic grade line and.the

channel bottom. These must be equal by definition

“rh
n

if the flow is steady and uniform
- friction coefficient as described by

R = Darcy-Welsbach equation. The friction coefficient

<
n

depends on Reynolds number
hydraulic radius (m)

. average velocity of flow‘(m?/s)

The following relationships hold betveen the friction -

'i factor (f) and other coefficients.

y e T ca=.]% (33)

| N T

| - plve /_[_ N . (36)
g ) itR 8¢ W

The ASCE committee recommended the use of the friction .

<‘La;_|
Q

coefficient f over the other coefficients. Manning s . %<f/.

equation should be applied only in cases of fully rbugh

)



| turbulent flow. Unfortunately, 1t ls not alwvays easy to

determine i1f the channel ‘s behaving as hydraulically

28

smooth, partly rough, or fully rough and it is not ‘certain |

that partly rough gravity £low will behave the same as

transition pipe flow. - SR . .



3 Apparatus and Procedure
3.1 Experimental”Set-up

"Three concrete and three\plastic pipes vere tested The
‘nominal inside diameters of the concrete pipes were 200, 250
apd 380 mm (8, 10 and 15 inches) The nom'l inside E _4 |
,diaieters of the plastic- pipes were 200 250 and 457 nm (8
10 and 18 inches). A complete ‘listing of the pipe e
dimensions, ASTH Specifications and manufacturers is given
in appendix A. Each concrete pipe section vas. supplied with
one manometer tapping Observation ports were drilled 180
degrees £rom the pressure tappings in the spigot end of each
pipe section. The. plastic pipes which are manufactured in®
longer sections (4 13 m compared to 1.28 m for the 200 mm
"pipes) were supplied with a. pressure tapping and a -
observation port at each end After installation it was
necessary toacut extra observation: ports in all the pipes to

faclilitate boundary layer measurements and,to obtain more

information in the fully developed Ilovyregion.

Pipes to be tested were installed in a 37 m long_tilting'

>

£lumg (see figure 1 and plate 1). The 0.9 m wide by 0.8 m
deep fiberglass lined flume vas supported on a steel joist

-Eramework Twe‘“h ‘32 mm threaded stainless steel legs |

‘supported the steel £ramework and were turned with a system

’L ;of gears and- chains driven by an electric motor - The gears

29 SN

a
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1were sized such that_theyflume svlvelled on a pin connection
at the upstream end vhile malntalnlng a llnear'bed_proflle}
Lateral support_for the £lume uasvprovlded by steel I-beaps
, embedded'ln the concrete floor of the.laboratoryf The
imarimum flume slope.was.one‘perc%nt The slope of'the pipe
ﬁhinvert in the £1ume ‘vas measured lndependently using

surveyors level attached to the celllng of the laboratory.

. lpes to:be,testedrwere placed in the flumevon wooden
cradles»as shown ln'flqure l. Themcradles vere deslcned s0
hat'the_ptpesvflt'snugly'into senlclrcular notches in the
top of each cradlei Cradles were-the same uldth as the. .‘

.lnside of the flume, vhlch in theory, should have provlded a

- stralght plpe alignment In practlse due to sllght

j'varlatlons in the cradle dimensions it vas necessary to do
.the some minor adjustments to obtain accurate allgnments
The concrete pipes vere placed vith a cradle under each

: jolnt The plastlc pipes vere supported at each jolnt and at
the mld—polnt of each section to_prevent vertical

deflections.

Two systemsvof'naghetlciflov meters, supply lines and'
valves vere used to supply ﬁaﬁer to the flume. For low- flovs
“. ( 0 to 10 L/s) a small punp,'75 mm supply line and a 75 mm
'magnetlc flov meter - were uied ngher flows ( up to 250 L/s)
vere produced by a largerypbmp vith a 300 nR supply llne and
a 200 nm magnetlc flow meter. Tbgether the systens could

%A” ﬁﬂ

&l
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produce up to 260 L/s. A callibrator vas used to set the

_the magnetic.flov meters so that the flow.rate could be read

ranges of dlscherge correspondlng to the voltage output from

‘directly‘fron a voltmeter. The speclflcatlonsffor the pumps,

- magnefic flow meters and cellbrators are shown in appendlx

B. Both supply llnes d1schargedplnto a head tank as shown ih

W ‘ . : .
'flgure 1. The head tank was large enough to' dissipate the

turbulence qenerated by the supply lines and supply constant

head'at the plpeﬂlnlet. o ,

A vertical plywood head wall. at the plpe lnlet vas used

. to restrict the flow. toncrete pipes vere mounted flush with

‘the head wvall with the socket inside thegbell on the first

section mortared to provldeﬁa-snooth'rounded entrance.

Plastic plpes were allowed to project slightlY‘lnto.the head
. g ‘ =z _ .
o~ : .

tenk to alleviate sealing dlfflcul es around the head wvall.

The re- entrant inlets submerged sooner than the flush

‘concrete inlets. In the case of the 250 mm ﬁlastlc plpe the

/ 3

‘head needed to obtaln almost full flowv in the plpe

'~over£lowed the head tank, 80 an aluminum bell- mouth inlet

was lnsgglled on the plpe. The 457 mm plastlc pipe was not a

problem beceuse the linltlng factor was the diecharge

‘avallable from theksupply systems. Table 3 1lists information

“such es.the nunber‘of pipe sectlons'used test'sectlon

llength. and. lnlet condltlons. The flov fron the test section

g:‘dlecherged freely to a outlet box.

\

ey



Water surface fluctuations vi‘hin the test pipes vere
monitored with capacitance depth probes ¢see Appendix B for
specifications) vhich provided continuous output to a strip
chart recorder. The pressure tappings in the invert of each

pipe.section were connected with Tygon tubing to a sloping

- manometer board ecuipped with a metric grid and scale.
3.1.1‘Boundary Layer Measurements

B Velocity profiles were done in the 200 nn concrete pipe
for \Q}gvslopes of‘O 2 percent or less and in the 380 mm |

concrete pipe at a slope of one percent Due to time‘

restrictions devef!ping flow was not analyzed for

intermediate ranges of slope or in the plastic pipes.

The 200 mm concrete pipe wvas used for boundary layer
analysis for mild slopes The upstream half of the pipe'}
installation wvas used for these measurements Extra 75 am
ports were drilled into the first five pipe sections
- downstream of the inlet using auQiamond bit coring machine

ucing.the port spading to lgz‘m; Velocity measurements
werezdone using a 1.70 mm Prandtl pitot tube and a validyne
model D94§ p;essure transducer sensitive to pressure
differences between 1 ané 30 mm of vater (maxinum velocities
less than 0.8 m/s) The voltage signal from the pressure

transducer vas recorded on a strip chart recorder for later

yanalysis. A vernier scale was used to position the pitot
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tube and: the ngflles vere measured in a vertical alignment
along the central axis of the plpe. Measurements were taken
starting at the pipe lnvert.and moving towards the surface.
.A gzeater density of Velocity readings vere taken near the
1nve;t-to gain as many readings as possible near the
boundary. Depth reedings‘were adjusted upwvard by one half of

the\dlameter of the pitot tube.

Boundary layer measurements in the 386 mm concrete pipe
vere done at a 5lope’o£ one percent. Agaln, extra 75 mm
observation ports were drilled in»the crown of the pipes to
ﬂfacilitate veloclty measurements. Four Prandtl pitot: tubes
vare used varyling 1n diameter from 2.4 to/3 2 mm. The pitot
tubes were connected with rubber tubing to sloping
differential manometer Beerds to evaluafe the_veldclty head
.diffetence. The measureﬁents vere recorded by visual

observation of the~manometers; 
3.1.2 Uniform Flow Measurements

» Appazafgs used for the.uniform flov'zegion measurements
»veze the sloping manometer board, a point gauge attached to
‘a vernler scale mounted on a transverse member vhich rested
across the sides of the flume, two Delavan chfcitance depth

»probes, and the magnetic flow meters

R
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3.1.3 Measurement of Pipe Characteristics

Joint gap and alignment were measured in the 250 mm
concrete pipe. The joint gap was measured uéing a metric
scale ruler and the joint offset was determined by pressing
a lump of modeling clay into the loint. The clay was
carefully removed and the offset could be measured uaLng a
palr of vernier calipers. Photographs were also taken inside

QKJ

the pipe with and without water flowing (plate 2).

To measure the roughness elements on the inside surface h
of the pipe sectlions, a device incorporating a linear
voltage displacement transducer (LVDT) was used. A °
fine-tipped carbon steel stylus was attached b§ én arm to
the LVDT and this aésembly vas mounted on a threaded shaft.
Thg shaft was turned byba six volt glectzic motor causing
the LVDT and stylus assembly to be dragged across the
surface of the plpe specimen. Samplesjof the concrete and
plgﬁ:1c pipes tested were cored from the pipes. Output from
the LVDT was magniflied fifty—flve times and recorded on a
strip chart recorder. Calibration of the LVDT was done with
an inside micrometer accurate to 0. 001 ihches. A schematic

: drawing of the apparatus is shown in figqure 2.and plate 3

shows the device in use.
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The micrometer vas also used to measure the inside
diameters of 511 the pipes tested. Out:of—roundness and
variation of pipe ﬁhametez'vlthln and betwveen pipe sections

vas measured. This information is included in Appendix C.

b 3.2 Procedure
3.2.1 Pipe Assembly

Pipe sections were installed in the flume by hand or
vith an overh?adﬂcrane. Pipes wvere placed with th; beil ends
facing upstre&m as recommended by Neale and Priée (1964).
Rubber gaskets and standard gasket lubricant were used to
seal the joints. Pipes were rotated to ensure that the
pressure tappings‘vere at the lnvert. Horizontal aligngent

vas done using string lines and a surveyors level to obtain

an alignment which varied less than 1 cm.

The pipe profile was surveyed using a level. Once the

zero slope was establlished a scale was mounted on the outlet -

box and marked for slopes of 0.001, 0.002, 0.0025, 0.0035,

0.004, 0.005,-0.006, 0.008, and 0.010. The bed slope and

t

-~

. proflle wvere checked with the level at variog; times during

the study to verify that the slope scaie vas £ rate.
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3.2.2 Uniform Flowv Measureménts
: (

All experlmentsfyere conducted in a similar manner. The
deslred flume slope was set using the slope scale on the
outlet box. The small pump discharge was EPt at a
predetermined level, calculatgd assumlngoé value for
Ma?ning's n. Manometer tubing from the pipe pressure
tappings was flushed of all air bubbles. Discharge from the

magnetic flowmeter was recordd

.

Output ‘from the depth
capacitance probes was monit i”;ntil the wvater surface
reached an equillbilum deptﬁ’ &;'the manometer readings
for the entire fine vere recorded. Figure 3 shows typlical
cap;citance probe output‘photocopied from strip chart

record.

-

By visual observation of Fhe manbﬁeter board, the region
of uniform flow was selectednfldeally this was represented
by a linear surface profile in the middle third of the
profile for subcritical flow (Froude number less than unity)
and 1nczea§ed to thgslatter tvo thirds»of the profile for
'supercr;tiéal flow (Froude numbei greater than unity).
Developing flow was cha¥acterized by curvéfﬁte in the
upstream portion pf the profile, and vas excluded from the
test secﬁiéna Plates 4 and 5 shov typical manometer profiles

obtained during tests on the 250 mm concrete pipe.

*
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Transition flow conditions ( Froudednumber close to
unity) presented problems due to the unstable nature.of the
flow. Standing anes developed ln the’surface.profile in the
pipes,'best illustrated hy plate 5. In these casesAthe

middle third of the profile vas selected for'measurements.

. A point gauge equipped with a vernier scale vas used to
measure the watermdepth The water surface and the pipe
invert in the uniform flow region were recorded at ten
n‘locations for each discharge to dampen the effects of
surface roughness. At the end of the test run the “
capacitance probe output vas checked for consistency during
the test then the discharge and‘ manometer readings were
recordedaagain. The discharge was then increased and process
repeated.zwhenvthe required.discharge exceeded the’ capacity
»-oflthe small-pump it'uas‘shut»down'and’the valves closed to
prevent leakage into the head tank, then the large pump was

started and alloved to stabilize

In all eight discharge settings'were,used for each of
‘the;nine‘siopes for gach of the‘six_pipes,giving a total of
432 tests.‘Aitypiéal data sneet for one test.is'included as
Appendix D. | | e )
| 3;2.37Boundary}Layer Measurements 7
, - o R
During the houndary layer measurementsuthe discharge and
bed slope were held'constant; Velocity profiles for
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subcritical slopes were done using a small diameter Prandtl
pitot tube. The pitot tube vas positioned along the central'
.axis of the pipe, then lowered to the pipe invert using the
screw mechanism»attached to the vernier'scale (the central.‘

. axis of the "pipe was marked durin' ‘ e:original pipe' ‘
installation) Prior to recording velocity measurements the
plastic tubing was allowed to drain to flush all air £rom
the lines since.the transducer wvas found %o be extremely
sensitive to air'contamination The trangzucer required from

3 to 5 minutes to stabilize when the pitot tube was

repositioned. - o .

Velocity readings vere started at the pipe invert. The
£irst reading was taken when “the tip of the pltot tube began
to vibrate against the bottom of %he pipe._If the plitot tube

‘was allowed to rest firmly against the bottom the tube stem

. tended to deflect vhich would 1ift the tip off the bottom of

<

the veloiity reading close to the pipe wall After the

readings vere recorded on the strip chart Any individual

readlng from the q:ansducer ‘could vary as much as fifty

pgrcent from the true average because the transducer vas

e

sensitive to the turbulence within the flow. By\analysissofv
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the strip chart printout it was possible to draw in an
?

average llne for the recorde A typical strip chart record

from the transducer ls,shown in figure 4.

To produce a‘smooth velocity profile readings vere
- concentrated near-the houndary‘yhere the’greatest,velbcity
' gradlentloccurred.,a minimum of 107?ead1ngs uere taken for
,feach profile. To'obtain accurate dlsplacements, one half the
pltot tube diameter was added to all measured displacementsi
;above the\pf'e 1nvert The pitot tube was. moved upstream of
the pressure tappings to preyent su}face irregularities from
influencing the flov. The uppermost measurement. in the |
profile vas taken 3 to 5 mm below the water surface to
prevent a+r—e&ntam1nation of the pitot tube. Before and
'3fter velocity measurements the pipe lnvert and- vater

surface vere measured and the profile of the water surface

Iwas recorded from the sloping manometer board

The flrst’sets of ‘velocity measurements done "at mild p-

&

vlth one set of measurements extended to the mid-point

"‘slope re concentrated at the upstream end of the i)ipe
'vof the installed pipes. These measurements were a learning
experience and lndlcagpd that the measurements should be

“extended £urther dovn the plpe | v ﬂ;h,,-

u

The velocity m vmxremepts dﬁhé s% the steeper slope vere .
e ‘é«

i3 “length of the 1nsta11ed.380 mm concrete
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pipe to obtain-a more complete picture of . the development
'length Since the growth of the boundary layer afd not
' appear to agree with the ‘theories of boundary layer qrovth
on'a flat plate of zero incidence, the only vay to detect
the location wvhere -the flow became fully developed vas by

-

direct inspection of the velocity@profilee.

It was £ound that the larger dlameter Prandtl pitot

tubes réquired about 1QQ ﬁ%o .stabilize when moved to a

new position in‘theuflowf €bathe large number of

o readings per profile and the number of ports, four setups
N ’.including pitot tube, rubber tubing and manometer board were
necessary to reduce the time needed to comp%fte the set of

'profﬁles for the whole line. The method qeed to do velocity

surements with the laxqer pitot tubes vas the same as
h the smailer diameter tubes Velocity heads wvere read

N

om the manometer boards which were found to be much 1ess ’

aensitive to the flow turbulence than the finer pitot

’tube transducer setup..
b o ’ ._ q

' 3.2.4 Roughness Measurement.’

The samples used for the surface roughness analysie vere
:cored from the sections of the pipe “used for testing The '
-samples vere circular discs about 75 mm in diameter. Eachv
_ ;ample represented_one.pipe section;'It yas.noted that,

rouéhness'vas'variable'in'any one pipe section and even more



o8

e S a1

Ty
iy o
‘ v@‘ & ‘
tl- -'(

variable between sections. Typical examples of roughness

samples can be seen ‘in plates 3. By using as many samples as

possiblevit vas hoped‘to gain a meaningful average value of

equivalent roughness'height. o
Sample surface roughness measurement was done by

mounting é%e sample in a vice. The sample had to be levelled'

to‘preventjthe profile from‘being’tilted,‘This,was done

u%ing a 150 mmfcarpenters level which proved accurate enough

“to produce a levelltracevon the strip. chart. The stylus of

the roughness measuring device wvas placed on the sample by

. adjusting the leg screws of the: device frame. In this vay

'v the stylus was maintained within the calibratedf%isplacement

rangei ‘ ‘ IR 1;;4J%
| The stylus .was placed at ﬁhe start of the traverse and
this point vas marked vith felt tipped pen The motor vas
"then switched on which’ caused’%he stylus to be dragged \
. \‘p‘a .
across the sample The variation in the surfacetprofile of

the sample vas detected by the LVDT and converted to output

‘ reading on a. strip chart recorder The traverse Qfs--

conpleted by svitching the ‘motor off and marking ‘the final
stylus location on the sanple and the corresponding position

on the strip chart “The actual length of the traverse vas

then heasured using vernier calipers. This length vas marked

o- on the strip chart so that a horizontal scaze factor could "_

be calculated The vertical gain on the strip chart recorder

‘.-
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was calibrated to give a magnification £actor of fifty-five.
" . Most traver?es were done in duplicgte to give a better
database for the calculation of root mean squered roughness.
When the sample was removed from the vise the overall width

of the sample vas measured vith vernier calipers to check

for variability in the vall thickness of the pipes.;'

RThe4traverse records'on the strip charts~were,anQIYzed'
as follows; The traverse (see figure 5 for'an“example
record) length on the strip.chart vas measured using the
vefnier calipers, A mean line wvas drawvn through'the trauerse
'bydeye. éoughness'elenents'uere measured‘as vertical |
(positive or negative) displacements from this line at 5 mm
horizonial intervals which represented 2.5 mm on the sample.

[%ot mean square roughness was then calculated for each
‘traverse and are included in Appendix E. The mean of all the
root mean squared roughness for the samples,for one size and
typefof}brpe was calculated to glive the roughness in

'millimetres'for theripe‘tested. o - P “

In addition to the above analysis, roughness periodicity
was. also measured. It was noted when the pipes vere flrst
examined that ridges and wvaves wvere present on the finished
»inside surface of both the plastic and concrete pipes. h
s med@ure o£ the ridging was obtained for the concrete pipe

‘_using the methods described above. The wavelengthkof the

{
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vaves in the plastic pipes were too long to allow an

"accunate measurement using the LVDT, 80 visual measuremenep

vere taken using the calipers

.

"3.2.5 Repeatability of Results

SOme hysteresis has been'observed in flows inrsewers

: carrying foul vater. This was reported by Besmehn (1986).

_ The" resistance coefficient vas found to vary depending on

| vhether the flow in.the pipe.vas increasing or decreasing.

t.The reasons for this uere not clear. It vasbdecided to
‘analyze the hysteresis effect for the pipes ‘tested in this

- study which are carrying clean water “ith no buildup of !i

slime deposits, This was acco:plished by gradually

inc easing the flow between measurements, then duplicating

th set of . tests with the discharge decreased betveen

f”re dings The flow was stable and steady between each
'measurement The 250 mm concrete.pipe was selected for this
vanalysis. A number of runs which had been done previously

were done so that~the repeatability of the results as well

as«the'hysteresis‘effects_could be analyzed.



4 Formulae'used ' - ,,ﬁu;
. | . .
4.1 Boundérnyayer’Analysls'
| The equations used to . compare the theoretlcal qrowth of
the boundary layer to the observed boundary layer growth
- were glwen in the literature . review, Equatlon (3) and (5)
vere used to calculate the displacement and momentum LN
thlcknesses by slmple numerlcal lntegratlon The Fbrtran |
program used to do these calculations is lnéluded 1n
‘_ Appendlx F. Equatlon (8) was used to calculate the
theoretlcal boundary layer growth and was used for the
'»measgred veloclty profiles The shear stress vas determlned
| from the measured veloclty glstrlbutlons by plottlng the
profiles on semi- logarithmic paper and applylng equation
(14). R 4 ‘

. v
a"w '

4 2 Frlction COefflclents

Prior to calculating frlctlon coerficl nts from the
eiperlmental data, tuo checks uere done on the data. First,
the percentage total error ln the value of Mannlng's n was
‘calculdted using standard methods of error analysls as
‘descrlbed 1n Taylor (1982) If the error wvas greater than.
twenty—five percent then ths*data was not lncluded ln
iurther analysls. The.major areas of uncertaln%y , :_caused

" by standing waves on the vater surface,(especially at or

44
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near critical flow conditions) and by dravdovn of the vater
surface protile at mild slopes and high dépth ratios. The
extent of the drawdown (M2) cutve vas calculated £or .

f. subcritical flow condiéﬁons using the standard step method

which is. available in’ Fortran subroutines written by

Peterson and Howells (1981).

| This vas necessary because no tailwater control wvas

. used. If the depth at a distance of one halé the flume.
length upstream from the outlet was greater than‘ninety-five‘
perCentvof-the'calculated.normal depth_(assuming the average
- value of\Hanhing‘s~n for the pipe) then the data was |
'included In practise this resulted in elimination of all

: the results obtained at a slope of 0 001 and some of the

- higher discharges at the other mild slopes. The errxor

analysis is included in Appendix G and the subroutines used

* to check the data are included in Appendix F.

g

The remaining data vas used™to calculateythe‘various
hydraulic'parameters.vFirst, the‘ratid of‘average centreline
depth to the aétual average ihSide dianeter was. calculated.
The depth used vas the average of all the depths taken for
that partlcular run. This vas assumed to 5& the normal depth
of flow in the pipe. The average discharge for the run wvas

i .calculated and the bed slope as indicated by the slope board
- attached to the flume. Using these parameters the Manning ’

,coefficient of resistance (n) wvas calculated using the



46

following SI equation shown previously as equation (16) and
tev:ltten in a form useful for the’ measurements from these
experiments aé follows: . o v
2/801/2 .
n= AR®"S (35)
. 0 o
vhere: 'n = Manning's n : ' , (

. A = cross sectional area of flow (m?)

A - 5(8-sin9)D? . (38)
1f } < D/2. then
’ 9-2cos"(’l—?3) f3?)
I£ y > D/2 ';hen .
e-u;zs{n-'(!&r:_’) eSS

wvhere the angle 1s‘expressed_1n radians .,

vhere: ~ R = hydraulié'radius = A/P (m) \

P = vetted perimeter (m)

L4

«pl " (39)
P=Dz | |

°

Yo = aveéage centreline depth of flovw (m)

D = average inside pipe diameter (m)

S
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r = plpe radius = p/2 (m)
8 = slope of the pipe invert

= slope oé the vater surface

For conyeniencg of calculation a computeg\pzogram vas
used to calculate the hydraulic properties ofi;rea of flow,
vetted perimeter, and hydraulic radius. The HYEPOL
(Hydraulic Bnginéering Problem Oriented Libtarf) subroutines
used vere available on the uniygrsity'mainframe and are
liséed in a publication by Peterson and Hévells (1981). A

complete listing of the main Fortran programs used to call

" the HYEPOL subroutines is listed in Appendix F.

To undérstand‘vheie the experimental results fit in
camparison to other\studles Darcy's friction coefflcient‘vas
obtained by adaptihg the Darcy-Weisbach eqda;io; for
ptessurized flov‘lnfbipes to a géneral form for open

channels as follovs:

-Lv? | (40)
R f2gD ' “
vhere: h = head loss over distance L in a pipeline

. (m) - '

£ = Darcy's friction coefficient

L = length of pipeline under investigation
i . _
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V = average velocity of flov (m/s)

g = acceleration due to gravity (m/s?)

D = average inside pipe diameter (m)

~ since h

L=5
-where: S; = energy gradlgnt
= slope of the pipe invert
— s, = )

-2gD

,For'open channel flow conditions D can'bq replaced by

four times the hydraulic radius so:

L4 - fvz
S,

! " 8¢gR
and for steady unlfo:i flovw 8, = 8

where. 8§ = slope of the bed

This results in:

8gRS
,- Vz N (42)

. vwhich is the Darcy formula for general open chanz:l flov.

| The viscous effects on_fhe fluid flow are best obkerved in a

form of the Moody or Stanton diagram, with the friction
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coefficlent and Reynold's number converted to the gy
‘appropriate open channel formu.'The folloving Reynold's

number vas used to obtain\Fhese figures:

R.\ - —
v
. a . [ ] ) !
vhere R, = Reynold's number for open channel flow

‘ 3
v = kinematic viscosity (m?/s)

= 1.007 x 10-6 w?/s, for these tests

For comparative purposes the Colebrook-White equation,
wvhich spans the transition region between the turbulent
smooth and fully rough tﬁrbulent flow was chosen. The open

channel version bf thé‘equation is stated as follows:. i

1 I k, 9.35 (-4"4)
_...1,14._2109(_'_4. ) , SN

x
.
¥ i

vhere: k, = selected values of roughness to be uiéaggv

for comparison to test results :°

o . | T R e o
Due the clrcular shape of the channel cross section,7it -

vas difficult to define a Froude number which described. h',\ﬂi\

flov adequately over the full rqﬁge of depth ratios (y/B) :

, N
The various formulations are shbvn below. o

s
x
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FaVy oy (45)
Fe v ‘ (46)

gy
FaX 47
gP
v
Fm J (48)
JoR

wvhere: F = Froude‘ngmber‘

<
"

mean flow velocity
= normal depth

y
. A = area of flow |
P = wvetted perimeter ‘
R

= hydraulic radius e i

. o &~'
d% The Froude number which includes the channel top vidth,
a:wg}hh is very useful for open channel flow in rectangular or
'Tnatural channels is not applicable for circular sections
‘Abecause as the pipe reaches the pipe full condition the
Froude number approaches zero as can be seen from
obsérvatloq_of this equation below.

QT (49)
Fm
gA®

vhere: T = the channel top vidth.
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Froude number of unity vas assumed when the flow velocity :

51
| | o -
The above Froude number which includes normal depth

‘appeared to represent the actual flov conditions the best. A

@

»

prevented a surface disturbance from moving upstream.’

4.3~Hydraulic Elements
The dynamic hydraulic elements of flow wvere compared to
standard references ‘which are based on Manning s equation as

shown in Fair, Geyer and Okun (1966) as follows 4

(1) For Manning's n considered constant: n,/n, = 1.0 then:

. | . v
V. E'.('}_) (50)
Vi n,\R, ‘ .
and '
a

Q0 nr(:&)(’_&); o NG
Qr n,\4,)\R; “ B

‘ whefe:~subscript p refers’tO’part~£u11 flow
' subscript f refers to full- pipe flow

)
The other variables are as previously ined

For constant n the ratio of the hydraulic elements'
depends on the geometry of the fLow alone.’ There ls no ’
evidence indicating that the exponents of R and S should be‘

constant A more - general representation of the formulas."

g
3
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“TAnOther method of plotting the hydra Tic alemants wvas ’
shown by Pomeroy (1967). He avoids the use
radius with his equation:

L - '
(53)
where: K = Pomeroy'; friction coefficient

He found this equation vas a mucﬁ more satisfactory

representation since the K value remained more constant than .

any’ of the other so-called constants (le. Manning 8 n or the
;” :

—

:ChezyC), _ ' . " R

In a previous article Pomeroy preaented this equation in
the form:

V, (Q )" o (54)
—='m .
v, q, - ' ,

vhich fits Camp's (1946) data best ‘With coefficients based

on a depth to diameter ratio of 0.5 and V, /W = 0.88,yia1ds:'

s . S . 0.316 o |
, . L v, A\ (s5)
- [ V/ ! 093(41) T S ‘ ’
¢ S
T ‘94.1..093(41)1.3“ ,' o (56)
| . ') v Q A’, : | )

"These equations are applicable to flov conditions with depth

to diameter ratios 1085 than 0. 86.v
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Applying Darcy s equation to obtain rat#gs of the
hydraulic elements for part -full pipe flow cbmpared to full
n,-pipe flow yields the following equations' *

RS A

v, f‘)(), (s
v, Iy | | |

Vhere: £ = Darcy-s friction coefficlen‘lﬁ



vS‘Resultsl‘
5.1 Boundary Layer Development
B ) _
5.1.1 Mild Slopes
The results of the five boundary layer”tests done on the
200 mm concrete pipe at mild slopes are given in table 4,
These results -were used to plot actual versus theoretical
K boundary layer growth and are shown in figures 6 to 8. Due
hto the poor correlation between the theoretical boundary
’@élayer growth and the results obtained perhaps the best
bninformation about the boundary layer development is
indicated by the velocity profiles shown in figures 9 to 11,
Direct observation of figure 11 illustiates that the
velﬁcity profiles begin to superimpose on themselves at‘
'about 8 m from the pipe inlet. It is interesting to note
'lthat ‘the secondary cunrents also appear to be fully |

developed at this point as indicated by the constant

curvature of the velocity profiles[tovards thle free.surface.

&

5.1.2 Steep Slopes

ing the same technique for the steep slope in the 380

r.Qmm concrete pipe the velocity profiles began to superimpose

‘"about 14 to 18 meters from the inlet’as hown in’ figure 11
This is also the approximate locationdgwgrsathe theoreticel_

‘boundary layer grovth intersects the free syrface as shovn* e

54 '. . : ’ vﬁﬂ:"



« - layer along the central axis of the pip
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in £igure 8 COnverting this dfstance to a dimensionless
ratio of the distance from the pipe inlet ‘to the pipe
diametery(x/D) yields a value of 39.5.-Figure 12 is a plot
-ofithéadepth'ratio (y/D) compared to the distance ratio, _
(x/Di'§Npst of the.surface‘fluctuations in the boundary

. layer« tests done at both mild and steep slopes are greatly
reduced at a distance ratio of 40 This conver s to:a |
;developMent length of 8 m for the 200 mm pipe and 10 m for

' the 250 mm concrete pipe. Again the grozth of the'boundary

is masked by the

.developing seconda urrents Similar to the mild slope

 tests, there is a significant disparity between the
g

.theoretical boundary layer growth and the measu ed growth-

Table 4 (run 6) gives a complete Iisting of the measured andA

&

calculated parameters for the steep slope test.

No velocitg measurements were‘taken in the plastic }

>

pipes. However, the surface profiles shown in figures 13 to
y'16 indicate that the profiles vere relatively linear 10 m
from the outleg. It vas assumed that the channel length '

' hrequired for the flow to becomegfully developed in the

¢

plastic pipes also occurred at ‘a distance ratio of 40, This

s a ‘rough estimate at best without the. support of detailed :

" velocity. measu:ementS-"A, Mf'
, ‘,ﬁ o
.l“i")_ L

L A
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The boundary shear stress vas plotted and is shown in “
figure 17. The shear;stress'displaysla_gradual reduction in

the direction'of flow, but the -trend is very erratic.  ®

1

5.2 Friction Factord

A tabular listing of all the results of the uniform flow

J&periments are included in Appendix H. The graphs of '
'Manning 38 n plotted versus depth ratio (figuree 18 to 20)

indicate that the depth ratio and slope influence the
'magnitude of Manning s nin the range of flow conditions

tested. The slope»effects tend to be greatest at low depth
”ratios and disappear at the higher depth ratios. At lov
bidepth ratios mild slopes produce significantly larger values
of Manning s n than the steep slopes, especially for the
concrete pipes tested. Table 5 shows theiaverage Valuee of
Manning's‘npcalculated for depth ratios greater and less |
-than 0.25 which was chosen arbitrarilyvto divide the
results The 450 mm plastic pipe vas an anomaly. It .
demonstrated very little dependence ‘on the depth ratio
. Whereas Manning s n values.tended to decrease slightly as
the depth ratio increased for the other pipe%, n values
, increased slightly vith increasing y/D values for the 450 mm

3
plastic pipe Figures 21 to 23 show the diepersion in the

d

'values of Manning n vith depth ratio.

N
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'To.gain'a better understanding'of the dynamics of the

ﬁflow conditions, Hoody diagrams vere plotted for all the

uniform flow tests 3 ,results are shown in £igures‘74 to

26 . The 200 and 250 mm PVC pipes generally follow the

oth curVe of Nikuradse. That is, Darcy's. friction factor

"decreases vith increasing Reynold's number. The 450 mm |,

Spiroloc pPVvC pipe showvs some fluctuation from the smooth

*

~ curve at higher Reynold's numbers. The trend appears to be

toward fully rough flow, characterized by independence from

the Reynold's humber However, as the velocity increases the

'friction factor again begins to decrease._This is a well

defined trend at channel slopes of betveenvoroosfand 0.01.

The other slopes show scattered results‘due to the;

"transition flov conditions mentioned previously, wvhich

caused standing waves to develop in the pipe. The-reduction

- of. the valueeof the friction coefficient could fe due to the

.spiral pattern of -the ridges on the inside of the pipe whichm

develops a more pronounced spiral flow pattern at‘ higher .

Reynold's numbers ) , ) ~ e

Friction factors for:the concrete pipes uere.generally

. paralle} and above the smooth curve of Nikuradse. at low

‘ Reynolds numbers. At higher Reynolds number the friction

factors tended to sﬁov signs of independence from Reynolds
BN ¢ ﬂ,a'e‘.

wnumber as vould be expected for 1’9F§U11car¥y rough
qsurfaces. A nqticeable Aip occufzed in plote of the friction”



V)factor for the 380 mm concrete Plpe, similax to those shown
on the original work by Nikuradse. This was not expected for

the pipes tested due to the random nature ot %he roughness
e

(Lny,lements in commercially precast concrete pipes.
/ .

The two;shaller diameter concrete pipes do not show the
dip in the friétion factor. as noticeably as the large
concrete pipe. Hovever, Chow (14%9) shows silearntrends in ’

i results for Bazin's and Varwick's data on triangular and
‘ circular flumes respectively. In addition the values plotted
in Chov s flgure also lie. above the Prandtl-Von Karman
| smooth function. Morris (1955) explains the ﬂip in the
: friction factor as a transition in the flow to a higher

energy loss flow. As the Reynolds number incteases the flow

change from a quasi smooth flow to Jvake. interference

dv and then to an isolated roughness flow. The waviness
nd in the pipes tested could possibly produce the same
.effects as the isolated roughness elements studied by

Morris
5.3 Hydraulic Elements L

The plots of the hydraulic elenents (figures 27 to 29)

'0" display a definite spréad in the data especially vith ; e
}f ' respect to the ratio of the part full velocity to the |

(;i: full pipe velocity (Vo /Y, ). " The range of v, /Y, at a depth‘td

S diameter ratio, (y/D) of 0. 5 ts from 0.9 to ‘o for thi
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concrete pipes and'o 9 to 1.06 foz the plastic pipes. The
prop8rtional discharge (Q /9y )'tands to follow the.

‘theoretical curve much more d‘ sely than the proportional
‘velocity "The Q /Q, experimental points show a significant
| difference with theoretical curve Jfor y/D valies greater
than 0.8. The experimental Q /Q, values tend to be greater

than unity which disagrees vith theory. '
5.4 Repeetability\of Results

The results of the tes" done to determine test
repeatahility shows good correlation between the rising limb
of the curves in figure 30 and the falling_limb. Therefore,
hysteresis effects vere not present for the flow conditions
tested The only discrepancy occurred at a slope. of 0. 001
.for a depth to diameter ratio of 0.45 vhich there is no

clear reason for. The results of these tests also compared

closely to the original tests done.
-
5.5 Roughness Analxsis

A

;‘hppendis E,shows thezroot neen'squared roughness for

each Specimen. The largest roughness elements vere found in
i;the 200 mm concreze pipe vith an average root mean squaredg
roughqsss of 0 16 nm. The 380 mm concrete pipe: vas almostvﬂﬁ%:
"the sane’ vith a root mean squared roughness of 0.14 mm vhﬁggg'

;ithe 250 nm concrete pipe roughness vas 0 10 am. Roughnegs,_,



60
as e‘Pected was much less for the plastic pipes. The ; root

~ mean squared roughness vas two to thzee times less for the
plastic pipes compared to the concrete '‘pipes. A root mean
squared roughness was not calculated for the Spiroﬁbc 450 mm'
plastic pipe due to rebound describeddlater. Table 6 lists
the reiults of the roughness measurements and standard

deviations of thegrooq,mean squared roughness calculated.

The comparatiuely.large sﬁandardxdeuiationekshowsbe
fsignificant variationfin the root.oeen squa%ed roughness
betveen the samples. This vas obvious when semples vere
examined visually. The interior surface finish is
par;icularly'variable inlthe specimens obtained from the
concrete oipes. Some sanples were_very smgotﬁ comparable to
concrete finished carefully with a steel trowel. Other
samples were rougn with ridges formed as the inner mold vas
rotated during casting. | o

c 5.5.1 Descriptlon of Surface Roughness
s 4 '
(1) Concrete Plpes:

Generally the course-grained aggregate is not exposed at
thefsurface of the pipe due to the finishing process., The
finest grained'sand and nortar are exposed Therefore, one
would expect a roughness size equivalent to’ the send grain

sizes from a standard sieve analysis of the concrete
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aggregate. Mindess and Young (1981) show that standard
concrete mix designs use between 25 to 85 perceng/;; the .

fine aggregate in the size range 0.15 to 0.6 mm.

The obvious characteristic of the concrete pipe inner
surface 1s the concentric ridges which are fbfmed durlhg

A

‘fabrication of the plpés:‘Thls type of roughness is very

~different than the uniform sand grain roughness used by
Qleuradse‘aﬂd otbezg because the;e are very few isolated
Vsaﬁh patticles:projectlnq lntobthe fiow. In&tead the sand
and_agéregate pért}cles are embedded into a matrix of cement
mortar paste. The mortar is brought to the surface during
the flnishiné process which 1nvoives rotation and vibration
of the inner dyllndifcal form. A very iow>slump.conérete is
-ngﬁ vhich allovws t nner and outer forms to be stripped
whilé the concrete i; still in a plastic étaté. As the lnner
form is ;otated»and removed from the pipe it leaves the
concentrlic ridges of mortar which are therdomlpant‘roughness
feature of the concrete pipes. The amplitude of the ridges
varies from about 0.2 mm to more than 1.5 mm? Minor |
sand-gialned roughnes; elements.ate superimposed on these

- .

ridges.
(2) plastic Pipes:

Roughnéss.in the plasti: pipes vas of a wvavy nature

‘characterized by smooth sinusoidal curves. The amplitude and



wavelength of these features varied between the three
plastig’pipes. The surface waves in the 200 mm plastic pipe
were small yith amplitudes in the ordex of the roou mean
squared roughness and wavelengths of about 2 mm. ‘When they
vere present, the vaves on the inner surface of tho 250 mm
plastic pipes were an order of magnltude larger than those
; measured in tue 200 mm pipes. These wvaves had amplitudes of
0.15 mm and wvavelengths of 16 mm. Waves of a similar size
vere also measured in the 450 mm plastic pipe. The spiral
grooves were the mugor roughness. £eature of the 450 mn
plastic pipe. The grooves,ave;aged’l.l3 mm deep and 25 mm

wide,

Roughness measurements were attempted for the 450 um
plastic pipe, however there dppeared to be distortion of the
sample'due to stress relief which occurred when the samples
vere cut from the'pipe sections. There wés no fine-grained
zougﬁness Roticeable from the results of the roughness
testing. Howvever the inner surfaces of the plastic bipes
show wvaviness.-This vaviness was measured only vhen it wau
determined that it'vas not caused by fl?xinq of the specimen

. due to stress relief.
5.5.2 Observed versus Measuzed Roughnéih o

‘The concrete plpes demonstrated a noticeableadgfference

between the physlcal roughness measured and the calculated



equivalent roughness. Table 7 shows the average measured
roughness -for the three concrete pipes was 0.13 mm compared
to the calculated equivalent roughness of 0.22 mm. This
_represents a 70 percent increase in the apparent roughness

vhich can be attributed to joint and allignment effects.

The plastic pipes did not display any noticeable
dlffeience between measured and calculated roughnéss. This
vas surprising bec?gge joiﬁf effects were obvious vhenv}
observatiomrs were ﬁéae during the tests. Table 7 1lists the

v results for the plastic pipes.v



6 Analyys and Diecussion
o :
"6.1 Boundary Layer Development
Bounda:y layer development in Pipes flowing part-full

should notebe vieved simply as a twvo dimensional phenomenon.
Analysis of the centreline measurements done in this study
indicate that the boundary layer undergoes a rapid initial
growth away fromhthe pipe surface. Asuthe flow continues
downstream the prOpaqation of the boundary layer into the
flov reduces siqnificantly This is apparently due to the
developﬁént of secondary zurrents in the £flow. The secondary '
currents dissdpate energy perpendicular to the axis of the
pipe and depress the thread of maximum velocity in the flow
to a pointmwell below the free surfacp As a result the
usual deginition fgr deﬁining the boundary layer thickness
from a meaSuredgvelocity profile is not applicable. In other
vords, the boundary layer should hot be taken as the depth

o WL

vhere the velmcity is ninety nine percent of the free stream

o'

velocity Thié is” because the developing secondary or
radial componeﬂt‘of the boundary layer growth masks the
growth ‘of the boundary layer along the central axis of the
pipe. The data obtained for the 380 mm concrete pipe

G

supports this idea because the secondary currents are

[

developed 10 to 15 m from the inlet and at this point the

64
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"vertical ascent of the boundary layer along the central axisk‘
of flow slows abruptly Discrepancies may be explained by

\
_the prssence of 1oints. g , \

One puzzling aspect is that the observed: boundary layero‘
vgrowth does not exceed the theoretical curve, considering -v
m that the theory vas derived %ith no regar?for wall effects
é'over a semi infinik\_flat plate. If the plots for measured
ﬂand theoretical boundary layer growth are extrapolated back
towards the origin in figures 6 to<8 the measured boundary
ylayer exceeds the theoretical growth within a fev metres_of o
1.the inlet This is best illustrated in figure 6 vhich

'indicates that the actual boundary layer may indeed develop'
~ more rapidly than suggested by theory This question can HH

i_only*be fully answered by perforﬁing detailed three

B dimen”ional measurements of the flow in a- part full circular

‘vsecti n,

Although ‘jclassical equations developed for boundary

layer evelopment on a flat plate qre not well suited ‘to

*descri tion of boundary layer grovth in a circular épen

'3channel« the results indicate that the theoretical boundary_,~\

; hpyer development iength compares closely to the observed
pflov development length.;It 1s suggested that as a first
v‘~approximation the Blasius seventh pover lav as stated in
:"5equation (8) is applicable to developing flow in part full
‘iéoncrete pipes. ¥;~ii“ o

E [ o .‘ X . . . .
T K - vl “k N T
. - R X w4 Y



6.2 Uniform‘Flow'

3

6.2.1“Experimenta1 Uncertainty »
. , ) ~
S

The primary parameters of interest vhen calculating the
resistance to flow in a- steady uniform flow field are slope
of the energy gradient, discharge, ‘and cross sectional flov

- geometry (in this case a function of mean depth and pipe

®

'diameter) A brief discussion of the experimentel

uncertainties involved in the measurement of these N ‘;9£'VLJ
parameters is important to qualify'the results. S ’*‘:
S -

’ﬂ Percentage error‘based on the uncertainties in the
“parameters listed below vas. calculated for all values of
_jfriction coefficients used in the analysis Any coefficient

.carrying an error greater than 25 peréent was discarded The

vy \

magnitude of the allovable error (ie. 1ess than 25 percent)

kg

gives ‘an indication of the experimental error involved in'

‘these tests, The‘hinlmum erron

;" s e

f;gqpuﬂated for any of the g
3 g A : ’f
results was 10 5 percent f%ligakimum !rror vas 80 percent

| The behavior of vatgr confine*

surface does not lend itself vell to accurate measurements.

a channel with a free -

v S o T :
612(1,l'slope a 5
‘ Uncertainties in the bed slope vere within five percent o
v -
of-the slope of the energy gradient in all but the most mild

slopes. cOnsiderablf'care was taken to eelﬁct regions of L




-t

l~£lov vherefthe'e1ope of the -water surface,ﬁﬂefindicated by
the manometer profile,was‘linear;*lnspection-of figures 13‘
, to 16 ehowe the variatiqn in the: anﬁarent location of the

hmi}pipe invert whenxpoint gauge depth measurements were

671

gubtrﬁ&ted from vater surface elevations as‘indicated by the -

manometer profiles.,It was assumed that in this region the

n

‘elope of the water surfacp (energy gradient) was equal to‘
. -.'x'».v ~ . .

the bed slope.

Tests done .at mild slopes ‘with- high depth to diameter
ratios ‘were affegted by drawdown of the water surface

profivPe caused by the unrestricted outlet The careful use

_ of tallvater control would. have lleviated this problem; but
,tallvater co ould | ] .

" can be very time consuming. A trial and error agproach must

be used with tallvater control until the slope of the vater

‘,-isurfacerprofile as indicated by the manometer board equals.l

,‘; the elope of the pipe bed Profiles influenced by drawdown“

-effecte vere eliminated from the reSults of theee tests

’hafter thgﬁfact. IR BT - o R ;1‘Afﬁ
76;2.1,2 olscha;ge

: The listed accuracy of the magnetic flov meters ‘was one

3percent of . the fullf;;ale output ‘This converta'to about 0 1

de/s for the small magnetic flov meter and about 2.5 L/s for

*

1-1the lagge neter. In practise; the discharge meters performedf :

.
: o . . . <
- g R . B Sy



vithin finer tolerances. Both the small and larqe neters

wvere calibrated and found to be accurate to 0. 21 andﬂo 20

Jpercent of the full scale readings respectively.v'ﬁf

4
. L]
¢

'5'2}1%3 Depth
The experiments were conducted‘sucﬁ‘thatlthe depth of
uniform £lov was obtained‘fromfnaximum”allouable number of .
depth measurements. As mentioned, transition of the Elow ’“

from subcritical to supercritical conditions presented -a

\

'problem due to. standing vaves/of 50 mm in extreme cases.,

These wgwes were generated at°the enbrance and by Joints

-

between pipe sections, ‘4 t-es eXhibited inlet waves of

they progressed doun%fream:to be replaced by waves generated

- by the dointse\a¢ mild slopes (zero to 0. 003) and steep

slopes (0 006 to 0 10) the wayes vere much less pronounced.
¥

Despite the averaging process, vhich tends to danpen the
effects\of the surface waves on the calculations, the waves ,-v

Q undoubfa”;e produce some of the scatter ‘found in friction

,rfactors calculated for transition conditions

6;2,1.4»Diameter
The most noticeable variations in the inside dianeters

of the pipe sections tested vere caused by the folloving. N



’-{'decreased betveen

. - o R 7 ‘ s
' (1) Out-of roundness (5 mm between orthogonal
’ ' measurements pbserved hn the plastic pipe) '

‘

(2) A slight decrease in ‘the, inside diameter at the bell

.end of all the concrete pipes tested (usually in the order
X
of a_few mm)., T

v .

These variations did not produce significant exror in

the results compared to previously mentioned parameters

Much more importantﬂyere the noticeable effects of the pipe ;/7

joints on the flow which initiated the format‘lk o£ surface(
pipe. T x B

Y S . ’ . .
§.2.1.5 Z'R,e_pfea,ﬁi'l},i_ ty of Results

S
PR L

wavee in

H

» As part of the study it vas nedussary to analyze the;ﬂ

: repeatability of the results,gyue to time‘cpnsé&iints it vas
» not possible to do a large enough sample f&g any ﬂhrticufﬁ‘b
'test to allow‘a standard statistical analysis to be done. *

kTHowevem, some of the tests were done in triplicate to
_determine if any significant variations bet!gg%a;unsfvas'

f,apparent g%o of the tests were done with thefdischarge‘

» increased betveen tests and °%f was done with the discharge

s. In all instances the measured

roy;average depth of flow was vell within the experimental error -

% involved in trying to duplicate the flov conditions exactly

. T :
A R D
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6.2.2 ﬁeslstenée to Flow,

Figures 24 to .26 shov clearly that the £r1ctlon fectors

}}(Darcy s f) calculetgg from the meesurements taken 1n these

"~ hot lntrlnslcally onsldgg the Viﬂg{{;g-ffBCtS gp _
Thls is an 1mportent question Sl( By

'“*desibned with slopes less than Vi

'.constant and must be calculated 1terat1vely

}equation to accurately describe unlform Elow in the'gg g

. tests fall wlthlnﬁ\he transltion zohe between smooth and

-fully rough turbulent flow. Revi of the available

aﬂ‘ v )
transltion zdne Manning E-] equatlon was develgpe’.,
P \ )

to describe fully rough@turbuunt £lov condlt ons T

4

| S ‘.

.

Commlttee on ope channel flow (liﬁrgjreCOmmends the use of

effects in the transitfon flow region. Dercy s £ 1is not

each Open:

‘channel flow problem. It 1s recommended thatwﬁhls approach

/
plpez, The 200 and 250 mm plastlc plpes behaved as .

be taken eSpeclally when deslgning se;:rs uslng plestlc'

hydr ullcally smooth surfaces ln the range flow conditlons

, Y 2 % ﬂ@”ﬁm : _ R
tested. ‘~ _“ f\ S \) %,f‘ﬁ

" m"'.%;.: . ) . . . - . .

llterature has cast doubt on. thp eppliceblllty of Mannlng s

_Darc'qugtlbn whlch 1s ‘much moxe s‘ensltive to the: vlscous "
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v 7 Concluslonon"' Y SRR

) 0 . . [ S o
. . ) . N

2 , + ' v !

\Based on the results of these tests the followlng 5 :er%

. concluslone can»be made.'*;-«/\\\"“k R R
(1) Boundary layer. development in the partly full pipes
testod appears to conforﬁ the Blasius seventh power law .
developed” fo"t" boundary layer growth o'er a plate of zero

lncidence with eemi 1n£1n1te boundaries.

The standazd deflnition of the boundary 1ayer L.

Q *

n;nety-n;@,ypercent of the free stream veloci

‘is not

.iiﬁ appllcable to boundary layer grovth in pipes flowin@ pert

£u11 This is due to the devek@pment of secondary currents .
i ]

" vhich prevent the apparent growth of the b‘oundary layer ”
o

'radlully from the plpe boundapdiby depreesfng the thread

S =
‘,‘maxlnum velocity to a point well beloq the w&ger surface

(3) The method oﬁfeuperposition of velecity prqfiles was.ate

demonstrated ae a veluable tool in analyzing the developing ”
D
s flow ln these teete anq 1nd1cated that the flow was gully "

' fdeveloped wlthln 40 dlameters of the inle; 1n the concrete

T -

(4) The uniﬁorn flov experlments fell‘vlthin the‘
e

transltion zone betveen smoqth_end rough turbulent floytﬁ*f?




g concrete plpes tested appeafﬁd to approach lndepehdence ﬁrom ‘:5.

viscous effects fez the steepast slopes. The plastld‘plpel

,ni'

i LI R
"w&jd L .

followed the smooth bounda:y eQuatlon of Nikuzadf‘k
" - BRI

oﬁ'i .wm

] (5) Manﬂing s n fs~theoret1ca11y not’ well sulted for use |

P 1n describinq the resistance tp flow Ln pazt fulljﬁqscrete

: ,or. blastiy””ties within ‘the transf!ion xef“jn bq%ween smooth:h; 3

‘ ’ #
" turﬁulent and fully tough turbulent flow c9nd1tlonsb

¢

5-§§wever~~ﬁﬁeséﬁ§(st§ ﬁpdicate that foz depth to diamet%;a
LB
,,ﬁﬁ%tios qreater°than 0. 25 Manning s n 1s relatIVely cqﬁj

for practical purposes ZApplylng the barcy eqqptigp £oz~0ﬁ¢W b

channel flow is aipore sdund approacﬁbfot deallnq with
transrtion flow conditions because At is- more sensitive to

flow dynamics.;; .

»
»

(6) There wasf‘ N parent hysteresls effecte when the

- discharge was decreased or. lncteesed betvéen tests as ves L
( '
reported £or p;pes installed under fielﬂ conditions..Thie
zesult iﬁdicates that the zeason for the hyetetesls is the

gréwth of’ slime in the pipes installed ‘in the"ﬁeld.



o 8 Recomnendetions S '

v:aﬂ; o -4 . :
N (1) Based’ on results of errdr analysis and asaumptions |

: 2{

1nv°1ve‘ ln fotmulatlng the various resistance coefficlents,

1t 1e recommnded that these coefficients should not be”*’

: sﬁlgniflcant flgurea. G
N - .

(2) 'I'he carefui 3 'uof,kailwfater control should be used

CE conditions oE m{ .;f%nri‘l_ slope! qnd high depth to

‘.
7&& Lo

“‘@' appzoach must be us

j b eliminate the dzawdown of the wai;-e:; '

o utlet to ensure’ that the slope of

fge vater su:iaceﬂ
1derm‘ 1m,

ﬂw i PR
"‘ r’, "~'.~«!' . : )

s ". ;g.&) '-T&'uaé\“qt ?u:anﬂtl pitot tubes is recommended 'i:o

A\'
s

Jtﬂl}.t}nq zqfiles#an be"analyzed to determine the bounda:y b

1& § deve‘lo nt len th, ik R R
3" "42“ Jengtn. | "
“! “ T rr Ve
H) Fu:ﬁht bounﬁux l'ayer lnvestigations should be

L

’periorned oﬂpi&st‘lo‘ plpes to deteraine 1f the £1ow- funy UL E

deVelops by the dietance ratios. 1nd*1cated in these tests. B

[

(57 'l'hxee-dlmensional veloclty testing should be done,
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b e , A —
Mapnihg's n '”@( Type of pipe )
|0.00995 - 0.01079 cement asbestos
0.00957 - 0.01105 oVitrified clay
L e L

)

‘

Table 1 : Values of*Manning's n for two
N

L 4

Adapted fro 'blopdgood and éell‘g1961).

74

types of pipe.

‘Adapted from Strawl and Morris-$1950)

o

o -
" " sy ‘
o :  _91pe.d1aq9ta: - ‘equivalent rough&éss T
“ ~ » ] i B ot ) " .
o (;nches) t(mn)_
B .~
Coo1g 0.0002
24 © 0.0004
36 T 0.0005

Jable 2 : Equivalent roughness for coné;ete pibés.u :

e
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Table 3: Plpe installation informatjon.

o

.
(1) Concrete Pipes o
|
. “‘Plpe' ‘8ection | ,’Number of " Total ﬁrbssuze
‘dlametér| ldngth ; sections _ installed taps
o | Tm) | snstallea 1ength- (w)
ﬁ L ST Y — )
200 |.. 1.28 29 35.29 29
250 1.28 29 35.58 29
380 247 15 5. 35.89 15
o " o7
(2) Plastic Pipes .
Pipe 8ection ’ Number of Total Pressure
diameter| ‘length | sections: installed taps
(m) (m) | dnstalled | length (m) | .
o200 [T o413 94+ $37.36 18
250 €43 | 9+ 38.14 | 18
450 L° 4,17 9+ 3732 18
:,,‘ . . ’v Uy ‘ -
B . C

Note‘ pleces of the plgstlc pipes 'ueze ‘cut .
- for the lnlata vhlch**explains ﬁm plus sign(
bcalde the nulbe: o£ plastic plpea usbd.

»

75

Wiy

* gy



76

Table 4: Measured and calculated boundary layer parameters

-~

(1) Run #1: done in the 200 mm concrete pipe. The bed slope
vas 0.002 and the discharge vas 21 1/s. |

x (m) y (am) g, 6, 8 To
(mm) (mm) (mm) (pa)
2 0.21 166 20  1.96  7.23% 4.07
0.57 172 30 2.22  16.28  1.87
0.95 165 35 2.91  .24.5  2.09
144 165 50 3.30 . 34.17  2.72
1.79 161 85 5.95  40.67 5.45
2.17 158 50 3.32  47.34  1.34
o, 2.66-, 162 - . 60 3.8 55.83 2.27 )
3.03 166 60  .3.88  61.96  2.52 "
3.41 170 PATRRETY 68.09 1.75
3.86 167 70 5.57 © 15.19 2.22 *
4.24 (166 80  5.07  81.06 2.23
‘461 166 90 4.34  86.67  2.47
5.85 160 125 .72 1049 *5;23  : /i:v* S

s . . s e : . O A WS
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(2) Bun #2: done in the 200 mm concrete pipe. The discharge

vas 14.7 L/s and the bed slope vas 0.002. é
S xm) oy (em) b, , s %o
| | (mm) (mm) (nm) (Pa) o A
A v )
0.95 125 21 2.4 24.2 © 2.10
2.17 119 39 2.7 46.9 1.7
341 134, 58 5.14  67.4  1.77
el 125 % 436 858 1.63
5.45 120 €8 . 4.95  103.8 1.64: ”
7.09 112 §6 . 5.67  121.0 1.87.
8.30 12:,15, © 105 «8.94  137.3  2.85 _, ' R
STy A . : :
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L ¢3) mm §3: done-in the 200 mm conctete pipe. Thé dllchlzqc ,

w'as'ls 4 L/s and the bed slope was 0.001.

“

X (m) y (mm) B oy 8, 8 _%o

N - {am)  um) (mm) (Pa)

0.95 148 25 6.5 3.1 2.07

2.17 142 38 2.3 6.1 1.24 ‘,
e 3.41 152 50 3.9 8.7 1‘.73‘

4.61 145 60 4.3 11.1 1.57

5.85 241 70 5.2 13.4  1.20 | |

7.99 140 93 5.6 15.6 1.72

8.30 142 110 8.0 17.7 1.63
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o i TR A e “ '
(4)4&;11 #4: done in the’ 200 mm concrete plpe. “The dlscha%ge
vas 16.6 L/ and’ the bed slope vas zerqg,. °* M

I3

‘ . - , EE
, X (m) 'y (mm) gyo” .8, ‘ 6, Yz, *
| o O (am) j (mm) (mm) *  (Pa)
o |
® . .

0.95 172 15, 2.14 26 . 0.77

2.17 167 29 2.6 ;iso ) 0/98 h

341 176 43 4.3 72 1.7

4.61 169° 55 5.8 91 122 . -

5.85 164 75 10.3 110 _ 0.7 |

- 7.09 158 90 ° 7.3 128 0.76 S
_8.30 ‘l;j\\J} 120 7.0 146 L 072 %y
9.53 181 125 7.0 163 0.94 )
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(5)Run #5: dond in the 200 mm concrete pipe. The discharge

" was 14.6 ;?Sﬁgnd;fbe bga'sl6§e was 0.001.
X (ﬁ) Y (mg)fl 56“ -8 . 6 - 1, ' ‘ )
S  (mm) (mm) (mm) _ . (Pa)
: -, ~
.23 - 4.2 25 0 1.70 :
35 4.3 49 4 1.89
‘43 7.0 10 1.71
55 6.4 - 89 1.22
65+ 5.9 ) 108 1.31
72 5.2 126 1.44,
89 8.5 143  1.07
;9.53 ' 132 100. 7.9 160 0.78
10077 132 101 9.1 . 176 1.08
11.99 131 102 . 7.8 192 " 0.89
C1321 136 103 9.3 207 i.14
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(6) Run Lﬁ:»done‘in the 380 mm‘coﬁc;ete pipe. The d]scﬁarge

wvas 101 L/s and. the bed slope was 0.010,

x (m) y (mm) g

9.32

10.13
11.69
14;13

26.45 -

'18.84

21.26
23.61
©26.02

28.43

30.77

33.18

204
200

201

191

185
189.
184

186
181
179
180

178
187

182
179

{mm)

32
31
36
50

54-

67

68 .

73
93
91
97
97
104
106
108

8,

(mm)

4.
6.
7.
8.
9,
8.

10.
1.
'16.
12
14.0 -

3.36
48

01

.
71 -

11

36
&
87

.82

'9

12.4

12.5

7 s

©310.2

8 .t;
(mm) _ (Pa) "
)
‘38.7 . 6.5 '
; N \

69.3  15.1
97.3  14.4 . .

130.8 © 15.2

145.8  13.6

168.2 11.3
' -y

190.1, 10.2

. 210.2 . 9.5 -~

231.1 9.2
250.5 11.2
270.2. 16.1
291.7 - 14.%

329.3




,,g-?3b1e°5: Average values of Manniqg's n.

L4

\ 3

»

' »
; . (1) Repth ratios less than 0.25: - |

(a) Concrete pipe: -k
. 2 4

Diameter (200 mm | 25@ mm |- 380 am
M N . .

.Médn n | 0.0107 | 0.0106 | 0:0094
value : T
sample 15 16 18
‘slze

(b) plastic pipe:

-Diameter 200 mm 250 mn 450 mm
7 | @ ,

“Mean n | 0.0092 | 0.0090 | 0.0085
value / ‘ : '
sample 16 18 19

size -

(2) Repth xatlos greater than 0.25:

(a) Concrete Pipe:

_Diameter| 200 mm| 250 mm | J80 mm
Mean.n | 0.0098 | 0.0100 | 0.0099
~value o . B
sample a“ s | a2

T size . .

l\

.

%

82



(ff Elaé;lgppipg:

Diqmeter\w 2q0~mm 250 mm 450 mm
Mean n 0.0087 0.0089 0.0091
value v T ©
sample 47 44 . 44

size’ . :

Qverall Averages:

depth Concreteé Llastic Pipe
ratios Plpe R
; » ‘ "
Q/D)OQZS 0.0099 ‘" 0.0089
y/b<0.25 0.0102 0.0089
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Tablelsf Root Mean squared Roughness ahd Standaxﬂ

Deviation for the Pipes Tested.

’
, >
@ \
Pipe . Root Mean . .-8tandard.
e A Squared Deviation-
‘ Roughness | » (mm)
V.A’e ' r (mni)
200 mm I 0.16 .0.04
concrete ‘

250 mm - 0.09 0.04
concrete ' , L/
380 mm 0.14 0.06 -

concrete L
-200 mm = 0.05 0.01

_plastic . ' ‘

- 250 mm o 0.06 0.03
plastic :
450 mm - - n/a - | n/a
plastic o . ‘ '

N

pAYS
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Table 7: Actual measured physical roughness compared to
calculated values of eguivalent roughness for the tests

conducted: ° ¥
~ Pipe Diameter Measured Equivalent
! ~ (mm) Roughness Roughness
(mm) (mm)
doncrete 200 0.16 0.22
250 0.09 0.23
380 0.14 0.21
average: 0 0.13 0.22
.
Plastic 200 0.049 0.037
' 250 °0.087 0.050 -
450 n/a 0.034
average: n/a‘ 0.040

8s

=
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ﬁbi . SPECIMEN

E 200
o <:> mm

THREADED
ROD FRAME —

le— 100mm -
[~
O

SVOLT N

MOTOR piis

4 -
b

ﬁ

a0

- m},,,;ﬁ
MOTOR

SPECIMEN

jo—— 75 mm ——

L]

 ELEMTION

1

Figure 2{ S8ketch of the roughness measuring device used to

determine the size

of physical roughness elements*on the

intexior surface of the pipes' tested.
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Depih

250 mm Concrete Plipe

I $:0.006

!
' L 8 !
=
‘ s
L d
Q
° Lo - .
11 7 250 mm Plostic Pipe
M }‘ $+0.006

¥IME ( divisions per minuic)

Figure 3: Typical vater surface fluctuations during uniform
flov testing of the 250 mm plastic and concrete pipes
recorded by depth capacitance probes at a bed slope of °
0.006. Surface fluctuatiuons are almost negligible for the’
plestalic pipe. : ' - ‘ ' :

-
%q? N ) v

>



Voltage outputl from the
Pressure Tronsducer

t
4

}

Figure 4: Typical readout from the Validyne pﬂoﬁ;utc
transducer used to measure velocity profiles in .
,developing flov region in the 200 mm concrete pipo at mild
slopes. Note the fluctuations due to turbulence. The
horizontal line is the best fit average velocity reading at
that point. .

- ]
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Figure S: Typical roughness records from the roughness
measuring device. The top record is for the 250 mm plastic
pipe (P-10-12). The bottoa reco:d.ﬂfflor the 200 mm conc‘bté
pipe (C-8-8). .
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Figure 6: Measured and thootétical boundary layer grovth in
the.200 BB concrete plipe.
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Figure 7: Measured and theoretical boundary layer and

-displacement thickness in .the 200 mm concrete pipe vith
measurements extended futther dovn the channel
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Flgure 8: Boundary layer grovth in the 200 mm and 380 mm

" Distance ‘frohjxhe pipe inlet (m)

‘concrete pipes vith measurements extending for the ontiro
test length in the case of the 380 mm pipe.
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Figure 9: Velocity proflles measured in the 200 mm concrete
pipe at mild slopes. E
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Figuze 11: Velocity profile measured in the 200 and 380 mm.
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‘Plate 2: Typical Jjoints in the 250 mm concrete pipe. The top
photograph shows water surface disturbances created at the
Joint.
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Plate 3: Roughness measuring device during test on a
concrete pipe sample. The sample is wmounted in a vice as
«shown by the bottom photograph The top photograph shows the
complete apparatus.
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.

.Plate S: Manometers ‘indicating the water surface profile in{

. the 250 mm concrete pipe flowing at £€3.75 L/s. The bed slop&\\a‘\
was 0.004: This is a typical transition profile. The 3

~ standing surface vaves resulting from the flow instability - -
are very obvious. The line at the top of the photograph I
indicates the reach selected for unlfor-,flow'neasuteleﬁés;
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Appendix A : Pipe Specificatlons and M3nufacturers

Pipe Nominal ASTM |Tradename| Supplier|.
O Diameteqstandazds 1
, (mm)
NR — 200 | c-14-III P . cc
NR ' 250 C-14-III P cc
R 380 [cC-76-1v- | p cc
Rlastic |
PVC 1200 3034 SDR-35 | Scepter
' , K PSM :
pVC 250 D-3034 | Cobra |Grandview.
1120
_ SDR-35
_ PSM -
PVC 450 ; F794 Perna-loc&ynanvil-le
N : ' P8 320 :
sever ;
KEX: A .
NR. -+ Non-reinforced
R : < - Reinforced :
PVC . - . polyvinyl chloride
PSM.- " Plastic sewer main
. cc . Consolidated COnczete Ltd.
- Packerhead
wr t;}’)l :

126



mmmmmmmmmmm

(1) pumps | o

, - _ Range of
. Discharge
: ) < ) .

Goulds Centrifugal Pump - 0 - 10 1/s
Index: . 62434322
Moddl: 3643
‘8ize: 2.5
Motor: _ Marathon 3 Phase

Model: . CC 162TTDR8619BAV

Frame: 1827 '

Type: " YDRBCZ '

@60 HZ: 8.F.» 1.15
Volts = 208-220/440
Amps = 12.8/6.4
Full Load RPM = 3465

Falrbanks-Morse Flgure 6310 Propeller Pump 10 - 250 1/s

Serial No.: P2B4466
Pump 8ize:. 14

Stages: 1 -

Propellers: B-1304-A

RPM: 1160

Motor: Induction rype'xzxv
- Frame: = 365Up -

Number: "F367105
Specif.: Ti1032-1 _
Q60 HZ: S.F.= 1,15
o 25 H.P. -‘
Full Load RPM = 1165

127
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!
" Range of
. . Discharge
Small Sxatgn, v 0 - 10 1/s
Type: Foxboro 1803 SANS-CA
Size: 3 Inch -
Serial No.: 476542
Liner: Neoprene
Material: 3048.s.
'~ Electirode: ~3168.8.
‘Ratin @60 HZ: 2.08 Amps
115 volts
- 25 vatts
. Series Connection
Output: 0.01519 mV per USGPM
Large System | o 0 - 250 1/s
Type: Foxboro 1808 SANS-BA o
Size: .8 Inch ‘
Serial No.: M-84925
Liner: =°= ' Neoprene ; P
Material: . 3048.8. )
Electrode: 3168.8°
. Rating: _ @60 HZ: 12.4 Amps
' 115 Volts
225 Watts

Parallel Connection

Output: . 0.003924 BV per USGPM
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Magnetic Flowmeter Transmitter.

Model: . Foxboro E96R-VA ST.C
Serial No.: M-374650 C
Frequency: 60 HZ

Input: 0 -5 mv :
Output: 0 - 1p vbCc

dagnetic Flowmeter Callbrator

4]

Model: ) Foxboro 8120- 6
Serial No.: - 3051265

Volts: ‘ 118/236
Frequency: 60 Hz

Volts*Amps: 1.5
Phase Band: E

capacitance Depth Pxobe
Make: Delavan Electronics ' -
Model: c8 54 : ~
Input: 115 VAC
Output: - 0-10 vDC )
. : ,{\ f"“.A
. . i i' ,“ ’ f\
Lineaxr Voltage ninnlnsnnnns.rxnnadnssx.(zoughness \Jff
measurements) . . ‘
, N
Make: ~ < Hevlett Packard
- Model: . DC-DT .

7 DCDT-1000



Appendix C: Inside Diamete? Messurements of Test Pipes

(1) CONCRETK PIPK

NOMINAL PIRPE
RIAMETER

MEAN (M)

200 MM

130

234,

232

375,

250 MM 380 MM
SPICOT  BELL SPIGOT  BELL SPICOT  BELL
END END D END END IND
L) .
203.66  203.20  255.68  254.10  375.74  382.73
203.89  .203.07  256.01  254.76  377.67  382.17
203.81  203.02° 255.63  2%3.24 C378.61  382.14
206.06  201.09  254.71  253.59  378.74  1382.07
203.23  202.26  235.37  254.86  377.16  382.47
203.73  202.67  256.06  254.38  378.43  380.52
203.66  202.06  255.70  2%.99  378.13  382.70
203.71  202.03 255.47  254.56  379.6S \ 383,54
203.68  202.06 255.98  252.55  379.93  380.34
203.48  202.41  256.08  252.17  379.27  383.64
203.23 201.45  255.68 254.08
203.50  201.37  256.16  254.86
203.33  202.29  256.06  252.02
203.30  201.68  256.29 . 252.12 .
202.69  202.46  255.98  255.14
203.53  203.07 255.68  254.97
204.22  202.08  255.88  255.02
203.56  202.69  255.85  255.04
203.99 - 201.17  255.50  2%4.46
203.76  201.064  254.79  253.16
206.22  202.16  255.73  25.00 378.33 382,23
0.33 0.67 0.40 1.06 1.19 1.04
202.88 256.87 380.28
0.89 1.18 2.28

206.22  203.20  256.29  255.14 379.93  383.64

' 202.69  201.04 71 .02 7% 380.34
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(2) RIASTIC RIRE

NOMINAL RIPE

HRAN (1) -
STANDARD DEVIATION

QVERALL MEAN (1e0)
STANDARD DEV. (1)

131

200 ! 250 MM 450 MM
'SPIGOT  BELL SPIGOT  BELL SPIGOT  BELL
) o o D END END
200.99  198.58  249.91  248.59  447.65  448.61
199.85  199.75  250.75  248.64  449.63 ., 448.28
196.93  198.98  251.87  249.53  449.15  450.80
201.27 199.80  248.67  250.01  448.95  446.05
198.12  200.38  249.28  269.02  446.41  44§.82
201.50 198.63  251.38  248.56  450.85  450.72
200.84  198.63  249.35 249.35  451.18 . 44B.44
198.17  199.01  250.60  250.55  446.79  449.83
7
199.59  199.06  248.92  248.56  447.65  447.83
198.83  199.49  250.85  248.97  449.38  449.55
200.28  200.20  250.32  249.56  447.68  446.28
199.39  200.51  250.32  249.86  450.47  449.35
198.27. © 200.99  249.86  250.60  448.21  448.44
201.04  198.22  250.47  249.86  448.59  448.82
197.31  198.48  249.96  249.02  447.29 450,75
202.29  200.56  250.57  249.66  449.83  446.29
198.40  199.54  249.22  249.40. 449.66  447.85
200.48  200.28  250.04  250.88 . 446.56  448.87
199.90  198.45  250.01  251.08  449.07  447.19
200.00  200.58  249.40  249.45  448.06  451.99
198.37  199.72  248.49  249.43 4ma 449.86
- 200.48 198.96  251.00  250.95  4&TY8  449.76
200. s:'i&oo 58 250.65  209.00  448.64  449.53
199.009 99.47 249.05  248.72  448.89  447.98
199.66  199.53  250.04  249.55  448.77 \ 448.83
1.3¢ 0.01 0.85 0.77 1.61 1.48
199.60 249.79 448.80
1.12 0.85 1.44°
,202.29° 1 200.99.  251.87 251.08  451.84  451.99
196.93  198.22  248.49  248.5%  446.41  446.05
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Appendlx D: Sample data sheet. This example vas used to
record data from the 380 mm concrete pipe.

ﬁ_og_g_@ﬂzé_kmg\" | pee p

Swee oF Rume = .00 %
Swr€ or MANOMETER Boagp =3 o
Temp or Watea = _28.0°cC,

>

1%
ST QAL | INVERT | DEFTH ST [ ™| WERaE | D1
¢+ ) | ¢ | (mw ] 0O (o)
1} 19 dad 19,531 7))l anas | es] Y,
22 2,501 2749-50121 2.8 7 AY
13 0 5 011 1] .09 gi %; A\ /
AT O lp.cl4 : T 1 i ¢
' . . a.sl“ . L] 15,24 ) N A
L el 13,33] 11957 19,92) 12161 22.88 [ ]
Il i2.tb] 1612 1p. 921 | 132 20, AN T
1095 ] T¢e0 [, Si0 ] 1 AY
1 porl 550 1n, 5851 Y LY L ]
451 T [o.628 | 317 40 &_ﬂ [ 1
A4 ] A3 10.9%49 | 6020 |ﬁ§ o0 \ {
531 | [ ¥4 [0 -T2080 6.21 L [
. 1 446 1 0:81% . 240 o T —7
o 203 | |- 422 | 0S50 | Z4.B)'S| 142 waol ! \

f L7= 2% 14 m | ‘,
" Decpageg e umg

SMALL
Decarce (t/sac )
REroNG @ | READING @ ‘Qm" %
~PERENT FULL =_TY %
' It 26 84 sz V :
2 3 4 ‘
2 :o : 22 : ? 733 ’M .
52 ?o’;‘ % /dl)ﬂ waes vﬂm
K % ' 540
h | vd] . 006
g4 1 4z
L 24 .
iz % =% .
3 Q- g4 s59vz = 41,18 Ys

. 132
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‘Appendix E : Root mean squared roﬁqhness measurements from
samples of the six pipes tested.

¥here: the root mean squared roughness in mm is indicated by
RMS . : , | |

N
(1) Concrete Pipes | ,
K A < _
(a) 200 mm concrete pipe:
Sample . RMS (mm)
‘c-8-1 0.19
c-8-2 0.20 : _ ,
c-8-3 0.20 . & o v
'C-8-4 0.12 a R
c-8-5 0.16 R ;
C-a-s 0 015 . - . L
Cc-8-7 0.14 .
c-8-8 o 0.10
© -Mean RMS = ' 0.16 nm.
Standard dev. ='0.037 mn
“(b) 250. mm concrete pipe
c-10-1 .0.15
Cc-10-2 . 0.06
C-10-3 . 0.06
.C-10-4 - 0.07
Cc-10-5 0.06:
c-10-6 0.06 K
c-10-7 - . 0.09 o -
C-10-8 .07 | S
C-10-9 .10 - . L
C-10-10 0.05 " | S o e
c-10-11 0.10 . - : O
C‘lO"‘lz ) ) ovo 18\ ) ﬂ, . Lg,ﬁr‘». o
- Mean RMS - 6.09 mm | ‘ : Y \
Standard dev. =.0.004 mm . ‘ : -
(3) 3&0 BB conc;age pipe: oy
c-15-1 o 0.11 g .
C-15-2 0.4 S
- C=15-3 " . 0.13 -
- C-15-4 0.26 SN . |
c-15-5 0.19 o e .
| D £ R Yoy



C-15-6-
c-15-7
 C-15-8
- €c-15-9
C-15-10
c-15-11

Mean RMS =
standard dev.

3

0.11

. 0.20
. 0.09.
0.12
,0.08

0.08

b 14 mm.
Q 057 mm

(2) Eliﬂ&LE Elnga

“

(a) . 200 mm plastic pipe

e e By e Bl e o B e B e B B o B o B v
1
05 OO O®®™®W®®DO®
] .
HEHEOOJAWONLWN -

= o

Mean RMS =
std. dev. =

0.05
0.06°

0 .031'

- 0.05

0.05
0.06
0-.06
0.03

0.049 mnm
0.012 mm

(b) 250 mm plastic pipe°

P-10-1.
‘P-10-2
P-10-3
B-10-4
+P-16-5
p -10-6
P-10-17
..P-10-8
“fpL10-9 .
P-10-10
- P-10-11
P-10-12

Mean RMS =
std. dev.=

0.066

0.076
0.107
0.031

0.073

Q

0.036
0.088

0.072
0.05

0.034
0. 027

0. 057 me
- 0. 027’-n
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Appendlx_p£vinc1uded‘are theAFbrtran prograns used in the
enalyais‘of the boundary layez deveIOpment and for

‘caicﬁlatlng tbe various uniform flow parameters in part full.

CICular sections. HYEPOL subroutines written by Peterson and “
9 Hovells 1981), wére accessed ‘on the Unlverslty of Alberta |
"mainframe. ) ' | '
v N~
/ ‘w
° o g
. o R
} . -4
‘m% | * % M
. 4 ‘o »
% -
| o ;
) i ??" !

B,

Ty ik

T
"t “
b

. . o 135 oy =
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o000 0

gaznggonng

CONTINUE

" FORMAT(12)

0

PROGRAM TO EVALUATE THE DISPLACEMENT THICKNESS
(DELYA STAR) AND THE MOMENTUM THICKNESS (THETA) @Y
. NUMERICAL INTEGRATION USING THME TRAPEZOID MAE.

READ IN THE DATA WHERE:

Lot
NPe NUMBER OF VELOCITY PROFILES
Ne NUMBER'OF DATA POINTS IN THE PROFILE
DELTA» THE DEPTH OF THE GOUNDARY LAYER (M)
UMAxe THE FREE STREAM VELOCITY (M/S)

DINENSION U(30),Y(30),FI(20),FIT(30).TITLE(20)
READ(S,83) TITLE Q :
"WRITR(O,62F TITLE s,
READ(S,88) Mo

00 600 I1=1,N0

READ(S.50) N

READ(S5,52) OELTA, UMAX,.X,0

00 10 Ist,N

READ(S.81) U(I).Y(I)
Y(1)e¥(1)/1000.

SEARCM FOR *THE LARGEST VALUE OF U.

- USAVEsU(1)

DO 100 1=t ,N

IF. (U(1+1).GT.USAVE) GO TO 22

U(1e+1)=usave )

GO TO 100
USAVE=U(I+1) .

CONTINUE '

3F (UMAX.GT . USAVE) UMAXSUSAVE

. Ny
CALCULATE THE INTEGRALS

LEL RS

SUM=0 .0
SUMT=0.0

00 %00 [=t .M

TEST PlRAﬁthRS: IF DEPTH IS GREATER THAN OELTA
OR IF U(1) IS GREATER THAN OR EQUAL TO UMAX-
STOP. ’

5.
TF(Y(15.GT.OELTA.OR.U(L).GE.UMAX) GD TO 300
Fu((1.0-UCI)/UMAX}+(1.0-U(Le1)/UMAX))/2
FINeFe(Y(1+1)-v(1)) :

FINTeEeFIN . .

SUMeSUMSF IN o
SUMT = SUNT +F INT ’

DELST=SUN* 1Q00. :

THETASSUNT * 1000 .

HeOELST/THETA
WRITE(S,61) X0
OELTA=DELTA® 1600, ,

“WRITE(S,60) DELTA, UMAX DELST, TMETA M
CONT INUE : :

FORMAT STATENENTS

FORMAT(2F10.4)
FORMAT (4F10.4) -
FORMAT (20A4)
FORMAT(12)

¥y

FORMAT(// 10X, * THE BOUNDARY LAVER THICKNESS (DELTA) « ' .F10.4, .

e Mt /10K CTHE FREE STREAM VELOCITY: *,F10.4,

o' M6 /10X, ‘He DELTA STAR / THETA » ' F10.4//)
FORMAT(//SX, ‘STATION *,F10.4.° M. O/$ FROM INLET'/

' *8X, ‘OLPTH OF FLOW = * . F10.4.° Wi *//)

FORMAT(//2044/30(°*))
sTOP
END

e

84 M/S 7//10K, “THE DISPLACEMENT THICKNESS (OELTA STAR) = *,p
% M /10K, “THE MOMENTUM THICKNESS (THETA) = *,F10.4.

10.4,

136
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INITIALIZE PARAMETERS AND READ OATA
3 v -~ .

<

Y

M TO DETERMINE FLOW CONDITIONS !on PIPE TESTS
ASSUMING MANNINGS’ N VALUES FOR CONCRETH AND PLASTIC

rire OF:0. OCOI AND O. OOl RESPECTIVELY.

" VARIABLE unumou '

.-b--.-----.‘n—-oc- A
*
NP o NUNBER oF PirEs g
“EPCC » MANNING N ASSUMED FOR CONCRETE PIPE (O. 0108)
FPVC: o MANNING N ASSUNED FOR PVC PIPE (o 008)
G = GRAVITATIONAL CONSTANT
D() ‘o PIPE DIAMETERS - ( INCHES)
A = CROSS-SECTIONAL AREA OF PIPE
PF « PERCENT OF CROSS-SECTIONAL AREA OCCUPIED BY
FLOVING WATER -
aF . :”A'OI CROSS~SECTION OCCUPIED BY FLavING
Y« OIRTH OF PLOV ‘
P = VETISD PIRINETER
Q * OISCHARGE - - :
$ = SLOPE-OF PIPL INVERY :
DUF. « NORMAL DEPTH OF FLOV !
YCR o CRITICAL DEPTH OF FLOW ’
SCR = CRITICAL OEPTH OF PLOW FOR GIVEN DISCHARGE

EXTERNAL OMANN
OIMENSION O(§)

NPeg

. #PCC=0.0108

‘FPVC=0, 008 . y

gs9.81 : »

21
22

18

‘CALL-POYQV (DM,

Vﬂ”’l(l COO)

DO 10 Ist NP .

OMMeD(1)*28.4 -

IP(1.LE.3) GO TO 23

WRITE(S,807)

G0 Y0 22

‘WRITE(6,608)

WRITE(S.601) O(I),0MM

As(3,141882¢8°(0(1) 0. ozu)"z)/t

APT=10.7642¢°A

WRITE(6,802) A AFY

1F(1.4£.3) a0 Yo 12

‘CeFPNC

Go TO0 13

.CeFPCC

WRITE(S.808) C

PE0.08
pr

PPPePF+100. K%
wmiTi(e, m) PEP.AF AFES e
DD/ 1000. . ‘Q’
Yeet. 8 . ;
Pe-1.8 :
"~ CALL POYAP(OM,.Y AF.P)
YHMe 1000, Y.
WRITE(E,604) VH .
$20.00000¢ .
CONTINUE
"Qe-1.8
Ve-0.% .
Y.0.V,5.0MANN.C,G)
"CALL PPOUF (DM.Q.S, OMANN,C,G,0UF )
CALL PPYCR(OM,0Q.G, YCR HCR)
ACRs~1.§ - . :
PCRe-¢.8 -
CALL nnﬂu YCRACH, vcn)
SCIUQC'C‘Q'Q'(PCI“O 33331))/“0!“3 :l:‘.l:n)
SPege100. .
. DUFNeDUF * 1000 .

" YCRMSYCR® 1000. s
v-vhnsca' 100.

BL9=0° 1000.

VHS=Q/AF-

wnlu.mv».ms s, vcu.scar
$0340.0008

g(s .av.o0, ou) @ 10 14

n-pno os

IF(PF.GT.1.0) GO to 10

Q0. T0 11 X

CONTINUE -

sToe L .
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c &
€ rORMAT STATEMENTS .

%

B

03
604

603
606

€07

FORMAT(10F 10

€ - '

FORMAT(//10%X, *TABLE OF FLOW PROPERTIES FOR * .

*<CAST CONCRETE -AND PVC »

FORMAT( 10X, ‘PIPE DIAMETER ** F10.
"24X, ‘e’ F10.4,° WH‘/) . .
FORMAY (10X, 'CROSS-SECTIONAL AREA »*,€10.4,

*‘ SQUARE METERS'/J1X,'«’ F10.6,
FORMAT(/// 10X, 110(*~*)., // 10X,

IPE*/10X,88( " )///)

2,° INCHLS‘/

! SQUARE FEIT‘/) ‘ .
'PERCENT FULL «*,r10.3,° %'/ 10X,

**AREA OF FLOW »',£10.4,° SOUARE METERS' /23X,
*re F10.6,° SQUARE PEET*/)
FORMAT (10X ‘DEPTH OF FLON &*.F10.4,° WN°///10,
DISCHARGE, 11X, 'PLOV VELOCITY" , @x,

*SLOPE”’, 18K,

**CRITICAL DEPTH’, @X, ‘'CR

*’FOR GIVEN FLOW DEPTH' /11X, (%) ",
CA8X, C(M/S), 18X, (MM) ', 18X, (X)) //)

FORMAY(2{ 10X.710.8),2( 10X,F 10.4), 10X, 7 10.¢} .
" FORMAT(///10X . 88(* 2:)/// 10X, ‘TYPL OF PIPE » CONCAETL’

*)///)

- FORMAT(/// 10X, 88(*=*)// /10X, *TYPE OF

FORMAT(/ 10X, *
svor
END

ASSUMED MANNING N o

TTICAL SLOPR' /91X,
’m:. “L/s),

F10.4//10% . 48( )/ /])

111000,880 5V /1)
PIPE « PVC'///10X,88( 2 V//})

.
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PROGRAM 1O CALCULATE FLOW fiﬁ!l"ll TS
GIVEN OEPTH OF FLOV ,PIPE DIAMETER, PIPE SLOPE,
DISCHARGE .USING. HVIPOI. “W'fé" PPROP..

‘»,n
[

c

¢

[

# |
c o . P1og Dhllf!l (n

€ H(I) = OEPTH OF FLOW (MM)

C $0 « BED SLOPE

C N * NUMBER OF DATA POINTS PER SLOPE

C NS « NUMBER OF SLOPES PER PIPE IN QUESTION

C PP » PERCENT FULL :

C FMAN » MANNINGS N

C 0 = OISCHARGE IN Llflll PER SICM

C A = AREA OF FLOW IN. SQUARE METERS

C. P o WETTIQ PERINETER IN WETIRS

€ FRe FROUDE NUMBER OF FLOV

c

c

DIMENSION VARIABLES
‘DIMENSION 0(20),H(20),TITLE(20)
PIe3.14189
Ge9.80688

c
C READ DATA
READ(S.52) TITLE
READ(S5,%0) D
RIAD(S,53) NS
WRITE(6.62) TITLE
WRITE(G,.63) O
00 20 I1=1,NS
READ(S.%6) N
IIAD(S.S‘[ $O -
READ(S.95) (0(1).1=1.N) : .
AEAD(S,51) (H(1).121,N) , o o
WRITE(E,.83) SO
“MRITE(S.61) - ot
AFULL*PL *0°0/4.0 ’ . ‘
. 00 10 ust.N : %
DEPTHeM( U}/ 1000.
00=Q(J}/1000. :
CALL PPROP(D,DEPTH, A, T, P AY)
PPe(A/AFULL)*100.
FMANS((A®*1.86667) "SORT(S0))/((P*s. 66067)‘00)
FReSORT((QQ*QQ°*T)/(G°A"A"A))
. QW00 1000. .
VEL =Q0/A : S . b
YOsDEPTH/O .
YeDEPTH® 1000.
- WRITE(S, (owr.ov VEL.Y, vo FMAN, FR
10 CONT INVE
20 CON‘HWE

50 FORMAT(F 10.6)
81, FORMAT(20F10.6€)
82 FORMAT(2044)

9 FORMAT(13)

-~ 84 FOMMAT{# 10, e)

2 rulut(lhol 20A4)

0. T(10X,5(F10.4,8X) ,F10.8,8X, no )

(18 T(//14%, 'Pllczm'.cx *OISCHARGE * ,8X, ‘AVERAQE * ,
‘lx.‘AVllAOl'.ll.'Dl"u'.lx. MANNING N°,8X, ‘ PROUDE ",
*/14%, PULL’, 10X, ‘L/SEC* , 11X, *VELOCITY’ , 7X, ‘DEPTH’ , 10X,
28( =), 22X, ‘NUMBER' /48X, ‘N/SEC*, 10X, '°, 12X, -ommtn 77}

(3] rmr(///ux.'nn S8ED SLOPE = °,F10.4)

sT0P
™o

K ]

[ ] roun(//tox.- rirt DIMT!‘ - '."OJ. [ Y] |
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MAIN PROGRAM TO IlAD DATA, TO TEST auunurv
OFf THE DATA. AND TO CALL SUBROUTINES fOR
CALCULATION OF DESIRKD HYDRAULIC PARANETEAS.

8000000000000t IsONINESOIENININYS

DATA TO 8L READ INTO THE PROGRAM

800NN CIRRCSOGLETIGGRRLOOREUSOS

NUMRER * NUMBER OF PIPES TESTED

TITLE = TYPE OF PIRE (CONCRETE OR PLAYTIC)

0 « PIPE DIAMETER (M)

DD “UNCERTAINTY TN THE VALUE OF THE PIPE DIANMITER

: OVE TO ‘MEASUREMENT TRAOR, OUT-OF -ROUNDRESS,
. AND OEVIATION OF THE. oumu WITHIN AND.
SETWREN. nen Jln (1394 .

NS = NUMBER RS PER. P lt N Nll"w

N - it mu ACOUNTER-OSED TO SET THME FULL

© SCALE DISCHARGE FPOR CALCULATING THE EXPECTED

ERROR IN DISCHARGE READINGS. .

FNAVGe AVERAGE MANNING'S N FROM TEST RESULTS FOR o. n«v/ou 0

N = NUMBER OF DATA POINTS PEIR SLOPE

NO = NUMBER OF DATA POINTS OBTAINED USING THE SMALL
PUMP AND' MAGNETIC FLOW METER

SO = §ED SLOPE

Q(1) « DISCHARGE IN LITRES PER slcooo

H(I) = DEPTH OF FLOW (MNW)

OY(1J = ERROR IN THE. AVERAGE CENTRELINE DEPTH

. MEASUREMEINT ( INCLUDES UNCERTAINTIES OUl

TO SURFACE WAVES)

G0 ORI ETIstresPRrItIEsNCaErRiININaNetintestsBsetslsncatee

- HYDRAULIC PARAMETERS CALCULATED 8Y PROGRAM W]TH TTIONAL
REFERENCE TO HYEPOL SUBROUTINES (PRTERSON AND NOWELLS)

LA AL L L AR AL R R A Y R Y P YR Y P YA Y]

VEL = AVERAGE VELOCITY OF FLOW (M/SEC) . /
A AREA OF FLOW IN SQUARE METERS' ) g
P s WETTED PERIMETER IN METERS .
"R = HYDRAULIC RADIUS = . A/P

PF « PERCENT OF THE CROSS SECTIONAL AMEA OF THE PIPE

i

FMAN = MANNINGS N

FRA .= FROUDE NUMBER (USING THE RATIO OF AREA FLOV
DIVIDED BY DEPTH OF FLOW (A/y)AS A LENGTH SCALE

FRY « FROUOE NUMBER USING>THE AVERAGE DEPTH AS LENGTH SCALE

FRP « FROUDE NUMBER USING THE WETTED-PERIMETER (P) AS

. THE LENGTM SCALE -

FRR = FROUDE MUMBER USING THE HYORAULIC RADIUS (R) AS THE

_ ENGTH SCALE

YW o KINEMATIC VISCOSITY AT 20 DEGREES CELSIUS

T = REYNOLDS NUMBER WITH 4R REPLACING OIAMETER

FO = DARCY'S FRICTION FACTOR .

KC = EQUIVALENT' HOUGHNESS (M) BASED ON THE COLEBROOK-WHITE
SQUATION WITH HYDRAULIC SAQIUS REPLACING THE PIPE

: TER,

XXM . ¢w‘7enum MOUGHNESS (M) CALCULATED FROM MANNING'S N -

QFULL = OISCHARGE FLOWING FULL. CALCULATED USING THE MEAN VALUE

‘ | OF MANNING'S ‘N BETWEEN Y/0%0.28 -AND Y/De1.0

AFULL s AREA FLOWING FULL

PFULL « WETTED PERIMCTER FLOVING PULL s PI°D

RFULL = HYORAULIC RADIUS FLOWING FULL * AFULL/PPULL

0F « g/QruLL -

AAF = A/AFULL i

XNAVG = N/FNAVG . Lt

VVE = v/VRULL .

RRF o R/MFOLL

VS = SHEAR VELOCITY

R¥ '« WALL REYNOLD'S NUMBER

DIMENSION VARIABLES
DINENSION Q(20), u(:O) TITLE(20),DY(20)
EXTERNAL OMANM
P93, 14188
Ge9.080688
XNU=1.0078-§

READ GENERAL DATA
READ(S.58) NUMBER

DO 20 K+ 1, NUMBER . &
READ(S,.852) TITLE - .

READ(S,50) 0,00 ,

READ(S,53) NS. N0 ¥ o

"READ(S,84) FNAVG

WRITE(G.64) :

WRITE(6.62) TITLE

WRITE(E,65) O

‘D0 20 11e1,N8 -

' READ SPECIFIC OATA FOR EACH SLOPE

OCCUPIED BV FLUID 4
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READ(S,92) N.NO
READ(S,84) SO
READ(S.81) (0(1)
READ(®.81) (HIT)
READ(S.81) (O¥(1
ll:g(l.ll) vu‘

00 10 J*t, N
DEPTHeH(Y) /1000 .
DYY*0Y(J)/2000.
0a*4(v1/1000.

cAu. ERRON(PT,0,0,00,0EPTH,$0,0Q,0YY, A, TP, R FIAN,PON,
o

mm.or.u,) @0 10 10 ,
| CALL SCRIT(D.0.00,FMAN,SCR)

17(%0.G7.3CR) QO YO 100

CALL ORDO(D.3,0Q.30.FNAN, DEPTH,OX , YCR, DUF )
OXeARS(DX)

XF20.$°37..
I7(OX.GY.XF) GO TO 10 0]

100 CALL PARAN(D,.G,PI, XNU,0Q,.0EPTH,SO,FNAVG,FMAN A, T,

P, VEL ,R,RE, XKC, XKM, QOF , VVF . FRA FRY ,FRP, FRR)

APULL®PI*D*D/4.0
PEe(A/AFULL) 100~
QWs00* 1000.

YeDEPTH® 1000.
YO*0EPTH/O
17(J.£Q.1) @0 TO 101
@0 T0 102
WRITE(G.62) SO
WRITE(G.88) VN
WRITE(S.81)
WRITE(S,.80)PF OV, VEL,Y, YD, FMAN

v

CONTINUE -
CONTINUE

FORMAT STATEMENTS

FORMAT(13)

FORMAT(2F10.6)

- FORMAT(20F 10.6)

FORMAT( 20A4)

" PORMAT(218)

FORMAT(F 10.6)

FORMAT(// 10X, 20A4)

FORMAT( 10X, 8(F10.4,5X),F 10.6) -

FORMAT(//14X, '‘PERCENY’ ,6X, ‘DISCHARGE * ,8X, ‘AVERAGE',
*OX, ‘AVERAGE* 8%, ‘OEPTH’ ,8X, “MANNING N’ ,

/14X, *FULL*, 10X, ‘L/SEC’ , 11X, VELOCITY ,7X *OEPTH, 10X,
g =*)/48%, 'M/SEC’, 1OX, "M’ , 12X, ‘OJANETER"//) -
FORMAT(///13x5 ' P1PE BED SLOPE = *,F10.4)
PORMAT( " 1')

lmﬂ//tox © PIPE DIAMETER = *,.F10.6,' M. *//)
FORMAT( /10X, *THE LIMITING DESIGN VELOCITY AT’

' THIS SLOPE ror Y/0 s 0.8:18 * F10.4,° W/S )
$TOP

€ND

SUBROUTINE ERROR. ANALYSIS PROGRAN
CALCULATES THE MAXIMNUM ERROR IN .

.VALUES OF MANNINGS N AND FRICTION FACTOR F.

NMBER = NUMBER OF "P!S TESTED .

OY1,0v2 » WII?HN‘FV IN THE VERTICAL cmm OF SLOPE
WEASURENENT

0X1,0x3 © WC‘IRTHN‘" IN THE HORIZONTAL WM oF sSLoPE
MEASURENENT

OELX = LENGTH OF THE FLUME = 20. dl "

0 -« PIPE DIAMETER (M)

00 o UNCENTAINTY IN THE VALUE OF THE PIPE DIANETER OUE TO

»
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ORVIATION IN THE . omnru WITHIN A SINGLE SECTION AND
OUT-0F ~ROUNDNES S

FMAN = nmmms N i

SUBROUT INT IRIW(H‘G.D 00 . DEPTH,30.00,07Y,A, T, R, PMAN, PON,
*ON,VEL . PO ;0F ,POF)

i3

DY2e.001

OY1s.0008

gn-;ou‘)

X\e,

ocu-g}.o

RADD/2.

00*0D/ 1000,

OR=DD/2.

OBLY=$0°DELX
00Y«(DY2+0V1)/DELY
DOX={DX240X 1) /DELX
03$=00Y+00X )
CALL PPROP(D.DEPTH. A, T,P AY
FMANs((A®ey, uun-son(sonm'-- 04867)+00)
. VEL=QQ/A

Rep/p .

XINTs@, *G*R*$0 -
FO=XINT/(VEL*VEL)

Xta1,/RAD -

1F(OEPTH.LT . RAD) GO TO 9
~XCo(DEPTH-RAD)/RAD _
- THETA=PL42 *ASIN(XC)
X29SQRT( 1. ~(XC*XC))

@0 T0 1t

XCe(RAD-DEPTH)/RAD
THETA®2. *ACOS(XC)

X2eSORT(1. -(xc-xc))

CONTINUE

0SQ=0*D

XASTHETA-SIN(THETA)
XDEL=OYV+(DEPTH*DR/RAD)

OTHETA®2, *(X1/X2) *XDEL
ODAREAS((1.~COS(THETA) ) *DSQ*OTHETA2, *0°XA*00)/8.
IF(NP.LE.4) GO TO 18

40 10 18

1F(J.LE.ND) GO TO 13

QF3+0.10 o
QERRe . 0019°QF S :
GO0 TO 12 } . v
IF(J.LE.ND) GO TO 13

QF$=0.29

QERR« 0008 7+0F S

Q0 10 12 .

QF320.010

QERR=.0021°QF $

CONTINVE .

00Q+0ERR/00

DP=(0D/0)+(OTHETA/THETA)
ODA=(S.°DAREA)/(2.°4) N
OOAF<DAREA/A

00gs.

-

OF=((2,5°00AF ) +(0.5°0P)+00S+(2. *00Q) ) *FD
POF=100.°0F
PONSOON® 100,

RETURN
77

SUBROUTINE TO CALCULATE THE CRITICAL
SLOPE FOR THE GIVEN FLOW CONDITIONS

SCR « CRITICAL SLOPE AT Tie Cléll 0ISCHARGE

-

SUBROUTINE SCRIT(D,G.00, FMAN, SCR)

L -

CALL PPYCR(D.00.G, YCR WCR)

ACRe-1.8 <

PCRe-1.§

CALL POYAP(D,YCR, ACR.PCR)
m-('m-vm-oo'oo'(m"a 3333))/(ACR**3.3333)
RETURN - .

END :

WIM 10 CALCULATE TH! LENGTH OF THE
ORAVOOWN CURVE AT THE WYL!Y or ﬂ' 'l’l
FOR MILO SLOPES “
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C OX o DISTANCE UPSTREAM FROM THE PIPE OUTLET TO THE
¢ POINT WHIRE THE FLOW, DENTH 13 98 PERCENT OF THE
¢ NORMAL OEPTH (USING NG N .CALCULATED FROM
¢ THE OATA)
C YCR « CRITICAL OEPTH OF FLOW AT THE GIVEN DISCHARGE
C DUF » NORMAL DEPTM OF FLOVW
c
c
¢

SUBROUT INE DROO(D,3.00, 30, FMAN, OEPTH, DX, YCR , OUF )
EXTERNAL OMANN

CALL PPYCR(D,00.G, YCR.HCR)
_CALL PPOUF(D,Q0.50.0MANN, FMAN, G ,DUF ) .

©

Y*DEPTH® 8§

caLL PGVFF (O, OO.SO Y.OMANN , FMAN .G, GV")
OYey-YCR
OX=QVFFeDY

(]

RETURN
€ND

PROGRAM TO CALCULATE FLOW PROPERTIES IN A PIPE 63 N
GIVEN ODEPTH OF FLOY .PIPE DIANETER, PIPE SLOPE.
AND OISCHARGE .USING NVlm SUBROUT INE PPROP .

] » PIPE OIAMETER (M)
H(1) = DEPTH OF FLOW (MM)
80 ¢ BED SLOPE :
N = NUMBER OF DATA POINTS PER SLOPE
NS © NUMBER OF SLOPES PER PIPE IN QUESTION -
PP = PERCENT FULL
FMAN * MANNINGS N )
Q = DISCHARGE IN LITERS PER SECOND
A = AREA OF FLOW IN SQUARE METERS
P v WETTEO PERIMETER IN METERS
FRe FROUDE NMABER OF FLOW
XNUe KINEMATIC VISCOSITY AT 20 OEGREES CELSIUS
RE= REYNOLDS NUMBER WITH 4R REPLACING DIAMETER
Rs HYDRAULIC RADIUS = A/P
FO= DARCY'S FRICTION PACTOR
XKCe GQUIVALENT ROUGHNESS (M) BASED ON THE COLEBROOK-WHITE
TQUATION WITH MYDRAULIC RADIUS REPLACING THE PIPE
DIAMETER. .
XKiMe EQUIVALENT ROUGHNESS (M) CALCULATED FRON MANNING'S N
OF s DISCHARGE FLOWING FULL. CALCULATED USING THE MEAN VALUE
OF MANNING'S N BETWEEN Y/D+0.28 AND v/o-u o -
AP* AREA PLOVING FULL
PPULL® WETTED PERIMETER FLOWING FULL » PI*D
FNAVGe AVERAGE hmxm S N FROM TEST RESULTS FOR O. zs«/o« o
00F s Q/QFULL
AAPw A/AFULL .
XNAVG® N/NAVG ‘ . : -
VWEs V/VFULL .
RRFe R/RFULL .
VS @ SHEAR VELOCITY
AV o WALL REYNOLD'S NUMBER
- PNR a FRICTION FACTOR : FULLY ROUGH
PMU = FRICTION REYNOLD'S NUMBER
FNF » MANNING'S N CALCULATED FROM F

nnoonnoonnnohnoonnonnnoonnonnnoon’ndnnoonnn

SUBROUTINE PARAN(D,.G,P1,XNU,QQ.DEPTH, SO, FNAVG,FMAN A,
TP, VEL. R, RE, XKC, XKM,QQF , VVF FRA FRY FRP  FRR)

AFULLeP1°D*D/4.0
PFa{A/ATULL)*100.
FRASVEL/SORT{G*A/DEPTH)
FRRaVEL/(SORT(G*R))
FRYSVEL/(SORT{GSOEPTH) )
FRPEVEL/(3QRT(G*P))

RE=(4. *RoVEL) /XNU
XINTaRe@*30 .

VE*SQRT(XINT) .

XINT YoSORT(32. *XINT) ?
PO={8. *XINT)/(VEL*VEL)

XKC=14.8%R*(10. o"(-vu./xmn) (1.298°XMU)/(R*XINT1))
XNe0, 3048 (32 . *FUAN) *°8.

My (VEORNC) /200

PURetVIL/VS) -8 . 78°AL0810(R)

PYeVS/XNS ’
FAPe(R*0. 106867) *SORT(FD/(8. *8) )
QUL=(AFULL ({D/4a. )“0 C“Cﬂ‘(““ $))/ruave
m..,"\l.\ltﬂl.l.

. GOPeQO/QEULL .

RRFR/RFULL
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SUBROUTINE TO CALCULATE THE PRICTION
FACTOR (F) USING THE COLEBROOK-WHITE )
FORMULA. THE SOLUTION IS DONE [TERATIVELY v
USING NEVTON'S WETHOO TO FIND THE ROOT.

SUBROUTINE CWP (R, XKS, FD.RE, FCW)

NCT=0

1LOGe 10, 7°AL0G10(2.7182810]))
0sXK$/(4.°R)

FSeSQRT(PD)

F2%0.9/(FO*FS)
ARG=R0+9. 38/ (REPS)

FPeq, /FS=1, 1443, *ALOG1O(ARG)
DF=FZ+ELOG*F2/ (ARG RE) »
OIrerp/OF

(122 114

NCToNCTe ¢
IF(ABS(DIF).GY . 0.00001 . AND.NCT LT, 18) (23 10 2
RETURN ©

SUBROUTINE TO CALCULATE THE LENGTH OF THE
ORAWDOWN CURVE AT THE OUTLET OF THE PIPY
FOR MILO SLOPES

SUBRQUTINE DRDO(D,G. 9% $O.FMAN . DEPTH,DX ,YCR ,DUF)
EXTERNAL QMANN

CALL PPYCR(D.0Q0.G,YCR,MCR)
CALL PPOUF(D,0Q, SO, OMANN, FMAN, G,DUF )

Y=DEPTH ’

CALL PGVFF(D.00.S0.Y,OMANN, FMAN,G,GVFF)
DYsY-YCR
OX=GVEF <Dy ‘

RETURN
sTOP
END

°

SUBROUTINE TO CALCULATE THE CRIVICAL
SLOPE FOR THE GIVEN FLOV CONDITIONS

SUBROUTINE SCRIT(D.0.0Q.FMAN,SCR) .

CALL PPYCR(D.0Q.Q.YCR, HCR)

CALL POYAP(D,YCR,ACR,PCR)

SCR= (FHANSPMAN®QO®0Q° (PCR**1.3233) ) /(ACR**3.3333)
RETURN

sToP

END
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SUBROUTING ERROR ANALYSIS PROGRANE:Y

CALCULATES THE MAXINU ERROR IN
VALUES OF MANNINGS N AND PRICTION FACTOR F.

NMBER = NUMBER OF PIPES TESTED
Ov1,0V3 o Wll"l"ﬂ' IN THE VERTICAL COMPONENT Of SLOP(

ASURE
ox1.0x3 }MIRTAIWV IN THE MORIZONTAL CMONIN? oF sLort
m

DELX = _LNGTM OF s 30.48 W
0 ﬁm OTAMIYER
00 ERTAINTY IN THE VAI.MI Of THE PIPE DIAMETER OUL TO

DEVIATION IN ml DIAMETIR VITHIN A SINGLE SECTION AMD
OUT -OF ~ROUNDNES S

H(I) «-DEPTH OF PLOV (MM)

'$0 = 8D SLOPE

N o NUMBER OF DATA POINTS PER SLOPE

NS = NUMSER OI*SLOPES PER PIPE 'IN QUESTION

NP = PIPE NUMBER (USER TO SET PULL SCALE DISCHARGE
MEASUREMENT FOR LALCULATING THE ERROR IN Q)

NO o MUMBER OF DATA FOINTS OBTAINED USING THE SMALL
PUNP AND MAGNETIC FLOVW METER :

FHAN « MANNINGS N

0(1) » DISCHARGE IN LITERS PER SECOND

OY(1) = ERNDR IN OEPTH MEASUREMENT { INCLUOES UNCERTAINTIES

OUE TO SURFACE WAVES)

A = AREA OF FLOV IN SQUARE METERS

P+ WETTED PERIMETER IN METERS

R MYDRAULIC RADIUS ¢ a/P

FNAVG AVERAGE MANNING'S N rROM TEST RESULTS FOR 0.28<v/D<1.0

0

145

SUBROUTINE ERROR(PI .G,D,DO,S0,DEPTH.0Q,0YY A, . 7.P.R FHAN, PON,

*ON.VEL Y0, FO.DF ,POF) o

DY2+.001
DY 1s.0008
DX2¢.010
DX 1e.001 . , ' .
DELX*37.0 LR ;
::o-o;z

1000 . : A i .
oneEs/2 R

Of1.Y=$0°0ELX o B
=(DY24DY1)/OELY : : .
DOXe(DX240X 1) /DELX b .
0S00Y+DOX | : .
CALL PPROP(D,DEPTH. A, r P. e
FMANS((A*=1 & “1)'50"(50)51((?" ccgpn'ool,
VEL*QQ/A i
XINTeg . *Q*R*$0 g
FDeXINT/{VEL VEL) :
X1e1./RAD .
IF(OEPTH.LT.RAD) QO 10 8
RCo(OLPTH-RAD)/RAD
THETASR+2 . *ASIN(XC) 5
XIeSQNT( 1, ~(XC*XC)
Qo ™ 11
XCe{RAD-DEPTH) /RAD
THETA®2, *ACOS(XC)
NFeSQRT( 1. - (XC*XC))
CONTINUE
0%Q=D*0D
XASTHETA-SIN(THETA)
AREASXA*03Q/8. .
XOEL*0YY+(DEPTHOR/RAD)
DTHETA=2, *(X1/X2) *XDEL
DAREA=((1.-COS(THETA)) *DSO"|
IF(NP.LE.4) GO YO 18
Q0 T0 16
I1#(J.LE.ND) @O TO 13
oFs=0. 10
QERRE.0019°0FS
a0 10 12
IF(J.LE.ND) GO 10 13
oF .28

QERR=. Q008 7°0FS
a0 T 12
0f$+0.010
QERRe . 0021 °0FS
CONTIIUE

£

=



OERR+0 O1+0r8
00Q*QERR/00

OP=(DD/0)+(DTMETA/ THETA)
DOA=(S.*0aREA) /(3. a) .
DOAFsDAREA/A

008+ 308

00P«0. 6800700

OOMNSDOA +00S +DDP + 000 .

, ON®EMAN+DON

‘OFu( (2.!'00")‘(0.!-'0')'0030( 2.°00Q) ) *rp
POF =100, *OF

PON=DON®* 100 .

QW=QQ* 1000 .

YO=0EPTM/D

Y=0EPTH®* 1000.

Rsa/p

RETURN
L8708
END

146
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Appendix G : Summary of the Error Analysis:U§ed to Determine
Ehngelhability of the Calculated Values of Manning's n and
Darcy's f£.

_41) Manning's Equation: |

. o , ‘ ABAg122
¢ e e

The fractional error in n is obtalnéd from:

Qﬁ.gu*lgﬁ+2°_€+9fl
n 34 285 3P Q-

<

By definition:

A -%(.O-Sin.O)D?v |

el

(a) Th§ exrror in the area of flov becomes:

[

P . - , R o
¥

184 1= 2{(1 - cas0)D?66 + 2(0 - sin 0) DBD)

" where: theta is in radian

The £:act18;a1 error in theta can be determined from the
~£§110v1ng:.

)
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.
If y < D/2 t |
o
and: o R
f\\\\’ 0013
If y > D/2 then: . . ; L
& ‘ @=r+2sin "(y———")
A . r
ar:ld:

. i .
S 168 = 2( — e 2(csyfy—) .
A - r;’l-(',—’) cor _ ,
The f;actiBnal error in the other terms is as follovs:

i
or_8D ‘
r D
" 8D )
) | ar kr7y<
"vheze:' . 1‘\\\;¢\\\g;\\\f§\\

.\\

D = the pipe diameter: error involved in thig
orlqinates'fron diameter measurements done on thgjﬁeqt" ‘

pipes. o



.

. W ,-:‘/.«, 0 M - : .
'y = the normal depth measured .. The error involved in these

measuremerits were caused by:standing waves and other

irregularities of the surface profile.

f = the pipe radiusw

Q

(b) The error in the siebe'term is:
3..5&2;515211
dx x;- .
. g C L
vhere 4y = change in the water surface or bed eleggtlon,ove:

the distance 4..

- Therefore:

Qg_ddy 84x .

s 5 "4y ax : SO
»81nce:

: ) 42?11‘?: N \
S Sy 8y 2+ 8y,

g . RS
and: o : - T e

BAx=0xa+8xy,
so:

. . , 53_(572"5?1')*(6”3“"5":) N
T I T |
(c) Brror in the vetted ﬁ@rfaetez\igl;i; _ ‘ S e

' : ' - . . \ ".\ " . !
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D
P=(2)o
Jo !
Thgrfore: ‘ |
" 8P 8D 28
j . P D o
, /‘L
or: ‘ '
8P = 2(06D+D80)

(d) ‘Error in dlsghérge;

The error 1n discharqe as a pezcentage of the full scale
D
reading, vas detetmined from callbrating the large and small

discharge meters, The zegplts_are as follovs. h g
Largé-dISChérge systén:
. o L 8Q -
: . “""‘0,019%
: e .
»Smallﬁdlschatge,system: - ?'i PR
- e Ly ) -“ . L s .
. : ) ’ R
=Q, 21%» 2 ,
Q-
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Darcy s £ 1is defined as follovs

JagRS

ﬁ ) o fﬁ Vz
Cor: .

v - ',_‘allrgxllelzslzzy-z 7 )
so: - a o . \\‘
g§ © IRV

where- v = Q/A and R = A‘ ?

“The errdr in f‘becomesﬁ

. A L '
T : 8/ 8P 63 OQ
o R + el ‘
5 R ,, -2, 5 A +0.5— > 0 S.S 2= Q e
Fa . B o . S
Théjvarl@blés a}e as defined Ln‘the body of theﬁézbort.

3"Foz'eise‘of‘cqnputatlon, gFortran proéran vas vritten-

to read in the varlous flov paraneters and thelr associated
: £ ’

_measurenent error to produce an estlmate of the total error
“in Mannlng $ n and Darcy's £. The program 1s listed in

© Appendix P. '.
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Appendix H: Test Results

The following tables are. arranged £zom mlld elopee to
steep slopes for each plipe tested starting vith the three
- precast concrete pipes followed by the three. plaatic pipes.
,Th@ varlious hydraullc parameters analyzed in this study are
listed with the SI units used. Dlmensldnleee paramete:s vere
obtalned from the following:

Manning n:
'Rilasllﬂ

ne= v

Darcy's f:
_8gRS
F==v=

'Froude number:
14 ' ’ . v

Fm

Reynold'e‘nunberé .

44/R
R V ' ; ‘ . .° ' e

Eduivalent sahd grain rodghpess: : ‘:ﬁi§
1, ».35
\I_ l 14 2100(4R —T)
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" cONCRETE PIPL

PIPE DIAMITER & 0.202080 M.

0

g

‘ 0.3041 8.8800° 0.8237 77.3300 . 0.
¢ 0

9

o

- Q.6388 16.9200 '0.7781 ¢ ﬂ. $000 . 0.0108 0.0227 . 0.6884

v N AN B : .
- DEPTH ' DISCHARGE AVERAGE NORMAL  TMANNING = DARCY FROUDE  REYNOLDS EQUIVALENT
. TNUMBER - ROUGHNE )
_umlnn S Ue/e) (nm) . ) . \ . (mm)
 0.0820  0.27% 0.2172 16,8400  0.0132  0.0821 0.3377  0.920€+04 0. 138€-02

- Q.4188 35,5040 - 0.7893 84.8100 0.0007

| 18y

P
. : A\l .
‘PIPE BLD SLOPE:'s '0.0020
otPTH oxm«: AVERAGE  NORMAL MANNING - DARCY FROUOE REYNOLDS .~ EQUIVALENT
wessesca  (L/8)  VELOCITY DEPTH N 4 NUMBER NUMBER = ROUGHNESS
OIAMETER ‘ (/%) (mm) - _ . v (mm)
0.0088 0.23850 = 0.1422 20.0400 .0171 0.0088 0:3208 0.720€+04 0.4838-02
0. 1838 ~4,2780 0.3132 37.2800 0118 0.0383 0.5181 ‘0.202¢+08 Q.637¢-03

0.3327 2.4100 . 0.4219 - 47.2200 .Q088 .  0.0247 ‘ 0.6200 0.4698+08 0. 129€-03
03 0.0241 ' 0.5981 0.8778+08 0.262¢£-03
08 0.0243 0.5820 0.108€+06  0.334£-03 %
0) , 0.0223 0.8979 0.121E+08 ©.238E-03

02 0.0223 0.6001 0. 120€+08 0.220€-03

0.4870. 7.9800  0.8880 92,7200
0.803¢' 9.7600 0.8084 102. 1600
0.4864 8.8800 0.8964 100.7000

PIPE BED SLOPE = - 0.0025 o ’ : v
OEPTH DISCHARGE AVERAGE NORMAL  MANNING DARCY  WROUDE - REYNOLDS EQUIVALENT
-==m=ses . (L/8)  VELOCITY -DEPTH n, ’ NUMBER  NUMBER ROUGHNESS
OlANETER ¢ (n/e)  (ma) ; . - : ()

0.0888  0.2600 -0.184% 17.9600 ., O0\0138  O0.0888  0.4405 ' 0.843EsD4  0.172€-02
’o 2112 1,9700 - 0.3961 42.8400 00110 - 0.032T  O.8111 *0.404E+08  0.483€-03

3.23 T ¢,8000 0.8733 77.8300 . 0.0108 0.02%2 0.6863 . 0.988£+08 0.334£-03
0888 9.85100 0.8397 98.0400 0.0104 - 0.023) 0.662¢ 0.124E+08 0.288¢-02
0.4622 9.4200 0.6448 92.7700 0.0103 . 0.0227 .. 0.6724 0. 1238+08 Q.247€-03
0.6228 18. 7800 0, 7441 12‘.3}\& 0.0100 0:0203 ~ 0O.&683 0. c"IO!’O‘ 0. t73€-0)

: a ] '
P1PE BED. SLOPE © 0:0030
OEPTH DISCHARGE AVERAGE NORMAL  MANNING DARCY  FROUDE ~ REYNOLDS EQUIVALENT
me=-wwe= - (L/8)  VELQCITY DERTH n f NUMBER . NUMBER ROUGHNESS
DIAMETEN o (mf) () : ) . (mei)

_ . . -
0.1244 0.6700 0.20903  20.2400 Q.0118 0.0448 0.85814 0. 182€+08 0.549£-02
0.2383 2.8800  0.4876 - 48.3800 0.0108 0.0202 0.7081 0.883€+008 0.334€-03
0.3982 -~ 7.4800 © 0.6248 80.3900 - 0.0108 - 0.0260 0.7037  0.1078+08.  0.418£-03
0.4449 9.8100 0.7087 - 80.2700 0.0101 0.0222 0.7800 . 0.1328+08 « 0.216£-03 "
0.8119 12,6400 0.7580 .103.8400 0 0100 0.0210 0.7822 - P 1888+08 0.187¢-03

0. 1798+08 0.33'¢-03 )

e T L - . . :
* ) . Y ..-' . -

" PIPL BED SLOPE = 0.003% 3

&

meemmeae (L/s) - VELOCITY DEPYH n N MNRER ss

0.2114 ~ 2.§200 0.5070 42.8200 © 0.0102 0.0274 0.7824 O.81TE<08 0 282£-03
0.3850  4.9800 . 0.4769 "72.029¢ 0;0102 0.0238  O0.8084 O.107€+06  0.247¢-02

£ 0. 0.8450  0.137€+08  .0.141€-03
0.8300 0.178€308 = 0. 144€-03
0.7950  0.1848+06 - 0. 1931-03
0.7813 - 0.212E+08  0.239€-03

o
0.8217 . 14.4400" - 0.8468 108.8800 0.0087 0.0200
0.6000 17,9800 0.8686 121.7200 0.0100 - 0,0208
0.79@7 21.5800 0.8883 142.8588 0.0102  0.0200

PIPE BED SLOPE « . o0.0040¢ - : ' ‘_ ’ '
ASE  MORMAL . MANNING DARCY . FROUDE  REYNOLDS = EQUIVALENT .
m.ﬁcnv otrTH n e MUBER.  NAMBER ROUGHNESS . .
(w/s)  4pd) - - e
ava n 4200 0.0102
0. 0.8082 - 46.7600. - 0.0087 -
0.4321 ""oacp g‘&:“ 476709 © 0.0088"
8 suw ", unoi  0.0014 (1084200 * O.0088
- 3 s ‘o:#;“,uu 4€99 . 0.0008
‘OMEY8 141,900  0.0088
00 .0, 161.3700- . 0.0088
.]'. - ) "“?..“




PIPE BED SLOPE =

OEPTH DISCHARGE
cacaemea )
DIAMETER

0.0810  0.3620
0.2473  4.83%0
0.3407 .8.8370
0.418%  12.4060
0.4963 18,2490
0.5987 21,1260
0.7189  26.3780

0.8337

i

31,1840

-

3

¥

e (V7))
OTANITER

 0.1087  0.4880 .
0.2888

g;ﬁ A siope -
r'y

" oerth  Discramar

21,1183

PIPE BED SLOPE

DEPTH DISCHARGE
sommeewe (L/9)
DIAMETER
0.1088 . 0.9820
0.2481° 5.4180
0.3308 8.7810
0.4828 17,7700
0.8192 22.2¢60
0.8872 27.12%
0.7108 34.3610

- 0.7434 .38.1780

N

PIPE BED SLOPE «

0.7439  40.1870

DEPTH DISCHARGE
Ot (L/e)
DIAMETER

0.1080 ~ 1.1100
0.26416-  §.1290
0.2188  10.2920
0.4448  19.3020
0.5047  23.4220
0.5802 29.7180
0.6722  28.3340

0.0080

AVERAGE  NORMAL -

VELOCITY DEPTH
 (m/w) (om)
0.2943  16.4300
0.7287 ' 80.1700
0.8782 - @9.1300
-0.9673 84.9100
1.0148 100.6899
1.0822  120.0800
1.0802 148.8%00
1.0822 189, 1400

* 0.0080
AVERAGE

_NORAL
VELOCITY DEPTH
(n/s)  (wm)

0.4408
0.8088
0.8700
1.0708

81,0400

1.1704
1.2203 .

1.1881 184,.4400

oo

|

0.0080

AVERAGE  NORMAL

22.0800 - -

o

VELOCITY DEPTH
(n/m) (nm)
0.8234 21,4100
0.8684  80.2400°
1,0457 . €7.0800 -
1.2608 . 91.8000 -
1.3134
1.3488
1.398¢
1.4037

0.0100

AVERAGE  NORMAL
VELOCITY DEPTH
-(n/8) (mm)
0.8812. 22,1200 .
1.0176°  48.0200
1.1603  €4.6700
1.3088  90.2800
14018 'oz.agzz
1.4967. 119.7
1.85201  136.3489
1.8586 180.9300

MANN DARCY
n [ 4
0.0118  0.0477
0.0083, 0.0218
0.0082 0.0198 -
0.0082  0.0180
0.00808 0.0192
0.0000 0.0189
0.0103  0.03t1
0.0102 0.0207
MANNING  OARCY
n ’
0.0100  0.0324
0.0083 » 0.0220
0.0083 - 0.0200
Q.0008 . 0.01%¢
0.0087 - 0.0197
0.0007 - 0.0192
£0.0007  0.0188
0.0102  0.0208
JMANNING  DARCY
n [
0.0087  0.0311
0.00808  0.0247
.0.0006  0.0318
.. 0.0084  0.0191
5.0.0088  0.0189
+. 0. 0007 0.0184
0.0088 0.0194

0008  0.0198
MANNING DARCY
W o f
0.0100  0.0328
0.0003 0.0219
g-.opn‘ o.g:u

. 0.0191¢
of.gg:: 0.0198
0.0008  0.019¢
0.0006  0.0199
0.0100  0.0t87

0t

LR A

frouot
NMER

0. 7331

. 1.0300

1.088¢
1.080¢
1.020)
0.849¢
0.80868
0.0402

FR0UDL
L 11

0.8e72
1. 1298
1.1473
1.13240
1.0820
1.0818
1.0487
0.9336¢

FROUDE
NASER

1.1423
1.2391
1.2008
1.3179
1.202)
1.2398
1,1782
t. 1842

FROUDE
NUMBER

.2479
L4877
.4869
.4763
L4208
3812
13223
L2811

©0000000

REYNOLOS
~NETR

’ .
0.1238+08
0.0838+08

0. 1348408 -

0. 1734+08
0.2008+08

0.2380+08

0.2088+08
0.2608+08

o

REYNOLOS
NMBER

0.3338+08
. 0.2808+08
0.280€+08
0.2918+08

REYNOLDS
Nasin -

0.2028+08

0. 1028+08"

0. 1842+08
0.2388+08
0.3711+08
0.3010+08

0.3388+08

0. M 11+08

REYNOLOS
NUMSER

- 2908+08
. 3320+08
. 3804 +08
3788408

- 3236408

154

" SQUIVALENT '
ROUGHNTSS
(mn)

0.8878+03
0.913¢-04 -
0.7401-04.
0.0078-04
., 0. 118803
0. 1731-09
© 0.2668-03
410, 2430-03
3

CQUIVALENT
$
(om)

0.331¢-03
0.1138-03
0.1088-03
0,1278-03
0. 1844-03
0.1448-03
0.1488-03
0.2448-00

LUIVALENT
ROVGHNESS
(mm)

0.1912-03
0.2208-03
0. 1848-02
0.113£-03
0. {282-03.
0.1668-02
0.1818-03
0. 108L-03

EQUIVALENT
- (am)

0.1184-03
0.183£-02
0.1786-03
0:208€-02
0.2071-03



a

DEPTH . DISCHARGE AVERAGE  NORMAL
mesovone (L/8) ' VELOCITY OfPTH .
. OlAMETER .+ Xw/s) (mm)
0.1072  0.6480 P:3198 . 137:3100
0.3239  3.4100 0.4030 $4.0000
.0.3038  6.4810 O.4088 7T7.
0.2684 9.4860 0.8822 93.1300
0.3668  9.8310  0.8803 93.4009
0.4260 12.8790  0.6264 108.8700
PIPL 8ED SLOPE = 0.0028
DIPTH  OIYCHARGE AVERAGE  NORMAL
cevem-me  (L/8)  VELOCITY OEPTH
. pIAMETIR (n/s) - (nm)
WY088  0.7450. 0.2882  26.9700
0.2421  3.4880  0.4373  $4.0800'
0.3032 7.2080 ©.8887  77.2800
'0.3046  11.9820  0.6392 100.8700
0.8214 20.0340 . ©.7449 132.8800
. 0.6084 26.0200  0.8304 184.3100
PIPE BED SLOPE =

CONCRETE PLPE

PIPL DIAMETER »  0.284870 N.

e

PIPL 800 SLOPK - 0.0020

OEPTH

OIAMETER

0.0889
L0, 1887 -
0.2047

0.47718
0. 5000
0.6882¢
0.7088

0

PIPE 86D SLOPL =

OEPTH

, emceonwe

OIAMETER

0.0840
0.193¢
0.2810

DEPTH

OTAMETER

0.0882
0.1874
0.2971
"0.3478
0.437¢
0.847)
,0.6931
0.7¢8¢

0.0038

DISCHARGE AVERAGE  NORMAL
VELOCITY DEPTH

(L/e)

0.8230
4.0310

9.4040

13.4360
21.90860
30.4320
37.46680
43.8100

" (m/e)

(wn)

O.I'u‘ 29. 2000

©0.8800
8.7021
0.8047
0.9100
0.0820
0.9937
1.0908

80. 6800
72.3700
92.4100
121..7000
182. 6200
176.9299
196.2100

0.0040

DISCHARGE AVERAGE  NORMAL,
VELOCITY OEPTH

(L/s)

0.8070
4.32930
9.1080
14.0480
23.7390
30.8820
40.0130

_48.0140

PIPE BID SLOPE =

DISCHARGE AVERAGE  NORMAL
VELOCITY DEPTH
(-l-{

(L/s)

0.9980
4.7810
9.3280
1%.8760
24.8300
34.33%0
48,2480
21.0100

(n/s)

0.373
0.6133

(am)

123.9700
49,3500
71.8600
90.3600
123.9900
141, 5000
177.39800.

© 187.8700

©0.0080

N

[

- (mm)

00000000 .

00000000

0.012¢  0.086)
0.0116 . 0.,0327
0.0112  .0.028¢
0.0100  0.028%
0.0108  0.0238
0.0108 . 0.0228
MANNING  DaRCY
n
0.0128  0.0802
0,011¢  0.0332
0.0111 0.0276¢
0.0112  0.02%9
0.0108  0.0231
0.0103  0.0202
MANNING  DARCY
n ’
0.0119  0.0443
0.0103  0.0268
0.0101 0.0232
0.0101 0?0218
0.0102  0.0208
0.0108  0.0214
0.0108  0.0208
0.0103  0.019¢
MANNING  DARCY - /nouo:
n 4 NUMBER
.0106 . 0.0243 | 0.7710
L0088 0.0249 | 0.8818
0008  0.0218 | 0.9190
.0009.  0.0207 | 0.9228
L0109 - 0.0211 [ 0.8740
L0100 0.0183 | 0.8917
.0107 - 0.0212] 0.800%
0108 ©0.020%,  0.7784
b
%'5%"
"MANNING DA V- sROUDE
n NUMBER
o118 o0 0.7784
.0002 0. 1.0884
0088 ' O. 1.121¢
00844 0 1.0793
0083 : . 0. 1.0930
oos? ¥ o. 1.0274
0108 - O. 0.9138
0108 0.0 0.87%

REYNOLODS
NRER

0. 197k+08
0.8418408
0.8881+08

0. +148+08 .

0. 118€+08
0. 142€+08

REYNOLDS

0. 1788+08
0.983€+0%
0.978E+09
0.1378+08
0. 194¥+08
0.234¢8+08

REYNOLOS
NUMBER

0.200€+0%
Q. 680E+08
. 1168+08
. 162E+08
.224€+08
. 2600+08
. 2976+08
. 3198+08

000000

ot

0.2278+08

0.727€+08

| 0.127§+08

0.172€+08
0.2408+08
0.283€+08

W,

s

0.3168+08 -

0.333¢+08

REYNOLDS
NBER

0.244€+08
0.832£+08
0. 1376408
0. 196€+08
0.268€+06
0.3218+08
0.3588+08
0.3738+08

155 .

€OUIVALENT
ROUGHNESS
(mm)

0. 1828-02

0.7192-03
0.5461-0)
0.4398-09
0.331£-03
0.318£-02

EQUIVALENT.
ROUGHNESS
(am)

0.132€-02
0.747€-0)
0.837€-03
0.938€-03
0.416€-03
0.241€-02

EQUIVALENT
ROUGHNESS
(nd)

0.8%6£-03
0.298€-03 -
0.237€-03
0.212€-03
0.221€-03
0.332¢-03
0.324€-02
0.244E-00

:"':u L]
EQUIVAL ENT

£SS
Y (ma)

Q.3168-03
0.204£-03
0.170£-03
0.173-03
0.271€-03
0. 189€-03
0.3852£-03
0.3208-03

EQUIVALENY
Yoo

(am

0.737¢€-03
0.888E-04
| 0.482€-04
0. 104£-03
_ 0.810E-04




N
PIPE BED BLOPE o

OEPTH

u’lmvtj

0.0907
0.1813
-0.2927
0.3274
0.3944
- 0.4700
0.358¢8
0.6348
0.7684

PIPE BK0 SLO’; .
a

DEPTH

DIAMETER

0.084¢
0.1882

1.0120
%.1080

9.8120

16,8180 .

(/o)

\

22.4230

39: 7880
47.9880
$8.7140

190.12%0

©0.0080

. DISCHARGE AVERAGE  NORMAL

VELOCITY  DEpTH

’

e

y

&

OISCHARGE

(L/s)

1.1330

6. 1340
12.4%80

.- 21. 7470

47.0260 °

48.9390
65.0740

1

PIPE BED SLOPE v

0EPTH oIscraRGE’
e (V7))
DIANETER > °
0.0830 1.2880
0.1934  7.0800
0.2678  13.8700
0.3684  24.7300
0.4917  37.2720
0.5838  §1.1420
0.6888  64.4829
0.7388 73.8210

(n/s) ()

0.4398 23,1200

;0007  46.2000
0.9680 @4.4100
11374 83.4298
11891 101.0200
1.2788  119,7880
1.3639  141,8300
1.4048 161,780
1,3538 '198.0700

©.0080

[
AVERAGE  NORMAL
vELOCITY DEPTH

(n/s) (o)

0.3484 21,5700
0.9248 47,9600
11783 €6.8200
1.3136 91,7399
1.4488 1€7.8300
1.9388 147.3490
1.9877 1730800
1.6198 187:2800

0.0100

AVERAGE  NORMAL
VELOCITY OEPTH
- (n/8) (mm)
0.6228 21.1600
1.0201 49,2800
1.2628 €8.2499
1.4¢89 93,1300
1.4027  128.2199
1.6837 148.7088
1.7208 178.5800
1.7700 193.4000

«

0
0.0100 .

cooooo00

MANNING

0.0084.
0.0082
0.0087
0. 3
0.06088
0088
0088

o e

-

cooo0000

éée;gg
gages

[+]
[<]
[~

MANNING . QA
n )

0.0108 O.
0040 o
o.0bs o,
o.x: 0.
0.0084 O.
- 0.0088 0.
0.0086 O.
0.0104 ©.

ocoooooao

Y.



CONCRETE PIPE

PIPE DIAMETER «

PIPE KD SLOPE o

otPTH
cseoccan L/s)
OlaNETER

0.1087  2.37%0
0.2118  9.3270
0.2071  8.1740
0.3160  21.1880
0.4394 _40.8080

PIPE l16 sLOPE -

DEPTH

DIAMETER

0. 1008
0.3088
0.3048
0.4202
0.8270
0.82128

_PIPE BED SLOPE *

DEPTH

. DIAMETER

0.0992
0.2029

PIPE 81D SLOPL =

OEPTH

OIANMETER

0.0031
0.1974
0.2970
0. 4088
0. 4831
0.4137
0.7204
0. 7800

PIPE BED SLOPE -

DEPT™

0.300280. M.

0.0020

DISCHMARGE AVERAGE  NORMAL

OISCHARGE
(L/s)

2.17%0
10.4770
22.9880
42,9860
61.1620
91.0800

DISCNA&I
(L/8)

;.Cm
11,0600
27.1420
$1.4880
68.4710
- 93.4200
120.4030
141, 1490

DISCHARGE
(L/s)

2.7480 -

14,8100
28.4910
$1.9780
70.6739
90.2700
127.2480
143.3230

D1scHARGE
(L/e)

. DIANETER

0.0820 -
.0.1743
0.203)
0. 329
0.4%08
Q.87
0.683¢
0.8028

3.3460
14,6210

31.0000 -

$8. 1070

- 78.007T0

108. 4800
140.8790
16 1.9000

o

VELOCITY DEPTH
a/s) (mm)

0.2688  40.8800
0.8326  80.4200

0.8397  78.7¢00

0.6844 ' 120.8200
0.8813 167.1100

0.0028

AVERAGE  NOQRMAL
VELOCITY DEPTH
(n/5) (mm)

0.3631 38. 3800
0.6177  78.6400
0.7849 116.7800
0.0192 163.6000
1.0077 200.4099
1.08000 236.8300

0.0038

AVERAGE = NORMAL
VELOGITY DOEPTH
(n/n) (—)

0.4881 37.7400
0.7783  71.1400
0.9287 115.6189
1.1082 16€2.8800
1.1962 181.7608
1.2024 232.7200
1.3488 278.9007
1.4088 314.1997

0.0040

AVERAGE  NORMAL
VELOCITY DEPTH
(l/l)_ (mm)

0.5162  35.4100
0.9207 73.0888
1.0081 1132,98800

1.1884  184.6209

1.3004 183.7200
1.3884 ° 233.3600
1.482¢ 273.9897
1.4718  304. 1897

0.0080

AVERAGE  NORMAL
VELOCIYY OEPTH
(a/s) (mm)

0.6394  38.0000

1,101 §6.2099
T1.2081  100.1400

1.9079 137.8900
1:8701 171,.4200
1.6338 217,709
1.7028 239.9697

1.683¢ ° J08. €97

00000000

0.0108
0.0111

0.0108

0.0100
0.0103

MANNING
n

0.0t18
0.0108
0.0104
0.0106
0.0108
0.0104

0.0108

. 0.0008

0.0104
0.0104
0.0109
0.0104
0.0103
0.0100

i

DARCY
[ 4

0.0302
0.0267
0.0268

0.0228 °

0.0189

DARCY
(4

0.0362
0.0243
0.0200
0.0199
0.0180
0.0177

DARCY
L}

0.0266
0.0168
0.0198
0.0183
o.0173
0.0182
0.0189
0.0168

DARCY

0.0214

- 0.0131

0.013¢

© 0.0

0.01414

"0.018¢

0.013%1

0.0168

Cuewauowas

FROUDE
NMBER

0.570¢
0.8997
0.6149
0.6298
0.68%0

FROUDE
NumBER

0.8821"

0.70%¢
0.7048
0.7287
0.7188
0.7183

FROUDE

0.7480
0.89%60
0.8731
0.876¢8
0.8723

0.81%8
0.8013

REVNOLDS
NUMBER

0.3738+08
0. 1028+08
0.101€+08
0. 1888+08

- 0.2958+06

¥

REYNOLDS
NUMBER

0.3818+08
0. 116€
0.208¢
0.314E+08
0.282E+08
0.468£+08

REYNOLDS
NUMBER

0.4J3E+08
< 144E+08
. 2438408
-377R+08
. 4048+086
. 8438408
.§12€+08
. 8488 +08

0000000

LREYNOLDS
NAGER

0.463E+08
0. 166E+08
0.238E+08
0.390€+08
0.4808+0¢
0.376£+08
0.636E+0¢
0.676E+08

RE "MDS

947€+08
177€+08
J01£+08
4338+08
S83€+08
€87€+08
796E+08
TC0E +08

00000000

 EQUIVALENT
ROUGHNE

00000000

157

"

EQUIVALENT
ROLGMNESS
(nm)

0.384€-03
0.8510€-03
0.408E-03
0.308€-03
0.216€-03

EQUIVALENT
ROUGHNESS
(mm)

0.718€-03
0.33¢¢-02
0.260€-03
0.293€-03
0.273€-03
0.216E-02

e
Pa

EQUIVALENT
OUGHNESS
(mn)

0.4426-03
0. 161€-03
0.267€-03
0.247§-03
0.230£-03
0.2202-02
0.2106-03
0.141€-03

EQUIVALENT
nouemtss
(am)

178¢-03
142€-04
207¢-03
187€-03
160€-03
256£-03
. 190€-03
. 106E-09

ooooco0e

. Amm)

. 266€-04
.A08E-04
.178€-04
.748E-08 .
I1IE-04
849€-04
.9736-04
182€-03



i38

PIPL 8ED SLOPE = 0.0040

OEPTH DISCHARGE AVERAGE  NORMAL MANNING  DARCY FRouDE REYNOLOS TQUIVALENT
—eremana (L/8)  VELOCITY DEPTH n ’ NABIR LR ROUGHNESS
DIAMETER (n/9) (nm) (mn)

0.0882 3.4800 0.7088  3),8800 0.0084 0.0200
0. 1908 17.07¢0 1.1323 72.4400 0.0088 0.0161
0.3710 32.4140' 1.3438  103.0800 0.0088 0.018¢
0.3948 €8.322 1.86471 180.1198 0.0002 0.0198
0.4707  87.4860 1.6648 - 178.0000 0.0004 0.0188
0.8827 121.7948 . 1.7744 221,4800 0.0007 0.0188
0.7029 182.9020 1.708% 267 .4008 0.8!3! 0.0108
0.0103
/

.23718 0.0048+08 . 0.1278-0¢
- 3434 0.1878+08 0.95048-08
<3343 0.318¢+08 0.3148-04
2018 0.5021+08 0.4088-04
. 2044 0.6048+08 0.8638-04

2040
<1072 0.803L+08 0.1781-03
0.0171 1.0487 0.8178+08 0.217¢-03

0.7787 168.1180 1.782%  206.130¢

.y

PIPE BKD SLOPE - 0.0080

OEPTH DISCHARGE AVERAGE  NORMAL MANNING  DARCY FRouDE: REYNOLDS TQUIVALENT
cesmecns (L/8) vELOCITY DEPTH n ’ NAGIR LV 1] ROUGHNE S S

DIAMETER (n/8) . (em) (am)

0.0868% 3.9070 0.8192 32.8900 0.0197 1.4407 0.6848+08 Q.4218-08

-] 3
. 1824 18.7300 1.3217  €9.3700 0.0002 0.0182 1.6024 0.23221+08 0.2938-08
L2732 39.2210 1.8807 103.0000 0.0088 0.0188 1.9483 0.3738+08 0.3798-04
L3933  72.6210 1.7800 149.35600 0.0008 0.0188 . 4488 0.3608+08 . 0.110(-0)
L4773 98.3020 1.8308 181.8000 0.0009 0.0171 .3782 0.4748+06- 0.1671-03

8821  138.17%0 1.9728 228.1700 0:0!0' 0.0148
.6040 169.8010 2.0184 283.9197 0.0103 0.0173
.7980 191.4030 2.0804 288.629¢ 0.0102 G.0189

. 3277 0.8220+08 -0.188€-03
. 2082 0.8018+08 0.2276-03
. 3300 0.9488+08 0.2088-03

0000000

PIPE BED SLOPE » 0.0100

OEPTH DISCHARGE AVERAGE  NORMAL MANN

NG DARCY FRrouot REYNOLDS CQUIVAL ENT

------- -, (L/8)  VELOCITY DEPTH " ' NEGIR  NASER AoUGHNES S
OIANETER (n/8)  (wm) ()

0.0866  4.3320 0.9084 32.9400 0.0084 0.0203  1.8830 O.7880¢08  0.2110-04
0.1274  9.6290  1.1432 48.4400 0.0088  0.0182  1.4887  O0.1306+08  0.21810-04
0.1270  5.6870  1.1883 48.2000 0.0084 O.0178  1.6788 . O.1200+08  O.1910-04
0.1888 20.9110  1.4376 70,6400 0.0088 0.0163  1.7272  0.2488+08  O.3988-04
0.2718  43.3000.  1.7362 102.2600 0.0088 0.0156  1.7284  0.4130+08  O.4381-04
0.3948  80.6460  1.8347 180.1198  0.0007 0.0169° 1.8948  0.420€+08 - O.1331-03
0.4762 100.2078  2.0480 161.0888 0.0100 0.0172  1.8378  0.7804+08  O.1761-03
0.585¢ 1850.9110  2.1838 222.7008% 0.0101  0.0172  1.4778  0.904E+08  0.202(-03
0.7089 181.8030 2.2279 269.5698 0.0108  0.0178  1.3702  0.100€+07  0.2731-03
0.7608 211.8800  2.2617 289.3509  0.0104  0.0173  1.3845  0.104€+07  0.2408-03



PLASTIC PPt

PIPE OJAMETER = O.199600 W o "v,‘k)

.

PIPL BED SLOPE « 0.0020

[ {24 DIW AVERAGE  NORMAL MANNING  DARCY TROUDE REYNOLDS EQUIVALENT
]

wmcespas VELOCITY DEPTHM n ’ nastr NUNBER ROUGHNESS
DIAMETER (m/0) (am) ) (mm)

0.1177 . 4860 0.2380 23.8000 L0118 0.0420 0. 4804 .1nioot 0.804£-03
0.2483 . 3800 0.3088 48,9600 L0108 0.0288 0.8714 .4838+08 0.3441-03

0.49011 . 7630 0.6384 §9.0%00 . 1298+08 0.638L-04
0.8820 . 8920 0.6822 116,.1700 . 148€+08 0.849E-04 4

!

] o o
2 [+] [+]
0.3306 4.8290 0.8176 67,5009 0.0007 0.0220 0.¢sa88 0.7748+08 0.1172-03
0.4788 9. 1880 0.6212 98,8200 0.0008 0.0197 0.6418 0. 120€+06 0.903E-04
| 4 0.0004 0.0190 0.e812 -]
2 0.0084 0.0184 0.6292 o

"PIPE BED SLOPE 0.0028
DIPTH 2 DISCHARGE AVERAGE  NORMAL MANNING  DARCY FROUDE REYNOLDS EQUIVALENT
L (L/s) VELOCITY DEPTH n ] NMBER NUMBER ROUGHNESS -
DIAMETER (m/0) (om) (mm)
0.1181 0.8800 0.2797  22.9800 0.0108 0.0363 0.5093 0. 161€+08 0.334€-03
0.2312 2.6410 0.4822 46.1%00 0.0084 9.0231 0.7167  0.3248+08 0.793¢-04
0.3223 5.3620 0.6180 64,2400 0.0089 0.0188 0.7702 0.884E+08 0.873€-0%
0.4673 9.9190 0.4918  93.2700 0.0088 0.0196¢ 0.7231 . O, 131E+08 0.919€-04
0.475¢ 10.2360 0.6976¢ 94,9299 0.0008 0.0198 0.7230 0. 134E+08 0.904€-04
0.5801 . 14.2930 0.7593 118.7898 0.0088 0.0188 . 0.7128 0. 164E+08 T.804€-04
0.7219  19.8370 0.8202 144.0809 0.0003 0.0174 0.6800 0. 194€+08 o.scc:{oa

PIPL SED SLOPE -~ 0.0038 .
oEPTH OISCMARGE AVERAGE  NORMAL MANNING  DARCY FROUDE REYNOLDS . EQUIVALENT
eeommacn (L/s) VELOCITY OEPTH ’ NARER NUNSER - ROUGHNESS

DIAMETER (n/8) () (nm)

0.1088 0.8200 0.3378  21.64700
0.2243 3. 1100 0.5981 44,7800
0.3278 6.4300 0.7217  €%,4200
0.3208 6.20800 0.7168 64,0308
0.4%19 12. 1870 0.8876 90, 1900
<0.8418 16.3120 0.842% 104, 1400
0.712¢  23.3400 0.8743 142 .2400

1848408 0.208€-03
6296908  0.22E-D4
1088408  0.443€-04
(1038408 0.394€-04
1648408 0. 191€-08.
196€+08  O.1388-04
2300408  0.623€-04

0.0320  0.732%
0.0207  0.8968
0.0183 ©0.9010
0.0193  0,9042
0.0163  0.9438
0.0162  0.9182
0.0172 0.8249

0000000
BRERRE: -
o000000

PIPE BED SLOPE » 0.0040 -

DEPTH DISCHARGE AVERAGE  NORMAL MANNING  DARCY FROUDE REYNOLDS EQUIVALENT
eesmacan (L/s) VELOCITY DOEPTH n * NUMBER NSER ROUGHNES S
olAMEYER (w/s) (om) . (nm)
0.1078 0.6730 0.370% 21,8200 0,0007 0.0312 0.8088 0.3200€+08 0.184€-03
0.2222 3.3000 0.4829 44.3%00 0.0088 0.0194 0.9901 0.6488+08 0.117€-08
0.3118 ¢.8480 0.8247 62,2400 0.0082 0.0162 1.0886 0. 118E+08 0.266E-04
0.4860 13.4290 0.9688 91,0100 0.0088 0.0188 1.0232 0. 1008+08 0.489€-05
) 0.9810 17.7900 1.0072 108.9700 0.00488 0.0164 0.9488 0.212€8+08 0.243€-04
k  0.6768 24,0730 1.1040 1380400 0.008¢ 0.01%0 0.9882 0.2068+08 0.348€-08
0.8238 30.0380 1.0082 184,4400 0.0080 0.0161 0.8877 0.263¢+08 0.3422-04
PIPE BLD SLOPE o« 0.0080
DEPTH DISCHARGE AVERAGE  NORMAL MANNING  DARCY FROUDE REYNOLDS EQUIVALENT
eremeven (L/s) VELOCITY OEPTH n ] NUSER NASER ROUGHNES'S
OIANETER (a/®) (om) . (am)
0. 1104 0.8080 0.4200 22.0400 0.0008 0.0298 0.9208 0.3237€+08 0.1368-03
0.2208 3.78%0 0.7378 44.0700 0.0088 0.0189 1.1323 0.770€+08 0.177€-08
0,3132 7.6800 0.9130 62,5000 0.0083 0.0168 1. 1681 0. 1288+08 0. 1008 -04
0.4458 14.8800 1.0806 = 89,0000 0.0084 0.0132 1. 1652 0.2008+08 0.7328-08
0.83190  19.8130 " 1.1§37 108, 1600 0.0088 0.018) 1.1207 0.2388+08 0.388€-08
0.6388  135.8200 1.1817  130.9000 0.0088 0.0188 1.0818 0.2738+08 0.316€-04
0.7832  32.1400 1.2077 188.3300 0.0080 0.0163 0.9682 0.281E+08 - O.488€-04
0.8728 - 38.4430 1.2238 174, 1600 0.0089 0.018%8 0.8382 0.2028+06 - 0.32%



g

M

160

PIPE SED SLOPE = 0.0080

d by ' .,

$ DEPTH OISCHARGR AVERAGE  NORMAL MANNING  DARCY FROUDE REYNOLDS TQUIVALEINY
-------- (L/8)  VELOCITY DEPTM n ’ NER NSER ROLMNE LY
DIAMETER - (m/e) (nn) (am)
0.1042 0.8220 0.4788  20.7900 0.0081 0.0274 1.08%0 0.2498+08 0.6038-04
0.2190 4.1740 0.8232 4). 7100 0.008) - 0.0181¢ 1.2873 ¢+ 0.8930+08 0. 0008 -08
0.3007 8.2420 1.0113  €1.8100 0.0002 0.0184 1.2000 . 1418408 0.131¢
0.314¢ 8.7%80 1.03890 ¢2.7900 0.0080 0.0v88 1,320 2 1468 +08 0. 2338 -0«
0.4388  15.3600 1.1736  86.9900 0.0084 0.0188 1.3707 2188408  O.1910-08
0.8187  20.8810 1.2034 102.9299 0.0083 0.0v48 1277 02908 0. 673808
0.6387 :39.0800 1.3294  127.4900 0.0088 0.0182 1.1089 0. u:a 0. 1748504
0.7108  22.38 1.3620 141.0000 0.0087 0.0181 1. 1880 o.;gllm 0.1848-04
0.0167 37.4410 1.3688 143.0199 0.0087 0.0183 1.0822 0.3308+08 0.3840-04
0.8890 39,1630 1.3324  177.4499 0.0088 0.01%90 1.0100 0.3170+08 0.3908-04

’
PIPE BED SLOPL = 0.0080

oEPTH DISCHARGE AVERAGE  NORMAL MANNING  DARCY FROUOK REYNOLOS TQUIVALINT
----- - (L/8)  VELOCITY DEPTM n 4 NaSIR NUNRER MOusNELs
DIAMETER (n/0) (mn) ()

.8780  19.8400 0. 0088 0.0240
9819 42.3800 0.0081 > 0.0173
L1618 €2.0800 0.0083 000184
3483  87.3300 0.0083 0.0183
.4837,  108. 1600 0.008) 0.0147
.583%  127.7¢89 0.008% 0.0147
.5984 140, 9600 0.0088 0.0148
.6730 196.0800 0.0002 0.0138
.6684 1847600 0.0083  0.0137

0.0898  0.83%0
0.2133  4.69%0
0.3111  9.6420

. § 0.4378 , 18.0100
. os2es/ 24.7980
b 0! * 33.0880
0.7082 37.77%0

s 0.7818  43.8130
© 0.8288  46.11%0

- 3003 0.3008+08 0.e018-08
. 4008 0.9740+08 0. 140804
. 4008 0.1638+08 0.1018~08
. 4788 . . 0.%800-08
. 4610 0.3048+08 0.820¢-08
. J064 0.3088+08 0. 137804
24003 0.3770+08 0.1438~04
. 3824 0.4038+08 0. 184008
. 3133 0.4038+08 0.2988-08

=== e=00
(-]
-
ry
g

L R R,

PIPE BED SLOPE = 0.0t00

OEPTH DISCHARGE AVERAGE  NORNMAL MANNING  DARCY £ ROUOE REYNOLOS EQUIVALINT
meeemde- (L/s), VELOCFEY ODEPTH n [4 LV 1{} NUKS IR ROUGHNE 38
DIAMETER i1 (n/3) (nm) ‘ (mm)

¢ 0.1008 " 1.03¢0 - 0.€329 20.0300 0.008¢ 0.0249 1.4201 0.3308+08 0.2432-04

10,2007 "' 8.1380 1.0781 41,8300 0.0080 0.01¢9 1.6820 0. 107H+08 0.1316-04
0.2040 ': 9.8850 - t.2006 58.€800 0.00081 0.0188 1.7000 0. 1728+08 0.493¢~08
0.4213 . - 18.7200 $.4949 . 84,0000 0.0084 0.013%¢ 1.6482 0.2648+08 0. 1400-04
0.4926¢ 25.0610 -1.6328 98.3300 0.0083 0.0148 1.6024 0.3218+08 0. 4804 -08
0.6204 © 33.5340 1.7410 123.9089 . 0.0084 0.0148 1.8794 0. 3008 +08 0. 1808 -04
0.7008. 43.3280 1.0247 141.4298 0.0083 0.0140 1.8483 0.4308+08 0.877€-08
0.8338 . 3820 1.9137  166.4800 0.0081 0.0120 1.4978 0.4818+08 0.9010-08
0.8378 14.3370 1.8410 167.2200 0.0080 0.012¢ 1.8188 0.4808+08 0.1108-04

’.,} ¢
[



PLASTIC

EPTH
--a-.,.- g

- otamere
-0.1088

Co.emet

T

DISCHARGE . AVlM

- (L7e)

. '/\.
“1.9900

; l. 71“

a0ne w

‘ L«.m‘,

asuo
aoo

(lll)
" o. uooo

0. 0008

1.0468 .
i 2197

$.3008 -
1.4033
11,4227
1:4267

r1re
PIPL UTAMETER o 0.249780 M.

&\ [2)

PIPE 8ED SLOVE - 0.0020
DEPTH ~  DISCHARGE AVERAGE  NORMAL
commase=  (L/8)  VELOCITY DEPTH:
DIAMETER o Awfe) ()
0.1120  .0.8870° o.nu (28.1700
0.2984 . 4.3270 0.4919 ooa
0.3372  9.7910 ' 0.8081
0.3360 85,8010 0.6181 ' #

0.4798 16.4180 = 0.7240 119, 7100
0.5801 ©23.1220  0.7844° 144.9000
. ‘. ' !

PIPE BED SLOPE =%  $.0025
DEPTH: ox}cmnu AVERAGE  NORMAL
eeommede (L/s)  VELOCITY OEPTH -
DIAMETER < -/l) (mm)
©.1127 0.8980 . 0.3273 28.1600
0.23712 4.:8470 0.84168 - 59,2500
0.33%4 9.7W80  0.6848 83.2800
0.0452 . 10.0880  0.8728 - 86.2200
0.4834 - 18.7200 . 0.7982 120.7400
0.8808 28.3770  0.8601 45.0100
0.7123 35.1740 = 0.8420 177.9299 °

PIPE BEQ SLOPE « 0.0038
OEPTH DISCMARGE AVERAGE - NORMAL
seesmese= (L/s). VELOCITY. OEPTH
owmn /‘ C o c(mfe) | (mm)..

H . " . ¥ .
q.nm 1.1710 . 0.4038  27.2800
0.2267  6.8820 . 0.8778 '56.6300
0.3270 11.5100 - - 0.0263 - 81.6898.
0.4888 31.7230  O.9983  113.8089
0.9960° 29.9060  1.0808 . 139.0099 '
0.6890 - 401310  1.1129 172.3300.
0.8140 49, 1.1608 209. aaq

__np'l SID-SLOPE o | 9.0040 .

» s,

oLPTH xmm AVERAGE m]:‘
wereesas (L/l) ELOCITY  DEPTH
DlA!lTl o (Ill) (am)
0.1007 °  1.2870 ' 0.4303  27.4400
Q.2239  ¢.0820 - 0.7384 . 58.9300
0.3188 12,4200 0.8281: 79.%%00 °
0.433 21.8880  1.0734  108.3900
0.8238 . 20.7410 - 1.1483 130.7589 °
0.60343  40.28580 - 1,2200 158.4499
0.7843 30.0180  1.2448 90,8100 -
06708 €0.0290 1.3148  219.€900 .

P1pe BID SLOPE o

U NELOCITY OEPTM

tam) -

. 19300
- 7713000

1088800

428,7600 -
" 160.0398

188.2199

LTieNee 5

'oooopopp»‘

He

MANNING
n

0104
7

o9
.OO‘E

0.
‘O.
0.
(-]
]
0000!

. MANNING:

TN

0000000
3888883
NNe L@

) MANNING

000000
§§§§§§§ 3
N -

e

R

e

b

b

-t -

- DARCY
¢

0.0328

' 0.0228
-0.0201

"0.0194
0.0182
0.017¢4

DARCY
]

0.0328 |

0.0234

. 0.0198-

0.0207
0.0188
0.0181
0.0164

DARCY
f

0.0291
0.0201

- 0.0184.

0.0161
0.0180
0.0163
0.0168

DARCY
.

- 0,0203 .
.0.0192.

0.0164
0.0188

~.0.0184

0.0148
0.0183

0.0262
0. 0167
0.0187
- 0,0180
. 0.0148
0.0142

Q. .0147
0 ot4d

0000000

FROUOE
 NUNSER

 0.5848
0.6478

~0.6688
Q.67814
0.4680
0.8880

FROVOE

.6228

.1578
.7318

L7212
L7138

-

FROUOE
NUMBER |

0.7801.

. 0.9081
0.9222
0.9489
0.8188

.'0,8217

FROUDE -

0.8302
0.9970

- 1.0472 -
©1.0418

1.0114

©0.9881
. 9.

FROUDE

0.9032
1.1962

1, 1908
1.1610 -

1. 1202
1.0204
0.983)

L7108 |

L7338 .

<.

'161

A q
3
!
REYNOLDS EQUIVALENT
NUMBER ROUGHNESS
(mm)
0.2088+05  0.280£-03
0.6798+08 . 114£-03
o.t13¢s08  [0.980¢-04
0. 11464084, o S92E-04
0.178E+06"  0.809€-04
~0.2126+08  O0.721E-04
REYNOLOS EQUIVALENT
\ NUMBER . ROUGHNES S
: (mm)
0.2316408  0.287£-03 .
0.783E+08 ~ .0.167€-03
0.1276+06 * 0.811E-04
0.120£+08 - 0.142€-03
0. 194£+08 0. 119€-03
0.233E+08  O.112€-03
0.278ESO6 0.6 18E-04
A
"REYNOLDS  EQUIVALENT
NUMBER ROUGHNESS
) . (-)
0.276E+08 0. 163E-03
0.9068+08  0.517£-04 .
" 0.180€+08 ' O.S€9E-04
0.233E+06 . 0.273£-04
0.2036+08  0.408E-04
. 0.326E+08. 0.873¢-04
0.3808+08 . 0.438(-04
fo
( + N
". ™ : E
REYNOLDS  / EQUIVALENT
NUMBER ROUGHNESS
T (mm) \
'0.206E+05; 0. 182€-03
O.876E+08  0.288€-04
0. 168E+0¢ .- 0.486E-08
0.242 0.801¢-08
©.0.2926+08.  0.323E-04
0.3476+08 0. 198E-04
3740408  0.414E-04
.3826+08 0.2726-08
o .
re v
REYNOLOS EQUIVALENT
NUSBER . ROUGHNESS -
e -
. e T
0.3336+08. - 0.888L-0¢
0.111E8+08 - 0. 198E-04
0. 1026+08 O.4Q8E-0%
-0.2764£408.  0.736£-08
0.3336508 0. 108E-04
'0.3886+08  0.127€-04- -
0.4298408 0.308E-04 .
" '0.4306+08 0. 193£-04



oooobooo

* 0.8303

- PIPE BED SLOPE «

DEPTH

DIAMETER
. 1040
.2178,
3133’
4381 .
8270
6236
7020 .
8886

PIPE BED SLOPE »

DQPTH

orAMeTER -

0.1038
0.2122
0.3081
0.4228
0.8027. v
0.82¢8
0.7428
0.8263

‘PIPK.BED SLOPE «

. DEPTH

LYY P

‘DISCHARGE AVERAGE'
< (\/e)

1,5800

7.3800
15. 2000

26.0800

37.7%00
49,0000
45,2699
76.0310

D1SCHARGE
(L/s)

1.7710
$.5170 .

17.2300
30.7000
40.8280
87.8720
71.878%0

80.3730

OIAMETER

0.1018
0.2081
0.2982
0. 413¢
0.4998
0.6148
0.7048

~0.0080

* NORMAL

VELOCITY  DEPTH

(m/8)
,0.8740

0.8308
1.1874
1.3886

" (mm)

25,9700
84,3200 -

'78.2700
100.6899

1.4414* 131,6500

1.8248
1.9887
1.8836

|:l 1

2“ 2200

Q.0080 .

o

AVERAGE . -MOAWMAL -

vELOCITY DIPTH

. An/w)

0.6492
1.9218
1.3430

1.9878
1.6881

1.7932
1.8420
1.8608

{1}

‘28,9400
83.0100
' 76.9600'
108.6200
128.5600

188.4798 -

2064100

-

0.0100

AVERAGE. . NORMAL
VELOCITY DEPTH

DISCHARGE
(L/s)
“(m/8)
1.9830 0.7878
9.8000 1.2068
18,8070 4.
'32.7010 |, 1.708%"
4%.1330 1. uu
62,4850 1.97¢8
75.3900 2.0423
. 907139  '2.0838

(nm)

~128.4200

51.9800
T4,
103.3100

124.7799

'183. 5600

TS

176.0499 -

207 . 3809

' MANNING

DARCY
L8]

? 0.0238
4 0. 8&73
4 0.0188
8 ' 0:0147 -
8 0.0148
? 0.0143 -
1 0.0142.
] 0.0147

,opodpppo<
BEEEERE -
coooo
o
«if"

" oARCY
¢

MANNING
T ’
’ T o
o .

0.0084 0.0220
0.0077 . .0.0148
'0.0081 - "0.014€
0.0084  '0.0147
0.0088 0.0144
0.0088 0.0141 "
0,0086 0.013¢
0.008¢

0.0137 -

‘FROVOE

1.4379
1.2000
1.3211
1.307¢
1.2648
1.2337
1. 1481
1.08¢8

FROUOE

WUMSER

N
184178

1.8019
1.76€54 .
1.697¢
1.6879
1.6108

1.8844

1.482¢
A

REYNOLOS
NUNBER

0.378808

- Q1318408

0, 47."“
0.4e81+08

REYNOLODS
NUSER
0.4310408
0. 1411+08

g

EQUIVALENT

#4138%08°

°'. 1908

REYNOLOS
‘NAER ¢

0. 4888408,
0..1898+0¢
0.3888+08
0.372€+08
0.487¢+08
0.981£408
0.8020+0¢
0.6202+08

162

"
Amm)

0.2768-04
0.0270-08
0.8148~08
0.8928-08

. 0.1828-0¢

0.1788-04
0.2208-04 *
0.349€-04

EOUIVALENY

ROUGHNESS
‘(am) :

0. 40004
0. 1438504

R

0. uu:g: '
0.2118-04"
A nolgn -

i L

TQUIVALENT
ROUGHNESS
(mm) .

0, 1028~04
0.2408-04
0.4931-08
‘0. 188004
Q. 2068 ~04
0.332~04
0.283(-04.
0.2181-04

.



: . . . L aad

PLASTIC PIPE

PIPE DIAMETER = 0.448800 W,

* ¢
-, PIPE 8EO SLOPE = 0.0020 \ ' - .
OIPFTH  DISCHARGE AVERAGE NORMAL = MANNING DARCY  FROUDE  REYNOLDS . EQUIVALENT
ceesesmn  (L/8)  VELOCITY OEPTH : n. ' MAMBER  NUMBER - ROUGHNESS
DIAMITER (a/8)  (wm) o (nm)

). 4 [} 14 0.0183 0.7243 0.878E+08 0.287¢-04

0.226% - 21.2100 0.7944 1Q1.4700 - O 7 0.0180 © '0.79%2 0. 190€+08 0:224€-04
-0.3302 41,1120 0.9024 140.1799 0.0004 0.0160 0.7488 0.207K+08 0.840€-04
0.4814 80,2420 1.0648 216.0600 ' 0.0008 0.0152 0.7318 . 0.463£+08 0.691E~-04
0.8621 107.7700 1.1769° 282.2700 0.0083 0.0136  0.7482 _ 0.3638+08 0.2808-04

0.1044 4.3080° - 0.4808 ' 46.8900

1

CeIPE IO oPE s O.0028 T _ L, ~ o
OEPTH DISCHARGE AVERAGE NORMAL  MANNING  DARCY FROUDE  REYNOLDS - EQUIVALENT. -
mmenceen (L/8)  VELOCITY DEPTH n * NUMBER NUMBER ROUGHNESS
OIANETER o {n/s) = (mm) o ‘ . . ()

0.1089  4.7980 ~ ‘0.5342  47.€000° 0.0081  0.0207 _0.7819  O.640£+05  0.281E-04
0.2201 . 23,2040, - 0.9058 - 98.7900 . 0.0084 0.0141  0.9188  0.212£+06  O.335E-04
0.3180 48,3060  1.0468 142.7398 O0.0088 0.0144  0.8848  O.)I6E+06  O.6S4E-08
0.4372 80,7430 ig’us 196.2200  0,0000 0.0136  0,8758  0.498£+06 . O.133E-04
0.5389  109.7000 ' 2408100 - 0.0084° 0.0142 . .Q.8278  0.SG1E+06  O.494E-04
0.6881 180.7180 . 1.3724. 293.8887° .0.0083  0.0135  0.8083 . 0.707€+06 _ 0.372E-04
0:7887 198.4320 ' 1.4483 "382. €206 0.0088 0.0121  0.8003 - 0.806E+08  0.331€-06
. . oa w t %

. PIPE BED SLOPE +  0.0038

DEPTH DISCHARGE AVERAGE < NORMAL.  MANNING  DARCY FROUOE  REYNOLOS  EQUIVALENT
Jeemdsm=e (L/N) . VELOCIYY DEPTI .- NUMBER.  NUMBER . ROUGHNESS
OTANETER . (n/8) = (mm) : st T e ()
0.1038 8,880  0.6448 46.4500 0.0088 0.0195  0.9853  O.784E+08  0.942E-05
0.2174 28,1840 . 1.0310 97.5600 . 0.0086  0.0181 . 1.0840 ~O.3306+06 ~ D.142€:08
0.3003 $1,1880  1.2354 138.3200 ' Q/0088  0.0141  1.0607  Q.388£+08  Q.800£-08
0.4208 ° 90.9940  1.4188 190.3500 . 0.0080  0.0137 1, . O.867E+08 - 0.2398-04
-0.8080 121.9688 . 1.8177. 226.6300 > 0.0081 . .0.0138 0 g 0.6816406  0.208€-04 -
0.6144 1620820  1.5884 178.7408  0.0084 - 0.0137  0.9668 _ 0.7988408 . O.497E<04
0.7178 ©'300.3560  1.6490 372.0008 0.0084  0.0135 .0.9200 0.8778+08.° 0.8088-04
. 7°0.0004 220.8160  1.6008 369.287 . 0.0083 0.0131 ' 0.9008  0.8174s08  .0.386€-04
rire ‘,ulpué’n * - 0.0040 ‘
Lo P o . AL B B v LR
ofpTH mmm AV“MI! . NORMAL  MAMMNING . ‘DARCY - FROUDE = REYNOLDS .  EQUIVALENT
Smeeemme (Ll-) .VELOCITY OEPYM . 'n . ¢ NASER . msmER ROUGHNESS
DIANETER I (e/e), i (wa) « _ N (L
0.1041  8.0210 | 0.0883  48.7300 ° 0.0088 < 0.0196 . 1.0181 O0.811E+08  0.188E-04
0.2178 20,1880 ' ' 1.1077 . $7.7888 . 0.0006  ‘0.0148.  1.1310  0.2876+08  O.8TIE-08
0.3018 §3,0140  1.3172. 128.4488  0.0087 . 0.0130 1.1428 - 0.403+08  O0.6458-08
0.4188 - n,qgg' 4900 186:6180 . 0.0080 0.0139 . 1.1089 . O.B88E+08. - O.3016-04
0.9014  138.4 1.4181 '228.0100 0.0081 - 0.0138  1.0883 . 0.7226+08 ., O.3218-04
. 1617040 - 1.6874 200.6887 . 0.0002 = 0.0133  1.0816  O.8268+08. ' 0.3788-04
9680 71,7748 L0108 " 0.0002° 0.0131 1.0313 . 0.9748+08 '0.358-04"°
0.7572 230.8000  1.0889 339.0298  ©0.0080 0.0122 . 1.0183 . 0.1006407  O.174€-04
, o R . : o .. ,
‘ nnmmn © oocos T LT R S

C oom oxm AVERAGE  NORMAL-C WANNING DARCY  FROUDE REYNOLOS  EQUIVALENT
ssessses T(UJR) VELOGITY, DERTH | ‘ £ MMGER.  MABER  -WOUGHMESS
-quug AR (-n) (-) : B ‘ N { O

- onsl“
- 0.8840

0.0194 1.1437 0. mloos 0.249E-04
0.0140 - 1.3497  .0.9774408. = 0.483£-04
9. . 0.0128 - 1.3722 ;- D.208E406 . ' 0,327-04
7.,0.0123° -1.3638°  T0.468E408 . 0. 198£-04
S 0.0128 0 . 1.3004- . “0.8SSEY0E . - 0.172€-06
i omu; ‘1.2004 . 0.813€+08 - 0.639E-085
- - 1;_ 11,2200 0.9098%08 ‘.‘<Qf22_¢l-04 R
-0; ©1.2006 - O.996€+08 . 0.22858-04
Otousr Lans o.uiuo'l - 0.158E-08




164
PIPE 81O SLOPE o ‘ 0.0080 v

e

. S . o !
OEPTH OISCHARGE AVERAGE  NORMAL MANNING . DARCY = FROUDK REYMOLDS .~ QOUIVALENY »
v oy B

s====-==  (L/8)  VELOCITY DEPTH 9 N ROUGHNE
DIAMETER (n/%) (an) " ' s " (o) "e

- . 3 . . i . . X )

0.1032 . 7.3760 . 0.8881 ' 48.3300  0.0086 0.0180  1.2008  0.806I08 - 9
0.0079 $.8140 °  0.0306 42.7700 . 0.0083  0.0178  1.3108 « 3+ ; e

. g.m :c:;ﬁ:g ::::: ‘:;zzg g.g‘n g.om 1.3001 0 0.2910408  0.4841-08
. . . . L0080 .0147 1. ; .

R g.::c‘)o :o:.ga& ' g.oou-' 0.0te2 .m. o.teoteas | O:J4M-0
.4741 140, ' <0002 -~ 0.0141 - 1.3178 . - O.8N o, -
0.8426  176.8460 . ozaa 0.0137  1.3020 o.u.g::g: 8:.!::3
0.6249 220.8600 0.0002 . 0.0123 .° 1,278  0.1070+07 0.4 048 .
0.6728  248.0840 .0.0081 . 0.0129 1,274 0.1144¢0Y . 0.8

" PIPE BED SL&I .

OIPTH DISCHARGE AVERAGE  NOWMAL ~ WANNING . DARCY  “FROVDE  REYNOLOS. QUIVALENT
-esmew==  (L/8)  VELOCITY OEPTH n o e r-r e e
DIAMEYER (n/8) . (mwm) : : o o (!)"

0.102¢ 8.8120 1.00890  46.0600 0.0084 0.0181 1.4982 0.1178+08 0.1388-04
0.1013 = 6.3880 0.9883 485.4000 ' 0.0088 0.018) 1.4004 Q.1148+08 0. 1638-04
0.2081  38.3000 1.6113 ' 92,0700 0.0086  0.0182° 1,85808 0.3328408 0.2028-04
.. 0.2780 - 61.1820 1.7208 5 123.4198 . 0.0000  0.0180 1,872 0.4008+08 0.4248-04
4 ' 0.3848 ' 101.0800 1.8377 ~ 163.6800 0.0002 0.0180 1.85206 0.6908+08 ..' 0.0088-04
0.4398 -:140.6€060 , 2.1013 197.2800 .0.0003 0.014¢ . 1.8107 0.8000+08  0,7818-04
0.5127 181.9860 ' 2.2226 - 220.1199 0.0008 -  0.0148 1.4802.  0.1014407 = Q.937(-0¢
0.8747- .219.6880 2.3352 287.9087  0.0084 0.0140 1.4683 ~  0,1130+07 0.7430-04
0.6148 02"._"” . 2.4200 175.33%0 0.0003 ° 0.014 1.4788 0.1328+07 0TIE78-04
W k » e - o : '

. . o » # } Ly B
PIPE 880 SLORE- = 0.0100 . o . N . . N
Co ) = - 0 T ' ’»'.‘ R .
o RGE AVERAGE ’ ? MANNING  DARCY FROUDE ! ’IIV'DLM“ EQUIVALENT
38L/8)  VELOCIYY OEPTH . n L ! AOUSHNESS

T NMBER  NSBER
w/s) . (as) o o o (=)
1.1281  48.9700 0.0084 0.0181. 1.6787 0.1306+08 - 0,3088-04
1.7004 . 4000 0.008¢ 0.0181 °  t.788¢ Q.3818+08 0.2838-04
10886, 115.1200 . 0.0008  0.0148 . 1.7684 = O0,8616+08 ° 0.438-04
. 3908 -110.64760 . 2.1844 161.0000 0.0002 0.0180'  1.7103 0.7608+08 0.7418~04
0.4319 . 180.8219  2.3071 - 193.8799 ° 0.0084. 0.0180  1.6734  O.8314+06  O.908L-04
0.4983 191.0010  2.4253 - 223.6109 0.0084 0.0148  .1.6370 ~ 0.1080+07  O.1038-09
| 0.5426 220.7560 - 2.8102 '242.50890 0.0086 . 0.0146  1.6208  O.1180+07  ©O.980€-04
0,5785 247.8150 - 2.6044 2€0.0688  0.0088  0.0142 . 1.6308  O.127M+07  O.8348-04

» B ‘ o N

o




