10

Pipeline System Design

10.1 Pipeline Standards

Standards are established for pipeline materials so engineers can select the proper
material for the required application and have confidence in the ability of the
pipeline to perform as expected. Standards are established which relate the pipeline
dimensions and type of material to its strength and ability to resist loads. The stan-
dards described in this section are taken from those developed by the American
Society of Agricultural Engineers (ASAE) for thermoplastic pipe (Standard
ASAE S376.1). Common thermoplastic pipe materials are polyvinyl chloride (PVC)
and polyethylene (PE). These materials are used in a wide variety of applications in
irrigation systems in the United States and other countries. Because of ease of fabri-
cation, locally produced PVC pipe is employed in many irrigation development
projects worldwide. The standards described in this section apply specifically to
thermoplastic pipe. Other types of pipe materials have similar standards which are
found in other references (e.g., ASAE Standards, 1987; Stephenson, 1981). Stan-
dards for aluminum tubing are found in Appendix D.

Pressure Category

Thermoplastic pipes are divided into low and high pressure categories. The pressure
categories are based on both the pipe diameter and the design operating pressure.
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* Low Pressure
Nominal diameter—114 to 630 mm (4 to 24 inch)
Internal pressure—>545 kPa (79 psi) or less
* High Pressure
Nominal diameter—21 to 710 mm (0.5 to 27 inch)
Internal pressure—550 to 2170 kPa (80 to 315 psi) including surge pressure

Surge pressure occurs in unsteady flow regimes and is associated with rapid changes
in flow velocity and resulting rapid changes in pressure. It is commonly referred to
as water hammer and is covered later in this chapter.

Pressure Rating and Hydrostatic Design Stress

The pressure rating and hydrostatic design stress both refer to parameters related to
long-term operation of the pipeline. The pressure rating is the maximum pressure
that water in the pipe can exert continuously with a high degree of certainty that fail-
ure will not occur. The hydrostatic design stress is the maximum tensile stress due to
an internal hydrostatic pressure that can be applied continuously with a high degree
of certainty that failure will not occur.

These two parameters are related to the dimension ratio, DR, which is given by

DR = — (10-1)

where

D = outside or inside pipe diameter depending on
how the pipe size is controlled, mm

t = wall thickness, mm

The dimension ratio is dimensionless. The minimum wall thickness for thermoplas-

tic pipe is specified as 1.52 mm (0.060 inch). Certain dimension ratios have been se-

lected as standard and are designated in tabulated data as Standard Dimension Ratios.
For outside diameter based pipe, the pressure rating is given as

28
PR=5p 7 (10-2)
or
a5
PR = Dy ] (10-3)
t
where

PR = pressure rating, kPa (psi)

w2
Il

hydrostatic design stress, kPa (psi)
D, = average outside diameter, mm (in.)

t = minimum wall thickness, mm (in.)
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For inside diameter based pipe,

28
R+ (10:4)
or
28
PR = = (10-5)
=41
t
where

D; = average inside diameter, mm (in.)

Hydrostatic design stresses for different thermoplastic pipe material and differ-
ent strengths of pipe are given in Table 10-1. ABS refers to pipes fabricated from
acrylonitrile-butadiene-styrene. The hydrostatic design stress is derived from the
long-term hydrostatic strength which is determined by standardized tests to failure of
the pipe material. The relationship is given by

Sk

S = 20 (10-6)

where
Sy = long-term hydrostatic strength

and the 2.0 represents a factor of safety. Table 10-2 indicates pressure ratings for dif-
ferent strengths of PVC, PE, and ABS materials as a function of Standard Dimen-
sion Ratios.

TABLE 10-1 Maximum hydrostatic design stress for thermoplastic pipe. (Adapted from ASAE
Standard S376.1.)

Standard Code Hydrostatic Design Stress

Compound Designation (MPa) (psi}
PVC PVC 1120 13.8 2000
PVC PVC 1220 13.8 2000
PVC PVC 2120 13.8 2000
PVC PVC 2116 11.0 1600
PVC PVC 2116 8.6 1250
PVC PVC 2110 6.9 1000
PE PE 3408 55 800
PE PE 3406 4.3 630
PE PE 3306 4.3 630
PE PE 2306 4.3 630
PE PE 2305 34 500
ABS ABS 1316 11.0 1600
ABS ABS 2112 8.6 1250
ABS ABS 1210 6.9 1000
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TABLE 10-2 Pressure ratings (PR) for nonthreaded thermoplastic pipe.* (Taken from ASAE Standard S376.1.)

SDR?

oD

based pipe based pipe

D

PE materials

PVC materials (all pipes OD based) (pipes made to both OD & ID basis) ABS materials (all pipes OD based)
PVC 1120 PVC2116 PVC2112 PVC2110  PE 3408 PE 3406 PE 2305 ABS 1316  ABS 2112 ABS 1210
PVC 1220 PE 3306
PVC 2120 PE 2306

psi kPa® psi kPa psi kPa psi kPa psi kPa psi kPa psi kPa psi kPa psi kPa psi kPa

11.0
13.5
17.0
21.0
26.0
32.5
41.0
51.0
64.0
81.0
93.57

50 ft head

5.3
7.0
9.0
11.5
15.0

250 1725 200 1380 160 1105
200 1380 160 1105 125 860
160 1105 125 860 100 690

315 2170 250 1725 200 1380 160 1105 250 1725 200 1380 160 1105
250 1725 200 1380 160 1105 125 860 100 690 80 550 63 435 200 1380 160 1105 125 860
200 1380 160 1105 125 860 100 690 B8O 550 64 440 160 1105 125 860 100 690
160 1105 125 860 100 690 80 550 64 440 50 345 125 860 100 690 80 550
125 860 100 690 80 550 63 435 50 345 40 275 100 69 80 550 64 440
100 690 80 550 63 435 50 345 40 275 31 215 80 550 64 440 50 345

80 550 63 435 50 345 40 275 64 440 50 345 40 275

63 435 50 345 40 275 30 205

50 345 40 275 30 205 25 170 40 275 30 205 25 170

43 295

22 150

*For water at 23°C (73.4°F).

*SDR = Standard Dimension Ratio

¥kPa = kilopascals, kN/m?

#The dimension ratio 93.5 is nonstandard and is referred to as DR (Dimension Ratio)




Example Problem 10-1

A PVC pipe is to be manufactured from PVC 2116 compound. The pipe size is based on its
inside diameter which is 25 cm. Two categories of the pipe will be manufactured: (a) low
pressure with a wall thickness of 1.8 mm and (b) high pressure with a wall thickness of
9.6 mm. Compute the pressure rating for each category of pipe.

Solution For ID based pipe,

28
PR = D,
— 41
t
Case (a) low strength:
: 5
E e 250 mm — 139
t 1.8 mm
Case (b) high strength:
D, 250 mm
L = 26
t 9.6 mm

From Table 10-1 for PVC 2116,

S = 11.0 MPa = 11,000 kPa

Pressure rating:
Case (a) low strength:

2(11,000 kPa)

PR = W‘f:]_ = 157 kPa (523 pSl)

Case (b) high strength:
_ 2(11,000 kPa) _ - s
PR = 26 + 1 = 815 kPa (=117 psi)

10.2 Pressure Distribution in Pipelines

By application of Bernoulli’s law, the total head available at any point in a pipeline
is equal to the pressure head plus elevation head plus velocity head. The difference
in total head between any two points 1 and 2 on a pipeline under steady-state flow
conditions is equal to the friction headloss between the two points so that

2
Hrp, = (%)1 +z + (;_8)1 — (hg)—2 (10-7)
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where

Hr = total head, m
= pressure head, m

= specific weight of the fluid, kN/m?

N R =T

elevation head, m

h; = friction headloss, m
The specific weight of the fluid is given by
y = Sglyw) (10-8)
where
Sg = specific gravity of the fluid, dimensionless
vw = specific weight of water, kN/m?

The specific weight of water under standard conditions applicable to design of irriga-
tion systems is 9.81 kN/m?®. The units required for pressure in Eq. (10-7) are kPa
(equal to kN/m?) to enable the pressure head to be expressed in meters.

Figure 10-1 is a schematic of the distribution of different forms of energy
given as head in a pipeline. The static head line refers to the distribution of head if

2
Vifzg

yi 3 Static heod line

E
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Figure 10-1 Distribution of heads in a pipeline system.
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there is no flow in the system. The energy grade line describes the variation of total
head along the pipeline, including velocity head, when flow occurs. The hydraulic
grade line is defined by the energy grade line minus the velocity head. It indicates
the height to which water would rise in a piezometer inserted at that position in the
pipeline. The hydraulic grade line defines the working pressure available at any
point along the pipeline. The pressure distribution in a pipeline is determined by the
relative positions of water sources along the line and friction headloss. The follow-
ing sections consider two methods of computing friction headloss.

Hazen-Williams Friction Headloss Equation

There are numerous methods for computing friction headloss in pipelines. One of
the most common and convenient methods applicable to pumping water through irri-
gation systems is the Hazen-Williams equation given as

hy =k, L D+

(10-9)

where
k; = conversion constant
L = length of pipe, L
Q = volumetric flow rate, L*/T
C = Hazen-Williams coefficient

D = pipe diameter, L

Table 10-3 indicates common units associated with flow in pipes in the SI and
English systems and the required conversion constant k; for Eq. (10-9). Table 10-4
lists the Hazen-Williams C coefficient for various types of pipe materials. The Hazen-
Williams equation is only applicable to water at standard operating temperature (i.e.,
20°C), or more specifically to fluids with a specific gravity of 1.0. Such an assump-
tion is almost always valid for analysis of flow in irrigation systems. Example prob-
lem 10-2 indicates application of the Hazen-Williams equation to calculation of
pressure distribution in a pipeline. For fluids with different specific gravities, and
therefore different viscosities, a friction factor which accounts for the effect of fluid
viscosity must be applied. Such a method is described following the example problem.

TABLE 10-3 Conversion constants for the Hazen-Williams equation given different combina-
tions of units.

hy L Q D k,

m m L/s mm 1.22 x 10°
m m L/h mm 3163

m m m’/d mm 3.162 X 10°
ft ft ft’/s ft 4.73

ft ft gpm in 10.46
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TABLE 10-4 Friction factor C for Hazen-Williams equation.

Values of C
Pipe Material Design New Pipe Corroded Pipe

Polyethylene (PE) and polyvinyl chloride (PVC) 140 150 130
Cement—Asbestos 140 150 140
Fiber 140 150 —
Bitumastic-enamel-lined iron or steel centrifugally applied 140 148 130
Cement-lined iron or steel centrifugally applied 140 150 —
Copper, brass, lead, tin, or glass pipe and tubing 130 140 120
Wood-stave 110 120 110
Welded and seamless steel 100 130 80
Interior riveted steel (no projecting rivets) 100 139 —
Wrought-iron, cast-iron 100 130 80
Tar-coated cast iron 100 130 50
Girth-riveted steel (projecting rivets in girth seams only) 100 130 -
Concrete 100 120 85
Full-riveted steel (projecting rivets in girth and horizontal

seams) 100 115 —
Vitrified, spiral-riveted steel (flow with lap) 100 110 -
Spiral-riveted steel (flow against lap) 90 100 —
Corrugated steel 60 60 —

Example Problem 10-2

A pipeline with 200 mm inside diameter and 340 m in length made of new PVC is laid along
a horizontal grade. The required flow rate in the pipeline at steady state is 40.0 L/s and the
total head available at the inlet is 330 kPa. Compute the working pressure head at the dis-
charge 340 m from the inlet by application of the Hazen-Williams friction headloss equation.

Solution From Eq. (10-9),
Q 1.852

hy=k L D*87

From Table 10-3 for L in m, Q in L./s, and D in mm,
k, = 1.22 x 101
From Table 10-4 for new PVC,
C = 150
[(40.0 L/s)/150]"32

he = 1.22 X 10340 m)=—F0m e

2.232 m

hy
To convert to kPa,
hi = hyy = 2.232 m(9.81 kN/m?)
hi = 21.897 kN/m? = 21.897 kPa
Hypay = 330 kPa — 22 kPa
308 kPa

Il
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Darcy-Weisbach Friction Headloss Equation

When the fluid to be pumped is other than water or the specific weight is substan-
tially different from water due to additions of chemicals to the flow or temperature
effects, an equation which accounts for differences in viscosity must be applied to
calculate the friction headloss. A common equation applied is that of Darcy-
Weisbach which is given in its most basic form as

v2

L
he = f_]j (_ZE) (10-10)

where
f = Darcy-Weisbach friction factor, dimensionless

and the units for the friction headloss are that of the velocity head if L and D have
the same units. Revising this equation to a form conveniently applicable to pipe flow
2

hy = szLF (10-11)

where
k, = conversion constant

The conversion constant k, is given for various combinations of SI and English units
common to pipe flow in Table 10-5.

The friction factor is a function of the flow regime—that is, whether the flow
is laminar, turbulent, or in transition between the two, and the roughness of the pipe
material. The flow regime is designated as a function of the dimensionless Reynold’s
number, Ry, which is defined by the following equation:

vD

RN = 1000 »

(10-12)

where
v = flow velocity, m/s
D = pipe diameter, mm
v = kinematic viscosity of the fluid, m?/s

TABLE 10-5 Conversion constants for the Darcy-Weisbach equation given different combina-
tions of units.

hy L Q D ks,

m m L/s mm 8.2627 x 107
m m L/h mm 6.3755

m m m’/d mm 1.10686 x 10
ft ft /s fit 0.02517

ft i gpm in 0.03107
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The kinematic viscosity of water under standard operating conditions for irrigation
systems (i.e., 20°C) is 1.0 X 107% m?/s.

For Ry = 2000, flow is laminar and the Darcy-Weisbach friction factor is
given as

f=— (10-13)

In the range 2000 < Ry < 4000, the flow is in the critical state and it cannot
be said precisely whether it is laminar or turbulent. In typical engineering applica-
tions, flow tends to be either laminar or fully turbulent so the critical range is not of
concern (Mott, 1979). For Ry > 4000 flow is said to be turbulent. However there
are two zones of turbulence as indicated in the Moody diagram for the Darcy-
Weisbach f versus Ry shown in Fig. 10-2. To the right of the transition zone line in-
dicated in the figure, the flow is fully turbulent and the friction factor is independent
of Ry and depends only on the roughness of the pipe material. This roughness is de-
scribed by the relative roughness which is expressed as a dimensionless ratio of wall
roughness to pipe diameter, £/D. For flow in the completely turbulent zone, the
Darcy-Weisbach f is given by the expression

1 D
6“—2 =2 lOg(3.7?) (10-]4)

From the left of the transition line in Fig. 10-2 to the lower limit of Ry =
4000, the flow is in transition and not yet fully turbulent. In this zone the friction
factor is a function of both the Reynold’s number and the relative roughness. The ex-
pression for the Darcy-Weisbach f in this zone developed by Colebrook (1939) is
given as

(e/D) 2.51

)" = —2log 37 + Ry(f)2 (10-15)

Equation (10-15) requires an iterative solution since f appears on both sides of
the equation. However a method has been developed to simplify this procedure
which gives an initial estimate of f as a function of the relative roughness and Ry
(Murdock, 1976). Labelling the first estimate as f,, the function is

20000 1063
f; = 0.0055{1 + [(D/a) + R_N] } (10-16)

This initial estimate is substituted into the right-hand side of Eq. (10-15) to
solve for the first iteration of f. The value of f; computed in Eq. (10-16) is close
enough to the final value of f that a second iteration is normally not required (Mott,
1979). Table 10-6 indicates values of surface roughness for various types of pipeline
materials.

The lower boundary of the turbulent zone indicated in Fig. 10-2 is that for
smooth pipes. Pipes made of plastic and glass normally fall into this range as do
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Figure 10-2 Moody diagram for friction loss in pipes and tubing. (Adapted from Moody, 1944.)




TABLE 10-6 Surface roughness of pipe materials. (Adapted from Stephenson, 1981.)

&(mm)

Pipe Material Smooth Average Rough
Glass, drawn metals Smooth 0.003 0.006
Steel or polyvinyl chloride 0.015 0.03 0.06
Coated steel 0.03 0.06 0.15
Galvanized, vitrified clay 0.06 0.15 0.3
Cast iron or cement lined 0.15 0.3 0.6
Spun concrete or wood stave 0.3 0.6 1.5
Riveted steel 1.5 3 6
Foul sewers 6 15 30
Unlined rock, earth 60 150 300

large diameter pipes made of drawn brass or copper. The equation for the Darcy-
Weisbach f as defined by the smooth pipe line is given by

1 _ RN(f 1/2
07 2 log|: 251 (10-17)

This equation also requires an iterative solution. The following example problem in-
dicates the Darcy-Weisbach solution to the same situation given in example prob-
lem 10-3.

Example Problem 10-3

A pipeline with 200 mm inside diameter and 340 m in length made of new PVC is laid along

a horizontal grade. The required flow rate in the pipeline at steady state is 40.0 L/s and the

total head available at the inlet is 330 kPa. Compute the working pressure head at the dis-

charge 340 m from the inlet by application of the Darcy-Weisbach headloss equation.
Solution From Eq. (10-11),

From Table 10-5 for L in m, Q in L/s and D in mm,
k, = 8.263 x 107
From Table 10-6 for smooth PVC,
& = 0.015 mm

Solving for flow velocity,

Q _ 1 m? o0 mmy|[_1m 2
- wou ) =] [l

1.273 m/s

<
Il

<
Il
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Solving for Reynold’s number,

vD
Ry = 1000 »
200 mm
Ry = 1.2
N 73 m/ S[1(}00(1 X 106 mZ/s)]
Ry = 2.55 X 10°

Flow is fully turbulent and f is function of &£/D only. Using Eq. (10-14).

1 200 mm
v 1°g[3‘7 (0.015 mm)]

1

7? = 9.386
f=0.0114
Substituting into Eq. (10-11),
h; = 8.263 x 107(0.0114) (340 m)%%
h; = 1.594 m
Converting to kPa,
h{ = hyy = 1.594 m(9.81 kN/m’)
hi = 15.64 kPa
Hp_a4 = 330 kPa — 16 kPa
= 314 kPa

It should be noted that the Darcy-Weisbach equation for headloss can be ap-
plied for fluids of different viscosities in contrast to the Hazen-Williams equation
which is only valid for water. This is because fluid viscosity is required for the
Reynold’s number which is in turn required to compute the Darcy-Weisbach friction
factor for all cases other than fully turbulent. However, for the wide majority of ap-
plications in irrigation system design, the Hazen-Williams equation is sufficient and
will normally be applied in this book.

10.3 Unsteady Flow in Pipelines
Concept of Water Hammer

Water hammer, or a pressure surge, is caused in pipelines as a result of changes in
fluid flow velocities. Changes in the flow velocity essentially cause the kinetic en-
ergy associated with velocity to be converted to pressure. This condition in a
pipeline is termed one of hydraulic transients. The more rapid the change in flow ve-
locity, the greater will be the magnitude of the resulting pressure surge. Pressure
surges occur when valves are opened or closed, when pumps are started or stopped,
or by sudden releases of entrapped air.

Sec. 10.3 Unsteady Flow in Pipelines 403



The water hammer phenomenon will be described by reference to Fig. 10-3.
The figure illustrates a pipeline fed by a reservoir with constant head H. A valve is
located along the pipeline at distance L from the reservoir. The energy grade line
and hydraulic grade line are indicated in the figure and the difference between them
is the velocity head. Initial conditions are a steady-state flow at velocity vj.

At time t = 0 the valve is suddenly closed and the fluid behind the valve
becomes compressed and causes the pipe to expand. The high pressure in the
compressed fluid layer adjacent to the valve is transferred to the next fluid layer up-
stream resulting in a pressure wave which moves up the pipe. On the reservoir side
of the pressure wave, the velocity is the initial vo. On the valve side of the pressure
wave, the velocity is zero. This is the case illustrated in part (b) of Fig. 10-3. The
change in head caused by the stopped flow is indicated as AH. The pressure wave
moves up the pipeline at velocity a. Att = L/a the pressure wave has moved all the
way upstream to the reservoir.

V&/2q
J EGL (Energy grade line)
Av—*i“" _"T—"_"_"_"_"Féf'(ﬁ}'aFEJE”gTHcE"E"eT
H
—L Flow —
(14) L P
____E_G__L:HGL/PF&SSWG s:"!‘_________EG_L_:HGL
AH
o c
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(8) —2 LV ° X © X
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Figure 10-3 Schematic of the water hammer phenomenon.
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At this time [refer to part (c) of Fig. 10-3] all the fluid in the pipeline has been
brought to rest and the pipeline is subject to a pressure increase of AH over its entire
length. As the pressure wave is reflected in the reservoir, the static pressure H is re-
established at the reservoir end of the pipeline. The resulting pressure differential
causes the fluid to move out of the pipeline towards the reservoir at velocity v, as
indicated in part (d) of the figure. At t = 2 L/a the pressure wave has returned to
the valve and the pressure in the pipeline is back to the original distribution that ex-
isted at t = 0 [as shown in part (e)].

Since the valve is still closed, the velocity at the valve is zero and the velocity
differential causes a decrease in pressure. Now a reduced pressure wave moves back
up the pipeline towards the reservoir at speed a [see Fig. 10-3(f)]. This continues
until the pressure wave returns to the reservoir at time t = 3 L/a when the entire
pipeline is in compression. This condition is shown in part (g) of the figure. At this
point pressure is re-established in the pipeline at head H and the pressure wave again
moves towards the valve at velocity a. The wave arrives back at the valve at t =
4 L/a at which time the pressure distribution is returned to the original condition
depicted in Fig. 10-3(a). This process continues every 4 L/a seconds until the fluc-
tuations dampen out due to fluid friction and elasticity of the pipeline. When the fluc-
tuations completely dampen out, the fluid comes to rest.

Hydraulics of Water Hammer

The magnitude of pressure surges associated with water hammer is a function of

(a) System geometry.
(b) Magnitude of velocity change.
(c) Velocity of the pressure wave for a particular system.

The governing equation for this relationship is given by
a
AH = (—g—)Av (10-18)

where

AH = surge pressure, L
a = pressure wave velocity, L/T
g = acceleration of gravity, L/T?
Av = change in fluid velocity, L/T

The velocity, or celerity, of the pressure wave is a function of both pipe mate-
rial properties and fluid properties. The pipe material properties which affect the
celerity are (a) modulus of elasticity, (b) diameter, and (c) wall thickness. The fluid
properties of major importance are (a) modulus of elasticity, (b) fluid density, and
(c) amount of air entrained in the fluid. Applying the impulse-momentum equation
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and the principle of conservation of mass, the following equation for pressure wave
velocity can be derived (Watters, 1984):

i

LS

A= T 7o (10-19)
B )

a = pressure wave velocity, L/T

where

k; = conversion constant dependent upon units
K = bulk modulus of elasticity of water, F/L?
p = density of water, M/L?
D = inside pipe diameter, L

-
I

pipe wall thickness, L
E = pipe modulus of elasticity, F/L?
C, = pipe support coefficient
The pipe support coefficient is a function of the method of pipe constraint and the

relationship between longitudinal and circumferential stress given by the Poisson ra-
tio. The function is given by the following equation (Watters, 1984):

C, = 1.25 — u, pipes anchored on one end only (10-20a)
C, = 1 — u?, pipes anchored at both ends only (10-20b)
C, = 1.0, pipes with expansion joints along the length (10-20c)

where
s = Poisson ratio for pipe material

The value of k; depends on the system of units employed. Consider that the
same units are used for K and E in Eq. (10-19) and the same units for D and t. For
SI units with K in Pa and p in kg/m>, k, is equal to 1.0. For the English system with
K given in psi and p in slugs/ft*, k; is equal to 12.0. The relative properties of water
and pipe materials required for Eq. (10-19) are given in Tables 10-7 and 10-8. Equa-
tion (10-19) does not account for entrainment of air in the pipeline which serves to
reduce K and a. The result of Eq. (10-19) is therefore a conservative value of a
which predicts the most severe water hammer pressure surge. This value is reason-
able for design purposes since it represents the upper limit of operating conditions.

Application of Eq. (10-19) for the analysis of pressure surges in unsteady flow
regimes is demonstrated in the following example problems. The analyses demon-
strated are simplified in that they do not account for the nonlinearity of the pressure
surge with time. An analysis considering nonlinearity requires solution of two simul-
taneous partial differential equations by the method of characteristics or more com-
monly by computerized numerical methods (Watters, 1984; Stephenson, 1981).
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TABLE 10-7 Various properties of water as a function of temperature.

Temperature Specific Weight Density Modulus of Elasticity
© (F) (kN/m?’) (b/ft) (kg/m") (slug/ft’) (MPa) (psi)
32 9.81 62.4 1000 1.94 1979 287,000
5 41 9.81 62.4 1000 1.94 2048 297,000
10 50 9.81 62.4 1000 1.94 2103 305,000
15 59 9.81 62.4 1000 1.94 2151 312,000
20 68 9.79 62.3 998 1.94 2193 318,000
25 77 9.78 62.3 997 1.93 2224 322,500
30 86 9.77 62.2 996 1.93 2251 326,500
35 95 9.75 62.1 994 1.93 2272 329,500
40 104 9.73 61.9 992 1.92 2286 331,500
45 113 9.71 61.8 990 1.92 2289 332,000
50 122 9.69 61.7 988 1.92 2289 332,000
55 131 9.67 61.6 986 1.91 2282 331,000
60 140 9.65 61.4 984 1.91 2275 330,000
65 149 9.62 61.2 981 1.90 2261 328,000
70 158 9.59 61.0 978 1.90 2248 326,000
75 167 9.56 60.9 975 1.89 2227 323,000
80 176 9.53 60.7 971 1.88 2206 320,000
85 185 9.50 60.5 968 1.88 2172 315,000
90 194 9.47 60.3 965 1.87 2137 310,000
95 203 9.44 60.1 962 1.87 2103 305,000
100 212 9.40 59.8 958 1.86 20068 300,000

TABLE 10-8 Modulus of elasticity and Poisson’s ratio for common pipe materials.

Modulus of Elasticity

Pipe Material (MPa) (10° psi) Poisson’s Ratio
Asbestos-Cement 20,684 30 0.20
Cast Iron 103,421 150 0.29
Ductile Iron 165,474 240 0.29
Permastran 9,653 14 0.35
Polyvinyl Chloride 2,758 4 0.46
Polyethylene 689 1 0.40
Steel 206,843 300 0.30

Example Problem 10-4

A steel pipe 1500 m in length and 0.5 m in diameter has a wall thickness of 5.5 cm. The pipe
carries water from a reservoir and discharges into the atmosphere 50 m below the water level
of the reservoir. A valve installed at the downstream end of the pipe allows a flow rate of
0.4 m?/s. If the valve is completely closed in 2.0 s, calculate the maximum water hammer
pressure surge at the valve and the time for the pressure wave to return to the valve. Assume
the pipe is anchored at one end.
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Solution Assume standard temperature 20°C. From Tables 10-7 and 10-8,
K = 2.19 x 10° N/m?
E = 2.07 x 10" N/m?

p = 998 kg/m’
p = 0.30
Based on units and pipe constraints,
k, = 1.0
C,=125— uw=095

Compute the celerity,

0 2.19 X 10° N/m? |2
998 kg/m?*

°T 2.19 x 10° ( 0.5m ”
1 ‘ ' 0.95
[ * (2.0? X 10") (0.055 m) . ]

1418 m/s

a
Time required for pressure wave to return to valve:
_ 2L _ 2(1500 m)
a 1418 m/s
t=212s
The valve is completely closed by this time. The change in velocity equals

0.4 m*/s
Ay = 4m/s

%{0‘5 m)?

Av = 2.04 m/s

AH = (3) Av
g

_ {1418 m/s
AH = (9.31 m/sz) (2.04 m/s)

AH = 295 m

Pressure surge:

More gradual valve closure and water hammer protection devices are required on this pipeline
to reduce the potential for damage due to such high pressure surges.

Example Problem 10-5

(a) Compute the pressure surge in psi in a 12-inch outside diameter class 150 PVC 1220
pipe carrying water at 60°F due to a sudden change in velocity of 2.0 ft/s. Assume that
the pipe is fitted with expansion joints throughout its length.

(b) Compute the maximum allowable change in velocity for the given pipe if the design is
based on a 2.8 to 1 safety factor.
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Solution

(a) Pressure rating = PR = 150 psi

PR = DDZ S
T 1
From Table 10-1 for PVC 1220,
S = 2000 psi
Substituting into PR equation,
: 4000 psi
150 psi = @ﬁ—_i
t = 0.4337 in.
From Tables 10-7 and 10-8,
K = 313,000 psi
E = 400,000 psi
p = 1.938 slugs/ft’
D,=D,— 2t
= 12 in. — 2(0.4337 in.)
= 11.133 in.

Calculate celerity:
12[ 313,000 psi ]“2
(1.938 slugs/ft3)
[1 2 (313,000 psi) (11‘133 in.)l‘o]”z
400,000 psi/ \0.4337 in.

a = 1052 ft/s

a =

Calculate the pressure surge,

AH = 2 Av
g

(1050 ft/s
N (32.17 ft/sz) 201

AH = 65.29 ft = 28.3 psi

(b) Maximum operating pressure:
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From Table 10-1,

Sy = 2.0(S)
= 2.0(2000 psi)
S, = 4000 psi

Applying 2.8 safety factor,
2.0(4000 psi)
2.8

R e
. 2in. )
0.4337 in.

Pox = 107 psi
Maximum surge pressure magnitude:
AH,, =PR - P,
AH,... = 150 psi — 107 psi
AH,,, = 43 psi

Rearranging the surge pressure equation,
Avp.. = AH,(g/a)

(32:17 ft/sz)]

= 43 psi(2.31 ft/psi) [ (1052 ft/s)

Av,,, = 3.04 ft/s

Table 10-9 indicates the maximum operating pressure (maximum working
pressure) for thermoplastic pipe from the ASAE standards in the case when the surge
pressure is unknown. As long as the operating pressure is less than the maximum in-
dicated in Table 10-9, the pipeline should be able to sustain surge pressures devel-
oped in normal operations without failure and without additional pipeline protection
devices. Even if pipeline protection devices for water hammer are installed, it is pru-
dent to operate the pipe at pressures below the maximum indicated in case of failure
of the protection devices.

Standard pipeline design requires specification of protection devices which al-
leviate the effects of water hammer and other damaging conditions on the pipeline.
These devices are key elements to the safe and continuous operation of the pipeline.
They are described in the following section.

10.4 Pipeline System Components

Various devices need to be specified in the plans for a pipeline to insure safe and ef-
ficient operation of the system. These devices are required to control entrapped air,
to allow the pipeline to drain after operations are completed, and to protect the line
from pressure surges caused by hydraulic transients. Without these devices, the
pipeline may not only operate inefficiently, it is subject to failure. This section de-
scribes the type of devices required to overcome the most common pipeline opera-
tional problems and their placement on the line.

410 Pipeline System Design Chap. 10



