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PARTIALLY-PULL PIPE CROSSINGS
BY ,
Sharl Shukry Sakla‘l’

ABSTRACT

The design of partially-full pipe crosging includes main-
ly the determination of the pipe diameter and the correspond-
ing upetream water depth.

One of the two equations required for the design purposes
wag derived from momentum relationships. The second equation

wag developed from data analysis of conducted laboratory exper-
iments.

The suggested two equations can be easlly applied for
degign purposes and also for eatimating the discharge under
free and submerged flow conditions.,

INTRODUCTION

Pipe crossinge are relatively economical, easily built
and are commonly used in irrigation and drainage projects,
where it is required to transesport water from one location to

another, traversing various topographic features along the
way .

In conveyance sfructuree such ae road crossings, inverted
syphons, aqueducts, canal outleis, drain inlets, etc., pipes
may or may not be subjected to intermel hydrostatic pressure.
Partially-full pipes are required mainly in road crossings
inorder to allow for the passage of weeds, trash or ice.

The hydraulic design of a pipe corossing flowing full ocon-
glsts of selecting a pipe diameter that will result in a maxi-
mup velocity allowable for the local exiating transitions.

The maximum upstream invert elevation of the pipe is then
determined by subiracting the pipe diameter and all the exis-
ting head losses from the upstream normal water surface eleva=
tion in the canal. ©Such a design has been studied satisfactor=-

1ly, well known in practice and may be found in many referenc-
eal.

Existing methods for the hydraulic calculations of parti-
ally-full pipe crossings are relatively complicated. The
characteriastics of the flow are conirolled by many- variables,
including the inlet geometry, slope, size, roughness, approach
and tail water conditions, ete. For an adegquate determination

of such a flow, Cho recommended laboratory or field investi-
gations.

A theoretical study developed from momentum relationships
is presented herein to evaluste the discharge in a partimslly-
full, horizontal and straight pipe crossing. Based on the

(1) Assist. Prof., Civil Eng. Dept., El-Mansours University,
Arab Republic of Egypt. On leave to the University of
Baghded for the period 1978-1882.



C.2. Sharl Shukry

regulte of conducted experimente, another equation required
for design purposes is suggested to be used in combination
with the discharge equation. The suggested simple equations
gave good agreement with the meagured parameters and may be
applied for both design and flow measuring purpocses under
free and submerged flow conditions.

MOMENTUM THEORY

A theoretical flow discharge equation will be developed
herein for a horizontal straight pipe as shown in Fig. 1.
For steady flow state, the momentum equation can be written
between sectlions 1 and 2 in the direction of flow as follows:

F-Ffs—'lgo-—(ﬁz v, - V) BT

in which P = the resultant force of the pressure distribution
between the two flow cross sections, Fp = the friction or
drag force acting on the surface of the control volume,

Q = the water discharge, 7 = specific weight of the water,

g = the acceleration of gravity,_ﬁi and £, = momentum coeffi-
cients for the two flow sections,¥] and V5 = the average
velocity of flow at sections 1 and 2 respectively.

When uniform velocity distribution is assumed and the fric-
tion force is neglected, equation (1) may be written as fol-
lows:

F=—%g—(v2-vl) i g L)

By assuming hydrostatic pressure distribution,

P = Yayzy - Yayz, - R
= Jajzy - Ya,z, - gf(alzl - az)
F = ,3/82, - a2z2 0.-00.(3)

in which a = the area of flow in the pipe section correspond-
ing to a water level equals to the upstream water level,

i.e. =-the area of flow in the pipe to a depth = y, &, = the
area of flow at section 2, z and zp = the depth of centroid
below water surface for a and a, reéspectively, and

8, = the area of flow at section 1.
Taking into consideration that:

= S . Soaclls
o Wther o g 0 8, 9
The momentum equation may be written as follows:
Q° 1 1
32_322 = ( - ) .l.‘l.(4)
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Solving equeation (4) for the discharée,

a8, (az - 3252)3
Q-/ I(al_ag) 000100(5)

When the downstream water surface does not influence the

upstream water surface, i.e., when the hydraulic contrel is

at the upstream end of the pipe, the contracted water depth

at section 2 is considered critical (A~ 0.67 y).

When the downstiream water surface is raised to a stage that

causes some increase in the contracted depth and consequently

in the upstream water surface, the right hand side of equa-

tion 5 should be corrected by a variable coefficient, X ,

depending on the degree of submergence. For a given discharge,
K= 1 when the downstream water surface is equal to, or lower

than the water surfece at the contracted critical section.

Thus, equation 5 may be written as follows:
a) when free flow exists, i.e., Yo = Yo the critical depth,

8,.8. (8.2 - 8,2_) .8
Q=/1 z e s e (B)
-(al - ac)

in which a, = the area of flow for the critical deptih,
Zo = the depth of centrold below water surface for a,.

b) for submerged flow conditions, i.e., Yo > Yo

a-8. . (82 = 8,2,).8
QZM/ ld( )22 -ruo-n(?)
8, - 8,
For the general case, considering tnat
& ! p2
=K’ 3;( y =\}‘/ 0-0050(8)
&2 32 1 2,2

equations 5 and 8 yield to

¢ = &.ma, yog Z, seeses(9)

in which m = a coefficient of discharge and is calculated
with the assumption that y, = 0.67 y, from

K, (K - 1)
m = [ l \}L/ - 0-0300(10)
2 (Ky = 1)
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For the case of free flow, equation 9 yilelds

Q=ma, 14 282, resesslll)

The results of experimental investigations,,conducted
within the limits L/D = 8-20 showed that the coefficient, m,
may be agsumed = 0.96 as & mean value for initial calculat-
ions. In the case of a partly full crossing, value of the
ratio y/D is usually assumed within the range 0.75 - 0,85 and
for that ratio, the value of m is closely equal to 0.96. Por
a deptn of water, Yoo flowing through s pipe of diameter = D,
values of ap and zp may be easily calculated by using the
following table:

y5/D| 0.1 | 0.2 | 0.3 | 0.4 | 0.5 | 0.6 | 0.7 | 0.8 | 0.9 | 1.0

ﬁa 0.041|0,112]0.198|0.293{0.393|0,498|0.587|0.674|0.745|0.,785

gz 0.04510.080|0,120|0.165{0.210/0.260(|0.310(0.365|0.425 [0.500

W

where, a, ﬁa v
Z2=gz oD

From the above table, the calculated values of y/D are ploited

ageinst a Yz /D<-? on a logarithmic scale, as shown in Fig. 2.

It is apparent that tne plot may be approximated by two strai-

ght lines, intersecting nearly, at a point, where y/D = 0.67.

The csge discussed herein belongs to the straight cont-
inuous line, shown in Fig. 2, where the ratio of y,/D does not
-exceed 0.67. For that limited range of y,/D values, the fun-
ctional relationship defined by equation §2 may be used.

a, y 2 b
= 52 = 0.65 (—52=)118° ceeena(12).
"
1.85  .0.65

u.65 . ¥ . D

or a, y z, creesell3)

Combining equations 9 and 1J, an equation for submerged flow
discharge may be written as follows,

Q(m3/sec) = 2.77 & (y2)1‘85 . D0.65 eeraae(14)
where m is taken as 0.96. )

Equetion 14 may be rewritten in terms of y instead of y, as
follows,

Q(m3/sec) = 1.32 K y1'85 . DO'65 ceeass(19)
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in which y = the upstream water depth, measured from the
invert pipe level, y = 1.5 Is

Ihe coefficient of submergence, K , may be calculated

o - P ¥ oy
. d C " - =
from oA = (— y a2

- 4

V2

Equation 14 may also be written in termse of y, as follows,

ceesss(lb)

—
[ui]
Ji
o
-
O
\Ji

Q(mj/secj = 2 T7

Equation 16 may be used for calculating the critical
water deptn, ya» corresoondlng 10 a discharge ¢ flowing
through a partially-Pull pipe of dlameter D. Jror the case,
where y. and D are known, tne discharge may be calculated
from equatlon lo for free rlov =znd submerged flow conditions.

EXPERIMENTAL VERIFICATIOL

Bxperimental lnvesulb&tlohu were conducted in the Hydrau-
lics Laboratory of the Univercity of Baghdad, IRAQ. The writer
performed a set of experiments on pipes laid inside a horizon-
tal floor flume with & rectangulser cross section 30 cm. wide.

The arrangement of performance of tests 1is shown in Fig. 3 and
Fig. 4. A series of tests were conducted on a single pipe of
diameter 10U cm &na for two kirf;rent pipe materials: aspectos
and polyetunelene. anotner seriec of tests were conducied on
two polyetnelene pipes of dismeter 7.5 cm. each.

Iae mentioned series oi tests were conducted on two dif-
ferent pipe lengtue, L = <0 and 150 c¢m and thus the ratio of
{L/D)} values rziuged within 3-2C,

water ws=s supplied by a recirculating constant head sys-
tem and tue dlscaarge, (, was meas sured by a calibrated 90°

snarp edged trianguler weir. Eor every type of pipes, the
experiments were regedted for three different dischsrges
ranging between 350U and 1200 cu. cm. per sec. In each expe-
riment of constant discaarge, the water level downstream, tiae
pipe was kept at about (0,20 fto U.85) D and then was lowered
gradually by meens of an inclined weir of wvariable crest,
located at tne flume ena.

The deptn of water upstream and downstream of the pipe
were measursd by point zages, reading to the nearest 0.1 mm.
Yalues of the discnarge coefficient, m, were calculated for
the data resulting from tae exne¢1ments by applying equation
10. It seemed clearly tnat tae values of discharge coeffic-
ient, m, are afrected mainly by the ratio y/D. The plot of m
against y/D &chn in Fig. 5, saows that the scattering of m
values is nesrly limited within the range 0.92 to 0.99. The
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plot shown in Pig. will yield = straight line relationship
within the applied range of y/D = 0.9 - C.6. The resulting
empirical equation is

m = 10135 - 0522 -%_ .Il...(l?)

For the case of partially-full pipe crossings, the design
ratio of y/D i1s usually taken within 0.75 to 0.85. PFor -such a
case and for other initial hydraulic calculationsg, a mesgn
value of m = 0,96 will produce satisfactory results for prac-
tical use.

When the downstream water level influnces the water
depth, y, upstream of the pipe, enother equation is required
for determining the coefficient of submergence, ¢ , included
in tne discharge equation. As indicated by Skogerboe3 the
ratio of any flow depth measured upstream from the contracted
depth, can be used a8 a submergence ratio, Developing a
submergeg flow discharge equation in flow-meaguring flumes,
Skogerhoe developed & dimensionless parameter by trial and
error and used it as & pi-term in the dimensional analysis.
The developed pi-term,(y -y3yy was correlated by Skogerboe
with anotaer pi-term exp}esced by the submergence, y3/y1
The writer made an analogous qtudy on tne generated experi-
mentsl data in order to find such a correlation for the case
discussed nerein. As & {inel result, a logarithmic plot of
ey - yy) Yo
—=— agalnst

relationship.

wag found to yield a straight line

For submerged flow conditions, the empirical equation
resulting Irom Fig. 6 is
i J 5 3
C yZa33
¥y = ¥q + —=— { ) . (18)
~/ z ‘Yj

in which y, ¥, end Y3 are measured from tne invert pipe level.

in case, when y3 = Yoo Ta€ above formula yield to
y=1’5 .:"”C -...-.(19)

Equation lo is suggested to be used in combination with
the discharge equation lo for the nydraulic calculations of
partially-full pipe crossings. The presented equations may
be simply applied for botn free-flow and submerged conditions.

To meke a comparlson beiween the measured parsmeters, y
and Q, and that calculated from equations 15, 16 and 18, a
gample of the generated deta with such a comparison ig given
in Table 1.
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NUMERICAL EXAMPLES

The design of a partially-full pipe crossing mainly
includes the determination of the pipe diameter, D, and the
corregponding upstream water depth, y. The given prameters
usuelly include the water discharge, Q, and the downstream
water depth, Yy and the ratio y/D.

a) For free~-flow condition, i.e., when the downstream water
depth, y; is less than the critical, equations 16 and
19 are usSed, as illustrated in the foliowing example.

Example (1):

The following data are given: 3

the design discharge, Q@ = 2.4 m~/sec.

the downgtream water depth, y, = 0. 75 m.

tae ratio of y/D value is abolt 0.8

Tne values of y and D may be determlned as followsg:
By triel and error, assume D = 1.5 m.

From equation 16, Q = ¢.77 yr'°7 0¥ 65 e obtain:
yC = 0,80 m.
gy = 1.5 Yo = 1.20 m (for free Tlow condition)

(i.e. tone assumption of tne U value meets the design
requirements) .

b) ¥or the submerged condition, i.e., wnen the downstream
water depth, y exceeds tne crltlcal depth, y., equations
16 end 13 are ase ag illusirated by the followlng example.

Example (2):

The following data are gziven: 3

the design discharge ¢ = 2.4 m”/sec.

tne downstream water deptn, y: = 1.20 m,
tne ratio of y/D value 1e about U.80.

The values of y and U may be determined as follows:
By triasl and error, sssume UL = Ll.7U m.

From equation 16, yo = U.768 m., i.e., submerged flow
condition.

l‘,'

W y
Yo t ,F (—= )2'33, one obtains
2

Y3

From equation lo, y =

1.34 m.

y o . 1.34 0.7
c 1.70 79
(within tne rence of regquired ratio).
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To use the partially-full pipe crossing as & measuring
device for the flowing discharge, it is necesgsary to mesasure
only the upstream flow depth, when free flowexisis, whereas
the two depths upstream and downstream the pipe must be meas-
ured under submerged-flow conditions.

The discharge may be calculated from formula 16,
Q= 2.77 y§.85 DO'65,

and y, may be calculated from formula 18,

Yo Yo .2.33
y =33 t73 (33)

Example (3):

The following data are given for submerged flow condi-
tions. Upstream and downstream water depths are 1.35 and
1.10 m respectively.

Diameter of pipe crossing = 1.70 m.

The discharge may be calculated as follows.

. J F
From the equstion y = y + 20 ( yc )2 e33
3

Yo LU.868 m

Q

3 m3/sec.

The dischearge, Q, may also be calculated from equation 15,

Q= 1.32 & y1.235 Du.65 - 3 m}/sec
Y -
in which &K = (T—cﬁ})l'ab = 0.9266.

CONCLUSION:

Partially-full pipes may be required msainly in road
crossings for tne passage of rloating meteriamls such as
weeds, trash or ice., Two fundemental equations have been
suggested for the hydraulic calculations of such crossings
under bvoth free flow and submerged {low conditions.

The first equation was based upon the momentum relation-
ships and is written as

Q(w’/sec) = 2.77 (y )1+ 005 L. a6
The second ewmpirical equ&ation was developed from the analysis
of expirimental data and is written sas
Y Y .
y =y3 + EC k < jd.33 .0...--(18)
73
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The above two equations may be'easily used in combination
for the design purposes of such crossings and algo for estima-
ting the flowing discharge. It seemg clearly from the given
numerical solved exampliles that the required parameters can be
found by simple calculations.

Experimentsl results, obtained for L/D patio within the
range 8 to 20, indicate that the cbserved data are closely
equal to the theoretical values computed by the above two
suggested equations.
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APPENDIX II-~ NOTATION

The fellowing symbols are used in this paper:
area of crogs sectiong

dismeter of pipe;

hydrostatic force;

frictional or drag force;

gravitational sacceleration;

lengtn of pipe;

coefficient of dischnarge related to free flow;
flow rate or discharge;

mean water velocity;

water depth;

deptnn of centroid below water surface;
coefficient of discharge for submergence;
momentw. correction coefficient;

specific welgut of water;

CP ¢ = coefficients; )

subscript 1, 2 and 3 - value at section 1, 2 and 3 respec-
tively; subscript ¢ - value st critical section,

)

bxmwdoahmwmum

[ T T I { O { I | O Y | B | Y [ B | B 1}
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FIG.1 _DEFINITION SKETCH FOR PARTIALLY-FULL
PIPE CROSSING.
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FIG.3 - UPSTREAM END OF THE PIPE
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TABLE 1—SAMPLE TABULATION "FOR THE COMPARISON
BETWEEN MEASURED AND CALCULATED PARAMETERS

MEASURED DATA

CALCULATED DATA

Nno. | Qs | Y Y3, | Ye,em| Ysem| o< | Q, | REMARKS
cmised| cm. cm. |{eq. 16} |leq. 18) {eq. 15)

1 | 1970 | 6,83 | 5,37 | 4,468| 6,820,955 | 1963 | ONE PIPE

2 7,09 | 5,80 7,01 [ 0,89 | 1968 |{ASPECTOS)

3 751 | 6,55 7,46 | 0,801 | 1968 | L =80 cm.

A 7,90 | 7.15 7.89 | 0,730 | 1970 | D=10 cm.

5 8,20 | 7,55 8,20 | 0,681 | 1969

6 8,45 | 7.85 8,45 | 0,64k | 1968 |

7 8,81 | 8,28 8,81 | 0,596 | 1968

8 912 | 8,67 9,14 | 0,560| 1971

9 9,45 | 9,05 9,48 | 0,524 | 1970 -

1| 1212 | 4,20 | 3,60 | 2,61 | 4,22 | 0,870| 1210 | 2 PIPES

2 4,46 | 4,05 4,52 [ 0,779 | 1211 |IPOLYETHE-

3 4,87 | 4,50 4,87 | 0,662 1211 |LENE)

4 5,9 | 4,95 5,24 | 0,588] 1210 | L=150 cm.

5 5,60 | 5,38 562 | 0511 | 1210 | D=7%5 cm.

6 599 | 5.75 596 | 0451} 1210

7 6,38 | 6,18 6,36 | 0,401 1209

8 6,66 | 6,47 6,63 | 0,371 121




