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Part 634 — Hydraulics
Chapter 4 — Pipe Flow
634.0400 General

A. Introduction

(1) Pipe flow exists when a closed conduit of any form is flowing full of water. In pipe
flow the cross-sectional area of flow is fixed by the cross section of the conduit and
the water surface is not ex-posed to the atmosphere. The internal pressure in a pipe
may be equal to, greater than, or less than the local atmospheric pressure.

(2) The principles of pipe flow apply to the hydraulics of such structures as culverts,
drop inlets, siphons, and various types of pipelines.

(3) Consider figure 4-1 which shows the hydraulic grade line, energy line and the energy
heads at two points of the flow. Most pipe flow occurs through constant-diameter
pipe, thus, making the velocity heads at sections (1) and (2) the same (VI = V2 = V).
This in turn means that the energy line (E.L.) and hydraulic grade line (H.G.L.) are
parallel. The energy equation for constant-diameter pipe is written as:

b1 _ Pz -
Zl+w—22+w+hf (eq. 4-1)

Where /4 represents the energy head losses between sections (1) and (2) in figure 4-1.
Because the energy head losses are due to the friction between the moving fluid mass
and the walls of the pipe, //is also referred to as the friction losses. Friction losses
may be calculated by measuring the piezometric heads,

h1 =z +% and hz =Z2+%,
and taking the difference
hf = h1 - hz

Figure 4-1: Energy Heads in Pipe Flow
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(4) The energy slope, or slope of the energy line, is the ratio of the friction losses, hf, to
the length of the pipe, L, and may be expressed as:
hf  hy-h, 1
| G IR

w

(5) Flow in pipelines occurs in two different regimes, laminar and turbulent. Laminar
flow occurs at relatively small velocities and is characterized by fluid particles
moving in stable flow layers and with a parabolic velocity distribution. Increasing the
flow velocity sufficiently causes instabilities of the flow layers which, in turn, cause
the flow to become turbulent. In turbulent flow the fluid particles no longer move in
stable layers, but rather clump together to form different-sized eddies. Turbulent flow
is characterized by a more uniform velocity distribution across the pipe typically
described mathematically by logarithmic or power-law functions.

634.0401 Friction Loss Methods

Calculation of friction losses is an important step in analyzing flow in pipes, and in the
selection of pipe sizes for specific applications. The calculation of friction losses in pipe can
be performed using several methods such as Manning’s equation, the Darcy-Weisbach
equation, or the Hazen-Williams formula. These methods are presented in detail next.

634.0402 Manning’s Equation for Pipelines

A. Manning’s equation for open-channel flow was presented as equation 3-44 in terms of the
flow velocity V, the hydraulic radius R, the channel bed slope S, , the Manning’s resistance
coefficient n, and a constant C, that depends on the system of units used (Cu = 1.0 for the
International System, and C,, = 1.486 for the English System). When applied to pipelines, the
bed slope So is replaced by the energy slope Sy= 4,/L, while the hydraulic radius is calculated
in terms of the area, A (equation 3-02 repeated here), and wetted perimeter, P, of a full
circular cross-section of diameter D, using:

A nD?
T4
P =mD (eq. 4-3)
which results in:
A D
R = ; > Z (eq. 4—4)

B. With these substitutions, the Manning’s equation for a pipeline results in:

= C;l—” (3)2/3 \[h;f (eq. 4-5)

C. Typically, the equation is rewritten by isolating 4y

4’3 (n2L
hf = C_ﬁ (ﬁ) Vz (eq. 4—6)

(210-634-H, 1* Edition, DRAFT, Mar 2021)
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61 D. Equations based on the above equation (velocity) for both the International System (SI)
62 and English System (ES) follow:
63 (1) International System (SI): 4y (m), Cu = 1.0, L(m), D(m), V(m/s)

_ LY 12
64 hs = 6.3496 (D4 /3) % (eq. 4-7)
65 (2) English System (ES): A/ (ft), Cu = 1.486, L(ft), D(ft), V (ft/s, fps)

_ LY 12
66 hy = 2.8755 (D4 /3) % (cq. 4-8)
67 E. Sometimes it is preferred to work with the discharge Q, instead of the flow velocity V. For
68 circular pipelines of diameter D, the equation of continuity is written as either equation 3-03
69 or equation 3-04, which are reproduced below:

nD?
70 Q=VA= VT
4Q
1 =—
! nD?
72 F. Substituting equation 3-04 into equation14-05, and solving for QO:
8

__ mCyD/3 E )
73 Q= o \[: (eq. 4-9)
74 or, solving for A,

4™\ n2L .,
75 hf = (77:2_6'5> m Q (eq. 4-10)
76 G. Equations based on the above equation (discharge) for both the International System (SI)
77 and English System (ES) follow:
78 (1) International System (SI): hf(m), C, = 1.0, L(m), D(m), Q(m3/s)
n2L
79 he = 10.2936mQ2 (eq. 4-11)
80 (2) English System (ES): hf (ft), C, = 1.486, L (ft), D (ft), Q (ft*/s, cf5s)
n?L
81 he = 4.6615mQ2 (eq. 4-12)
82 H. A demonstration of how to calculate a pipeline’s discharge using Manning’s equation can
83 be found in Example 4-1
84 (1) Example 4-1 — To determine the discharge Q that can be conveyed by a 3.0-in-
85 diameter corrugated-plastic pipeline if a head 4y = 10 f, is to be dissipated in a length
86 L = 100 ft use equation 4-09 to calculate the discharge. The data to use are the
87 following: D =3.0in =3.0/12 = 0.25 fi, hf = 10 ft, L = 100 ft, Cu = 1.486, n = 0.015
88 (from fig 4-2. The resulting discharge is:
8 8
nC,D/3 |hy  (3.1416)(1.486)(0.25) /3 | 10
89 Q= Su—j; - )5( )(0-25) = 0.24cfs
4°/3(n) \ L 4°/3(0.015) 100

90
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1. The software USDA-NRCS Hydraulics Formula provides for the calculation of pipe flow
using Manning’s equation. To activate this solution, select the Pipe Flow tab, which produces

the entry form shown in figure 4-2. The formula shown in the entry
equation 4-09, but with the diameter D in inches and with local loss
(ie., Ke =0, K = 0).

form is equivalent to
coefficients equal to zero

(1) Example 4-2 — Pipeline discharge calculation using the USDA-NRCS Hydraulics

Formula software Using the Pipe Flow tab in the USDA-NRCS Hydraulics Formula
software, with Ke = 0, Kb = 0, determine the discharge Q conveyed by a 3-in-
diameter corrugated-plastic pipeline if a head 4f = 10 ft, is to be dissipated in a length
L =100 ft. These data are the same as for the previous example 52. The resulting
discharge is 0.2 cfs. The equation for pipe flow shown in the figure 4-2 will be
derived after introducing the concept of local losses in pipe (see section 4.7).

Flgure 4-2: Pipe Flow calculations with the USDA-NRCS Hydraulics Formula

About Hydr ] wfeir Flow ] Orifice Flow ] Circular Sectian ] Parabolic Section ]
Straight Drop Stucture ] Bow Inlet Dirop l Surface |nlet ] tdensuration Formulas ] Plunge Pool l
Subsurface Drainage ] Purnp Drainage ] Dy Hudrant ] wiater Contral Structure ] Rect. Rizer Drop ]

Trapezoidal 5ectian Fipe Flow Culvert Flow ] Pipe Drop Structure ] Hooded Inlet ]

- Pipe Flow -

ZgH

Q=a
1+Ke+Kb+KplL
2
Where g=322f'sec and  Kp= EDBL;
d
Mannings Caoefficient [n): |.015 Help to zelect "'n" value ‘
Entrance Coefficient [Fe]: |D Help to select "Ke" value ‘ Q=02
Bend Coefficient [Kb]: |0 Velociy = 4.8 ftsec
Diamneter of pipe in inches: |3 Friction [Kp] = 0.2645
Head on pipe in feet; |10 [GE aI_InwabIe fall in pipe: when
Length of pipe in fest W outlet iz ot submerged = 96 ft.
Exit Frint

J. One of the more important steps of using the Manning’s equation is select the correct n
value. Figure 4-3 gives a range of values for various materials. Manning’s n values, shown in
figure 4-3, are assembled from many hydraulic references, including Brater and King (1996),

FHWA (2001), and USACOE (2008).
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Figure 4-3: Values of Manning’s resistance coefficient for pipe

Pipe material Manning's n
Minimum Design Maximum

Cast-iron, coated 0.010 0.012-0.014 0.014
Cast-iron, uncoated 0.011 0.013-0.015 0.015
Wrought iron, galvanized 0.013 0.015-0.017 0.017
Wrought iron, black 0.012 0.015
Steel, riveted and spiral 0.013 0.015-0.017 0.017
Annular corrugated metal () 0.021 0.021 - 0.025 0.0255
Helical corrugated metal (V 0.013 0.015 - 0.020 0.021
Wood stave 0.010 0.012 -0.013 0.014
Neat cement surface 0.010 0.013
Concrete 0.010 0.012 - 0.017 0.017
Vitrified sewer pipe 0.010 0.013 - 0.015 0.017
Clay, common drainage tile 0.011 0.012-0.014 0.017
Corrugated plastic 0.014 0.015-0.016 0.017
PVC 0.009 -0.011
Smooth Interior PE 0.009 - 0.015 0.02
Aluminum 0.01
Gated Aluminum Pipe 0.013

(M N-values for corrugated metal pipe vary with pipe diameter. See FHWA (2001) or USACOE (2008) to
select a refined n-value.

K. Other examples of using the Manning’s equation to solve for different variables are
shown below.

(1) Example 4-3 — Using equation 4-5, determine flow velocity in a helical corrugated
metal pipe. Use n = 0.016 (from fig. 4-3), for a that is 5-in diameter pipe that
dissipates a head of hf =6.5 ft in a length L = 300 ft. Using D = 5 in = 5/12 ft =
0.4167 ft, and Cu = 1.486, equation 4-05 produces the following result:

s Cu (D)2/3 hy 1486 (0.4167)2/3 65 _ .,
~7\4) 1 "ooie\ 4 300 >UPs

(2) Example 4-4 — Using equation 4-12, determine the head loss in 7500 ft of a riveted
and spiral steel pipe (use n = 0.015) with a 24-in (2-ft) diameter that carries a
discharge of /0 cfs. Using equation 4-12:

b = 46615 n?L 0% = 4.6615 0.0152(1500)
f = D16/3 - 216/3

(3) Example 4-5 — Determine the velocity in a pipeline draining a reservoir using
Manning’s equation. Consider a reservoir whose free surface is located at an
elevation z1 = 60 ft, draining through a 0.5-ft-diameter, 100-ft-long, concrete pipe (n
= (.012) open to the atmosphere whose outlet is located at an elevation z2 = 55 ft.
The system is depicted in figure 4-4. Entrance losses will be ignored.

102 = 3.9f¢

(210-634-H, 1* Edition, DRAFT, Mar 2021)
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Figure 4-4: Determining Velocity in a Pipeline Draining a Reservoir

®©
' T

H

(C e

— | G _I'Q,“.'F

(4) Point 1 in the energy equation is at the reservoir free surface where p/ = 0 and Vi =
0. Point 2 is at the pipe outlet where p2 = 0 and V2 = V, the pipe velocity. The
energy head, H =z, —z> = 60 ft — 55 ft = 5 ft, for this case. Applying the energy
equation (equation 3-20) between points 1 and 2:

V. VZ
41 1 P2 el hy
(5) Using Manning’s equation (eq. 4-8) to represent friction losses:
+H+0+02 = +0+02+28755nZLV2
“ 029 2w 29 S
(i) This simplifies to:
,( 1 2.8755n%L
H=V oot ——F—
29 D*/3

(ii) Solving for the velocity, V, andusing H=5ft, L = 100ft, n = 0.012, D=0.5ft, g
=322

H _ 5 646 ft
1 |, 2.8755n%L 1 2.8755(0.012)2100 s

23" o' 262D (05)'h

V=

634.0403 Darcy-Weisbach Equation and Friction Factor

A. A second method for calculating friction losses in pipes is the Darcy-Weisbach equation
written, in terms of the flow velocity V as:

B. The friction factor, f, is a function of a relative roughness, e/D, where “e” is known as the
absolute roughness or equivalent sand roughness, and of the Reynolds number of the flow.

LV?

°ET (eq. 4-13)

C. The Reynolds number, defined in equation 1.10, is repeated here:

_pVD VD

= =5

where p is the density (mass per unit volume) of water, u is the absolute or dynamic viscosity
of water, and v is the kinematic viscosity of water, defined by equation 1-09, v= wp. Values
of the density and viscosity of water related to temperature are available in Title 210,

National Engineering Handbook, Part 634, Chapter 1, (210-634-1), Section 634.0107 Exhibit
D (634.01.7D), figures 1-8 (English Units) and 1-9 (SI Units).

Re

(210-634-H, 1* Edition, DRAFT, Mar 2021)
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D. The absolute roughness of a pipe material is the average height of the irregularities of the
inner wall of the pipe. The first experiments on head losses in pipes were conducted in the
early 20th century by coating glass pipes with uniform-size sand grains. The diameter of the
sand grains was used to represent the absolute roughness of the pipe, e. Typical values of the
absolute roughness of various pipe materials are presented in Figure 4-5. Absolute roughness
values may be found in Streeter and Wylie (1998) and other similar fluid mechanics texts.

Figure 4-5: Absolute roughness values for pipe materials

Pipe material e (mm) e (ft)
Smooth surface (glass, plastic) 0 0

Drawn tubing, brass, lead, copper 0.0015 0.000005
Centrifugally spun cement 0.0015 0.000005
Bituminous lining 0.0015 0.000005
PVC pipe 0.002 0.0000066
Commercial steel 0.046 0.00015
Wrought iron 0.046 0.00015
Welded-steel pipe 0.046 0.00015
Asphalt-dipped cast iron 0.12 0.0004
Aluminum, with couplers 0.13 0.00043
Galvanized iron 0.15 0.0005
Cast iron 0.25 0.00085
Wood stave 0.18-0.9 0.0006-0.003
Concrete 0.3-3 0.001-0.01
Riveted steel 0.9-9 0.003-0.03

E. The Darcy-Weisbach friction factor has different expressions for laminar or turbulent pipe
flow. Water flowing at a very low velocity, or in a very small-diameter pipe, typically flows
in a laminar flow regime. In laminar flow the flow takes place in layers (Latin, laminae) that
remain very stable and are easily identifiable by dye injected into the flow. As the velocity
increases, conditions are reached in which the flow becomes turbulent. In turbulent flow,
layers of flow are no longer identifiable, and the flow tends to break down into eddies that
facilitate mixing. Laminar flow is rare, occurring at low flow velocity or small pipe diameter.
Most pipe flows of interest are turbulent.

F. Experiments to determine the laminar or turbulent nature of flow were carried out by
Osborne Reynolds in the 19th century. Reynolds identified a dimensionless parameter, now
known as the Reynolds number (equation 1-10), to determine if a flow is laminar or turbulent.
There is also a transitional flow regime in which the flow is neither laminar nor turbulent but
shifts between conditions. The typical values for classifying flows according to laminar,
transitional, or turbulent regimes are shown next:

(1) Laminar flow: Re <2000
(2) Transitional flow: 2000 < Re <4000
(3) Turbulent flow: Re > 4000

The range Re <4000 that encompasses laminar and transitional flow is a small range
considering that Re can take values to 109 or larger. Thus, turbulent flow is more likely to
occur in pipelines.
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G. Example 4-6 How Reynolds number is used to classify pipe flow. Water is flowing in a 2-
in diameter pipe at a rate of 0.08 cfs. The input data givenis D = 2 in = 2/12 ft = 0.167 f, Q
= (.08 cfs, and from 210-634-1, 634.0107D figure 1-8 at a temperature of 70°F the kinematic
viscosity of water is v =.00001059 f¥*/s = 1.059x10 = f#*/s.

(1) If the water temperature is 70°F, determine the Reynolds number of the flow and
classify it as laminar, transitional, or turbulent.
(i) The flow velocity is calculated as:

t3
0 4 @ <0.08 f /S>
A mD?2  3.1416(0.167)2
(i) And the Reynolds number is:

VD (3.7ft/5) (0.167ft)
R, =—=

e

V=

=371t/

5 — = 58347 ~ 5.83x10*
V. 1.059x10-5 /7

(iv) Since Re > 4000, the flow is turbulent.
(2) In the laminar regime, the Darcy-Weisbach friction factor, £, is a function of the
Reynolds number, given as:

f_ﬁ 4-14
) (eq. 4-14)

(3) In the turbulent regime, an equation relating the friction factor, f, the Reynolds
number Re, and the relative roughness, e/D, is the Colebrook-White equation:

1 e 2.51
7o —2log (3.71) + Reﬁ> (eq. 4-15)

(4) The difficulty in using this equation is that it is not explicit in f and any solution
involving this equation requires a numerical approach. To facilitate solving explicitly
for f, a close approximation (2 — 5% error) to the Colebrook-White equation is
provided by the Swamee-Jain equation:

_ 0.25
= 2( .e ﬂ) (eq. 4-16)

H. Pipe Flow Solutions Using the Darcy-Weisbach Equation —

(1) In the following section, solutions of turbulent pipe flow using the Darcy-Weisbach
equation are presented:
(i) Since the discharge, Q, is often known or to be calculated, it is convenient to write
the Darcy-Weisbach equation in terms of the discharge as follows:

8fLQ?
f = w2gpe (eq. 4-17)
(i) The Reynolds number Re can also be written in terms of the discharge Q as
follows:
4 4
R, =2£¢ = 2Q (eq. 4-18)

tuD vD
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(ii1) With this definition of the Reynolds number, the Swamee-Jain equation
becomes:

f = 025 (eq. 4-19)

= 0.9
log2(0.2 7(%)+4.62(%) )
(iv) Combining the Darcy-Weisbach equation (equation 4-17) with the Swamee-Jain

equation (equation 4-19), and solving for the discharge, O, produces the
following equation:

Q= 2.22( /@) log? (0.27 (£) +4.62 (%)09) (eq. 4-20)

(v) This equation’s variables are best solved for, by using a numerical spreadsheet
application. Typically, there are three types of problems involving pipe friction
losses, namely:

e Head loss problem: calculate Argiven D, Qor V,and g, L, e, v.
e Discharge problem: calculate Q or V, given D, hrand g, L, e, v.
e Sizing problem: calculate D, given O, hirand g, L, e, v.

Where //1is the friction loss, D is the pipe diameter, Q is the discharge, V is the
velocity, g is the acceleration of gravity, L is the pipe length, e is the absolute
roughness, and, v is the kinematic viscosity.

I. Examples 4-7 through 4-9 demonstrate solving for pipe flow solutions with the Darcy-
Weisbach equation

(1) Example 4-7 - Given D = 0.3 ft, Q = 0.20 cfs, g = 32.2 ft/s2, L = 1000 ft, ¢ = 0.002 in
=0.000166 ft, and v = 1.13x107 f#*/s, find h;
(1) A numerical spreadsheet application of equation 4-20 gives Ar = 8.86 ft.
(i1) Alternately, equation 4-20 can be re-arranged and solved directly for /; with a
hand calculator.
(2) Example 4-8 - Given D = 0.7 ft, hy= 15 ft, g =32.2 ft/s2, L = 750 ft, e = 0.005 in =
0.000416 ft, and v = 1.2x107 ft*/s, find Q.
(i) A numerical spreadsheet application of equation 4-20 gives O = 2.68 cfs.
(i1) Alternately, equation 4-20 can be solved iteratively for O, with a hand calculator,
as shown in figure 4-6:

Figure 4-6: Iterative Solution for Q
Trial Q Calculated Q

1.5 2.63
2.1 2.66
2.6 2.681
2.7 2.684
2.68 2.683

(3) Example 4-9 - Given Q = 3 ¢fs, hf = 10 ft, g = 32.2 ft/s>, L = 1500 ft, e = 0.01 in =
0.000833 ft, and v = 1.5x10-5 f#*/s, find D.

A numerical spreadsheet application of equation 4-20 gives D = 0.8591 ft x 12 in =
10.29 in. The recommended pipe diameter is /0.5 in.
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(4) Example 4-10 - Flow in pipeline draining a reservoir using the Darcy-Weisbach
equation. Consider again (see example 4-5) a reservoir whose free surface is located
at an elevation z; = 60 ft, draining through a 0.5-fi-diameter, 100-ft-long, concrete
pipe (e = 0.003 ft) open to the atmosphere whose outlet is located at an elevation z, =
55 ft. The system, which carries water at a temperature of 55°F, is depicted in figure
4-7. Minor losses at the entrance from the reservoir into the pipe are ignored.
Determine the discharge and velocity in the pipeline.

Figure 4-7: Determining Flow in a Pipeline Draining a Reservoir using the
Darcy-Weisbach Equation

(i) As in example 4-5, the energy equation (equation 3-20) is applied, but the friction
losses are estimated with the Darcy-Weisbach equation instead of Manning’s
equation. The energy equation, in terms of discharge, O, simplifies to:

H=—22 (1475
"~ m2gD* D

(i1) Re-arrange the equation to solve for O (equation 4-20) and approximate the
friction factor, f, by the Swamee-Jain equation (equation 4-19). Then using H = 5
Jft, L =100ft e = 0.003 ft,v=1.3135x 10° ft¥/s, D = 0.5 ft, g = 32.2 fi/s*, and
applying a numerical spreadsheet solution gives Q =1.285 cfs.

(iii) And the flow velocity is:

ey
0 4 @ (1285 77/5) s
V=a=m2" 3.1416(0.5)2 6547/

634.0404 Pipe Flow Solutions Using Hazen-Williams Formula

A. A third method for calculating friction head losses in pipes is the Hazen-Williams formula.
The Hazen-Williams formula was developed from empirical data of water flow in pipes. In
terms of flow velocity, V, the Hazen-William formula is expressed as follows:

(1) International System (SI): V(m/s)

V = 0.849Cyy RO%35p>* (eq. 4-21)
(2) English System (ES): V (fi/s, fps)
V = 1.318Cy R3S (eq. 4-22)

where V' is velocity, Cuw is the Hazen-Williams coefficient, R is the hydraulic radius
(R=D/4), and Syis the energy slope (S=hyL).
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B. Using the definitions of R and Sf, the Hazen-Williams formula may be written as:
(1) International System (SI): igm), L(m), D(m), V(m/s)

0.54
V = 0.354Cy,, D63 (%) (eq. 4-23)

(2) English System (ES): he(ft), L (ft), D (ft), V (ft/s, fps)

0.54
V = 0.550C;, D** () (eq. 4-24)

B. In terms of the discharge, the Hazen-Williams formula is written as:

(1) International System (SI): h(m), L(m), D(m), Q(m>/s)

0.54
Q = 0.278C;, D> () (eq. 4-25)

(2) English System (ES): he(ft), L(ft), D(ft), Q(cfs)

0.54
Q = 0432C;, D> () (eq. 4-26)

C. Solving for the head loss, /4, in the Q-based equations:
(1) International System (SI): h(m), L(m), D(m), Q(m’/s)

L
D487

_ 0 1.85
hy = 10.704 (m) (eq. 4-27)

(2) English System (ES): hi(ft), L(ft), D(ft), Q(cfs)

1.85
hy = 4.732 (L) L (eq. 4-28)

CHW D487
D. Solving for the diameter, D, in the Q-based equations:
(1) International System (SI): hm), L(m), D(m), Q(m’/s)

B o 0.38 <i>0.205
D =1.627 (CHW) . (eq. 4-29)

(2) English System (ES): hi(ft), L(ft), D(ft), Q(cfs)

4 0 038 /| 0.205
D =1376(;) (h—f> (eq. 4-30)
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312 E. Figure 4-8, shows typical values for the Hazen-Williams coefficient. Hazen-Williams
313 coefficients may be found in Lamont (1981), Mays (1991) and other similar publications.
314
315 Figure 4-8: Values of the Hazen-Williams coefficient.
Pipe description Condition CHW
Very smooth Straight alignment 140
Slight curvature 130
Cast iron, uncoated or New 130
steel pipe 5 years old 120
or steel pipe 10 years old 110
15 years old 100
20 years old 90
30 years old 80
Cast iron, coated All ages 130
Wrought iron or Diameter 12 in. and up 110
standard galvanized Diameter 4 to 12 in. 100
steel Diameter 4 in or less 80
Brass or lead New 140
Concrete Very smooth, excellent joints 140
Smooth, good joints 120
Rough 110
Vitrified clays 110
Smooth wooden; wood 120
stave
Asbestos cement 140
Corrugated metal 60
Pipes of small diameter  old, rough inside surface, as low as 40
PVC 150
Smooth interior PE 150
Aluminum 120
Aluminum gated pipe 110
316
317 F. Solutions to pipe-flow problems with the Hazen-Williams formula require the use of
318 equations (equation 4-21) through (equation 4-30), depending on the data given and the
319 required variable to be solved for. Some examples are shown next.
320 (1) Example 4-11 — Pipe velocity calculation using the Hazen-Williams formula. A
321 pipeline with a length L = 1200 ft, diameter D = (.75 ft, suffers a head loss i, = 12 fi.
322 If the pipe is made of 5-year old steel pipe (Cuw = 120), determine the pipe velocity.
323 Using equation 4-24 as follows:
0.54 0.54
hs 12
324 V = 0.550Cy,, D3 (—) = 0.550(120)(0.75)3 (—) = 4.58fps
L 1200
325
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(2) Example 4-12 — Pipe discharge calculation using the Hazen-Williams formula.
Determine the discharge Q for a rough concrete pipeline (Cyyw = 110) with a diameter
D = 1.5 ft that produces a head loss 4y = 8.5 ft on a length of L = 650 ft.

Using equation 4-26 as follows:

h 0.54 38 5 0.54
Q = 0.432Cyy, D3 <Tf> = 0.432(110)(1.5)?%3 (ﬁ) =13.27 cfs
(3) Example 4-13 — Head loss calculation using the Hazen-Williams formula. Determine
the head loss /rin a new PVC pipeline (Cuw = 150) of length L = 2000 ft and
diameter D = 3.0 fi, that carries a discharge QO = 20 cfs.

Using equation 171 as follows:

h —4732( Y )1'85 L (20 )1'85 2000 _ ) osfe
Fo - 150 = 1.08f

Chw 34.87
(4) Example 4-14 — Diameter calculation using the Hazen-Williams formula. Determine
the diameter of coated cast iron (Cyw = 130) pipe that produces a friction head loss 4y
=20 ft in a length L = 500 ft while carrying a discharge O = 25 cfs.
(1) Using equation 4-30 as follows:

p=1376(-2) " (L) < nars () (B L e
o Cuw hy o 130 20 = 142f

(i1)) The most likely value of commercial pipeline that can be used is 1.5ft.

(5) Example 4-15 — Flow in pipeline draining a reservoir using Hazen-Williams formula.
Consider once more (see examples 4-5 and 10) the case of a reservoir whose free
surface is located at an elevation z; = 60 ft, draining through a 0.5-ft-diameter, 100-fi-
long, rough concrete pipe (Cuw = 110) open to the atmosphere whose outlet is
located at an elevation z; = 55 f¢. The system is depicted in figure 4-9. Local losses at
the entrance from the reservoir into the pipe are ignored. Determine the discharge and
velocity in the pipeline.

Figure 4-9: Determining Discharge and Velocity in a Pipeline Draining a
Reservoir using the Hazen-Williams Formula

(" ey
I ED TQ-‘*‘F

(i) Asin examples 4-5 and 4-10, the energy equation (equation 3-20) is applied, but
the friction losses are estimated with the Hazen-Williams formula. The energy
equation, in terms of discharge, Q, simplifies to:

8Q 2 Q 1.85 L
H = —nng4 +4.732 ( ) Des7

CHW
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(i) Using H=5ft, L =100 ft, Cuw =110, D = 0.5 ft, g = 32.2 ft/s2, and applying a
numerical spreadsheet solution gives Q = 1.385 cfs, and the flow velocity is:

40 4(1.385ft2/5)
T D2 3.1416(0.5ft)2

(6) The same concrete pipe material, diameter, length, and elevations were used in
examples 4-5, 4-10, and 4-15. These examples illustrate the use of Manning’s
equation, the Darcy- Weisbach equation (using Swamee-Jain equation for the friction
factor), and the Hazen- Williams formula in estimating friction loss in pipe. The
values of the flow velocity found using these three methods are listed below.

V = 7.057t/,

(i) Manning’s equation: V =6.46 fps
(i) Darcy-Weisbach (with Swamee-Jain): V' = 6.54 fps
(iii)) Hazen-Williams formula: V'=7.05fps

634.0405 Local Losses in Pipelines

A. Local losses are energy losses due to the presence of appurtenances or changes in the
pipeline such as valves, elbows, curves, reductions or expansions. The term local losses
indicate that these energy losses are concentrated at a location (rather than distributed along a
pipeline as are friction losses). Local losses in pipelines are calculated using an equation of
the form:

(eq. 4-31)
Where the local loss coefficient K, depends on the nature of the device or pipeline change
producing the loss. Note that local losses are sometimes referred to as minor losses.

B. In addition to losses at appurtenances, local losses occur at pipeline expansions and
contractions. Local losses also occur at entrances and discharge ends of pipe.

C. Discharge loss - Figure 4-10, below, shows the conditions of flow at the discharge end of
a pipeline into a reservoir.

Figure 4-10. Discharge from a pipe into a reservoir.

_____
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(1) At section (1), right before the entrance, the pressure head is p,/w = H, the elevation
of the pipe centerline can be taken as z; = 0, and the velocity is V; = V. The curved
line in the reservoir depicts a streamline of flow connecting the pipe outlet to the free
surface of the reservoir at section (2). In this section the pressure head is p2/w = 0,
the elevation is z- = H, and the local velocity is V> = 0. Energy head loss between
sections (1) and (2) is a local head loss referred to as a discharge loss, and given by
equation 4-31:

VZ
h)ag =Kg—
(h)a = Kq 29
(2) Writing the energy equation (equation 3-20) between points (1) and (2), gives:
p V¢ b2 ;
7 +—+ i— Z +—+2—2+hf
(3) Replacing the data for sections (1) and (2) as described above, the equation reduces

to:

VZ 2
H+ —=H K; —
0+ ur +0+0+ a5

(4) From which it follows that the discharge loss coefficient, K; = 1.0 (standard value
used in pipe flow analyses).

D. Entrance loss - Three different conditions of entrance from a reservoir into a pipe, and
their local loss coefficients, are depicted in figure 4-11.

Figure 4-11. Entrance loss coefficients for typical pipe entrance shapes

T—LT——T—

KE= 0.04 KE= 045 KE= 0.8
(&) Bell-mauthed (b1 Square-edge [c) Re-entrant

(1) The Pipe Flow tab in the USDA-NRCS Hydraulics Formula software provides
additional values for the entrance coefficient K. for other specific entrance
conditions. These values are summarized in figure 4-12. Entrance loss coefficients
may also be found in FHWA (2001) and USACOE (2008), related to culvert analysis.

(2) Entrance losses are calculated using the expression (equation 4-31):

& 8Q?
(h)e = Kez = eW
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Figure 4-12. Pipe entrance loss coefficients.

Type of Structure and Entrance Design Ke
Pipe, Concrete
Projecting from fill, socket end [groove-end] 0.2
Projecting from fill, square cut end 0.5
Headwall or Headwall and wingwalls
Socket end of pipe [groove-end] 0.2
Square end 0.5
Rounded (radius = 1/12D) 0.2
Mitered to conform to fill slope 0.7
End section conforming to fill slope 0.5
Pipe or Pipe-Arch, Corrugated Metal
Projecting from fill (no headwall) 0.9
Headwall or Headwall and wingwalls square edge 0.5
Mitered to conform to fill slope 0.7
End section conforming to fill slope 0.5

(3) The USDA-NRCS Hydraulics Formula software can be used to determine pipe flow

calculation including local losses as shown in Example 4-16.

(1) Example 4-16 -Using the Pipe Flow tab in the Hydraulics Formula software,
calculate the discharge O and flow velocity V for a 18-in-diameter, 1200-ft-long,
corrugated plastic pipe (Manning’s n = 0.015) whose entrance is mitered to
conform to a fill slope (K. = 0.7). Head on the pipe is /0 fi.

(i1) The solution, illustrated in the figure 4-13 indicates that Q = 8.7 ¢fs, and V' = 4.6
ft/s.

Figure 4-13: Solution for pipe flow with entrance loss using USDA-NRCS
Hydraulics Formula.

- Pipe Flow -
2gH
Q=a 3
1+Ke+Kb+KplL
2
Where g = 32.2 fifsec and K= %
Mannings Coefficient (n): |0.015 Help to select 'n"' value |

Entrance Eneff?c?ent kel ||:I.."" Help ta select "Ke" value | Q=81 cfs
Bend Coefficient [Kb): |0 ‘elocity = 4.5 ft/sec
Diameter of pipe in inches: |18 Friction [Kp) = 0.0243
Head on pipe in feet; |10 tan allowable fall in pipe when

Length of pipe in feet: |1200 autlet iz not submerged = 9.5 (.

E =it

Frint
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E. Losses due to pipe fittings

(1) Pipe fittings such as valves, elbows, and bends produce local losses according to
(equation 4-31). The values of selected pipe fittings are shown in figure 4-14.

Figure 4-14: Local loss coefficients for selected pipe fittings.

Pipe fitting K

Globe valve, wide open 10

Alfalfa or stub valves 2.80
Close-return bend 2.20
Portable hydrants 1.00
Valve opening elbows 1.00
Tee, through side outlet 1.80
90° short-radius elbow 0.90
90° medium-radius elbow  0.75
90° long-radius elbow 0.60
45° elbow 0.42
Gate valve, wide open 0.19
Gate valve, half open 2.06

For a more complete set of values for local losses, refer to Brater and King (1996) or

Idelchik (1999).

(2) Calculating Pipe flow between two reservoirs including local losses using Manning’s

equation is found in Example 4-17

(3) Example 4-17

(1) The figure 4-15 shows the steady flow between two reservoirs whose free
surfaces have an elevation difference, H. The pipe has length L, diameter D, and
resistance coefficient; the pipe carries a discharge O and flows with a velocity, V.

Figure 4-15: Schematic of pipe flow between two reservoirs.

®
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(i1) The velocity at the free surfaces (A) and (B) is practically zero, i.e., V4 = Vz = 0,
and the gage pressure at those points is also zero, p4 = ps = 0. Finally, the
elevations of the free surfaces at points (A) and (B) can be taken as z4 = H and z;
= 0 (i.e., the reference level for elevation is free surface (B)). The energy
equation between points (A) and (B), including friction and local losses in the
pipe, is written as (see equation 3-24):

VZ

Zpt—+ == +—+—+ +Zh

AT T 2g Zp L

(ii1) Introducing Manning’s equation (equatlon 4-08) to estimate pipe friction losses,
the local loss equation (equation 4-31), and the data presented above, the energy
equation is written as:

+H+O+0— +O+V2+28755 L V24 KV2
“ w 29 ° 29 s 29

Results in:

_ 2 ZK>
H=v <28755<D/)+ T

In terms of the flow discharge, this equation is written as:

1602 YK
H—n2D4<28755<D/>+ 29)

(iv) The term Y K includes the sum of all local loss coefficients in the pipeline. Note
that the Darcy-Weisbach equation or the Hazen-Williams formula is always an
option to use in estimating pipe friction loss.

(v) Using the values L = 550 ft, D =2 ft, n = 0.012, O = 35 cfs, with the following
local loss coefficients:

e Entrance: K. =0.04 (bell-mouth entrance)

Elbow 1: Ky = 0.90 (short-radius elbow)

Elbow 2: Ky =0.75 (medium-radius elbow)

Valve: Ky =0.19 (gate valve, wide open)

Discharge: Kq=1.00 (standard value for discharge coefficient)

(vi) Thus, for this case

ZK =K, + Ky, + Kpy + K, + Kz = 0.04 4 0.90 + 0.75 + 0.19 + 1.0

= 2.88

(vii) Find the difference in elevations between the reservoirs, H. Using the equation
developed above:

(16)352 0.0122550 2.88
=——|[2.8755 T +

w224 2%/3 (2)32.2

(viii) If the elevation difference between reservoirs is known, the resulting equation

above may be solved for V to determine the velocity in the pipe. Then the
discharge may be determined with the continuity equation, Q = VA.

) = 16.77ft
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F. Development of the Pipe Flow equation

(1) The equation from the Pipe Flow tab in the USDA-NRCS Hydraulics Formula
software is shown figure 4-13 and repeated here:

2gH . _ 5087n2

=4 [—=29% — 2U87m”
Q 1+Ke+Kp+KyL * P a*/s

; d(in) (eq. 4-32)
(2) To develop this equation:

2K2K3+Kb+1

with K. being the entrance loss coefficient, K) accounting for devices such as elbows
and valves (referred to as Bend Coefficient in figure 4-13), and K; = I being the
discharge coefficient. Thus, the energy equation presented in example 4-17
(Manning’s equation is used to estimate pipe friction losses) is written as:

H—V2<28755<nZL)+2K>—V2 (2 )28755<n2L>+K +K,+1
7 p7:) " 2g) 2\ P p*s) ¢ P
(3) Replacing the diameter D (in feet) with d (in inches) and defining:

_ 5087n?
14 d4/3

(4) The energy equation becomes:

2 2
H= Z—g((Kp)(L) +K, + Ky +1) = 5—9(1 + Ke + Ky + () (1))
(5) Solving for V, gives the following equation:
_ 2gH
A+ K+ K+ (Kp) (L))
(6) Multiplying this result by the area of the cross-section and substituting Q for V4
gives equation 4-32.

4

G. Pipe flow calculation including local losses using USDA-NRCS Hydraulics Formula are
shown in Example 4-18

(1) Example 4-18 - Use the Pipe Flow tab in the USDA-NRCS Hydraulics Formula
software to determine the discharge in a pipe with L =550 ft, D =2 ft,n = 0.012, H
= [0 ft, with the following local loss coefficients, K. = 0.04 (bell-mouth entrance),
Kp2 = 0.75 (medium-radius elbow), and K4 = 1.00 (standard value for discharge
coefficient).

(2) The solution is shown in the following figure 4-16. The results shown are Q = 28.9
cfs and V' =9.2 fps. Also, the friction coefficient Kp = 0.0106.
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Figure 4-16: Solution for pipe flow including all local losses using USDA-

NRCS Hydraulics Formula

& USDA-NRCS Hydraulics Formula

boutHydr | WeitFlow | OrfficeFl

Straight Drop Structure ] Box Inlet Drop ]

Surface Inlet ] ]
Subsurface Drainage ] Pump Drainage l Diry Hydrant l W ater Cantrol Structure l Rect. Rizer Drop ]

oy ] Circular Section ] Parabolic Section ]

MenzLration Formulas ] Plunge Pool

Trapezaidal Section Fipe: Flow Cubvert Flow l Pipe Drop Stucture ] Hooded Inlet

- Pipe Flow -

2gH

Q=a
1+Ke+Kb+KplL
Z
‘Where g=322ft'sec  and  Kp= %
i
Mannings Coefficient [n]: |0.012 Help ta zelect "n" value |
Entrance Coefficient [F.e): |D.04 Help ta select "Ke'" value | Q=289
Bend Coefficient [kb); |0.75 Velocity = 9.2 ft/sec
Diameter of pipe in inches: |24 Friction (Kp] = 0.0108
Head on pipe in feet; 10 Man allowable fall in pipe when
Liengthiaf pipeiin feet: W outlet iz not submerged = 7.7 ft.
Esit | Compute || rint

634.0406 Pumps in Pipelines

A. Pumps are mechanical devices used to introduce energy into a pipeline system. Pumps
can be used, for example, to lift water from a lower elevation to a higher one, or to overcome
friction losses between reservoirs. The most common types of pumps used in pipelines are
centrifugal pumps. In this section the analysis of pipeline systems with centrifugal pumps is

presented.

B. A pump introduces an energy head hp into a pipeline system. The energy equation

including a pump head is written as:

D1 V;
Zl+w+2

12 h, = | VZ2 h h
_g+ p—22+z+z+ f+2 L

(eq. 4-33)

The normal convention is that energy added to the flow, such as the pump head hp, is
placed on the left-hand side (upstream side) of the equation, while, energy extracted from
or lost by the flow, such as the friction head hf and the sum of local losses } 4;, is placed
on the right-hand side (downstream side) of the equation.
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530 C. Pump Operational Characteristics
531 (1) In pipeline system hydraulics, an important operational characteristic of a pump is
532 the variation of the pump head /p with the discharge Q passing through the pump.
533 For centrifugal pumps the relationship between /4p and Q is given by a quadratic
534 equation (also called a polynomial equation of the second degree) of the form:
535 h, =aQ*+bQ + ¢ (eq. 4-34)
536 (2) The coefficients a, b, and c, in this equation, can be determined by fitting data from
537 tests performed on a given pump. The equation describing a given pump, or at least a
538 graph of the relationship between Ap and Q, should be available from the pump
539 manufacturer.
540 (3) Example 4-19 — Pump head and discharge analysis
541 (i) Tests on a pump produce the following discharge-head data shown in figure 4-17:
542
543 Figure 4-17: Discharge versus Head from Pump Tests

Q(cfs) Hp(ft)

0.0 253

5.0 22.0

10.0 18.3

15.0 12.0

20.0 4.2
544
545 (i1) The pump discharge graph and equation were produced with curve-fitting
546 software and are shown in figure 4-18.
547
548 Figure 4-18: Pump discharge-head graph

Pump discharge characteristics

30

25

20
15

H(ft)

10
y =-0.0331x%-0.3811x+ 25.143

5
0
0 5 10 15 20 25
Q(cfs)

549
550
551 (i1i1)) Notice from the graph that the energy head for zero discharge is H = 25.143 ft.
552 This is the “shut-off head” or maximum head for this pump. If valves are closed
553 and no flow occurs, the pump is capable of building 25.743 ft of head.
554
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(iv) The maximum pump capacity at free discharge is calculated from the pump
curve equation by setting H (y) = 0 and solving for Q. This gives

0 = —0.0331Q% — 0.3811Q + 25.143

The positive solution to this quadratic equation produces the free-discharge, O =
22.4 c¢fs, which the pump delivers with H = 0 (no discharge pressure). This
discharge is what the pump would deliver if it were disconnected from any
pipeline and allowed to discharge freely to the atmosphere.

(v) Example 4-20 illustrates the use of manufacturer-provided pump curves in pump
selection.

The figure 4-19 shows the pump curves provided by a manufacturer for
various pumps whose sizes are specified in the figure.

Figure 4-19: Manufacturer-provided Pump Curves and Pump Sizes

OVERALL DIN NS MODEL Motor Power Pipe Size  Dimension "A™

KW inchas
SF3005X7AL | 055 1% 105/
SPI007X10AZ 1 075 | 1% 1
SPI010X1SAZ* | 1% | L10 2 124
SPR015X20AZ* 2 155 2 1334
SPI020%25AT* | 2%: | LEB 2 Bve | 332
SP3025)30AZ 3 220 2

1457w | 361

*Super 11 Pumps available with dual-speed mators.

TOTAL HEAD

e A I . O R . e .

SFRILANLAAT Lampsasr
| e | SOSRERD

r S PAT
[

o w e e BEREHN RS EE de
o5 @ ¥ &2 ¥ & 22k E G

W T W &4 SN @ ;M ¥ W I U 1N 13 M 1S B 10 180G
! ! I
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CAPACITY PER MINUTE

Suppose that the pump is to be installed in a system as that shown in figure 4-
20. The parameters of the system are the following: L = 1000 ft, D = 2 in, e
= 0.000005 ft, g = 32.2 fi/s*, v=1.20x107ft/s, Ke = 0.5, Kd = 1.0, (i.e., 2K
=1.5),and Az = 20 ft.
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Figure 4-20: Pump-pipeline System for Analysis.
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A numerical spreadsheet application was used to develop the system curve,
which is the capacity and head needed for various operating conditions. The
tabular data for the system curve are shown in figure 4-21:

Figure 4-21: System Curve (Tabular)
System hp (ft) Q (gpm)

21 4
30 22
55 45
93 67
142 90
275 135
451 180

The next step is to plot the system curve values of zp (ft) and O(gpm) over
the manufacturer’s pump curves, as shown in the figure 4-22:

Figure 4-22: Pump System Curve (Graphical)
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e The points of intersection of the system curve with the pump curves are the
operating points. The three system operating points for the pumps using 2-
inch diameter pipe are:

- Pump SP3010X15AZ, Q = 59 gpm, hP = 80 ft
- Pump SP3015X20AZ, Q = 64 gpm, hP = 88 ft
- Pumps SP3020X25AZ and SP3025X30AZ, Q=69 gpm, hp =99 ft

Generally, a pump should be selected with an operating point at 80 to 85% of
the shut-off head (maximum head).

D. Pump Power and Efficiency

(1)

2

3)

4)

The hydraulic power developed by a pump represents the amount of energy per unit
time introduced by the pump into the flow. The hydraulic power, P}, is calculated as:

Pr = vwQhy, (eq. 4-35)

where Y, is the specific weight of water. Using the units of the English system,
namely, y,, (Ib/f¥*), O (cfs), and hy(ft), the power is given in units of lb-ft/s. A more
commonly used unit of power in the English System is the horsepower (hp) defined
as 1 hp = 550 Ib-ft/s. Thus, in terms of horsepower (Py) the equation for the hydraulic
power of a pump is:

YwQh
P, = 550” (eq. 4-36)

In units of the International System (SI), namely, y,, (N/m?), Q (m’/s), and h,(m), the
pump power Py, is given in Watts (). For the SI use equation 4-35 to calculate the
power.

To provide hydraulic power, P, the pump P is activated by a motor M as illustrated
in Figure 4-23. The motor can be powered by electricity at connection £.

Figure 4-23: System Schematic showing Motor M, the Electric Supply E, and
Pump P

E

E % losses
M] 'm
/J\:—f} lozzes

4 WPl —
- Q

=

The motor provides the pump with input power P,,, however, due to energy losses by
friction in the pump shaft (which is dissipated as heat in the environment), and other
losses, not all the motor power P, is utilized by the pump to produce hydraulic
power. Thus, in general, P, < P, and the ratio between the hydraulic power and the
motor power is a quantity smaller than one (Py/P,<1I) known as the efficiency of the

pump, 7’]p:
n=2t<1 (eq. 4-37)
Pm
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(5) The motor itself is provided with a certain amount of electric power Pe; however, due
to losses in the transmission line as well as in the motor mechanism the motor power
Pm is smaller than the electric power, i.e., P»<P.. Thus, the efficiency of the motor,

Mm, 1s a quantity smaller than one (P,/P. <I), defined as:
n=2t<1 (eq. 4-38)
e

(6) The combined motor-pump system, in turn, has an efficiency 7., defined as
P Py (Pm
Ny = 5o = (ﬁ) (P—) =M, <1 (eq. 4-39)

(7) The various efficiencies, 7i, can be expressed as a percent by multiplying by 100.
(8) Example 4-21 - Calculating Pump power and efficiency.

(i) A pump produces a head hp = 41.67 ft with a discharge O = 1.24 cfs. The pump
efficiency is 80% (77, = 0.80) and the motor efficiency is 90% (7. = 0.90).

(i1) Determine: (a) the hydraulic power provided by the pump to the flow, P#; (b) the
power that the motor needs to provide to the pump, Pm; (c) the electric power
needed to be provided to the motor, Pe; and (d) the efficiency of the motor-pump
system, #]-p.

e The hydraulic power (in hp) is calculated according to equation 4-36:

wQh,  (62.4)(1.24)(41.67)
550 550

e The power provided by the motor follows from the definition of the pump
efficiency (equation 4-37):
_ Py 586

=h =22 7334
™y, 080 4

e The electric power provided to the motor follows from the definition of the
motor efficiency (equation 4-38):
b _ P, —7'33—814}1
e=h, 090 P
o The efficiency of the motor-pump system can be calculated with equation 4-
39:

Nm—p = Mp X Ny = 0.80 X 0.90 = 0.72 = 72%

or

P, 586
- =0.72 = 72%
Pe

Nm-p ~ 814
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634.0407 Pipelines and Networks

A. Pipelines of different diameters can be combined into different configurations including
pipes in series, pipes in parallel, pipes converging to a single point, and more complex pipe
networks. These configurations are discussed in the following sections.

B. Pipelines in Series

(1) Pipelines in series consist of segments of pipeline connected one after the other so
that the flow discharge follows a single path. An arrangement of pipelines in series is
presented in figure 4-24.

Figure 4-24: Three Pipelines in Series Connecting Two Reservoirs

®

1 rd |
= il |
t L1 4 Ly ! Lyi—+

(2) Three pipelines of different diameters and lengths are shown carrying water between
reservoirs (A) and (B). The pipelines have lengths L;, L2, and L3, with corresponding
diameters D;, D, and Ds. In addition, the pipelines have different roughness
coefficients. The elevation difference between reservoirs (A) and (B) is given by AH.

C. Local head losses due to an expansion or a contraction

(1) The system illustrated in figure 4-24 shows an expansion in diameter between
pipelines 1 and 2 (point X), and a contraction in diameter between pipelines 2 and 3
(point C). Expansions and contraction in pipelines produce local head losses.

(2) For a sudden expansion, the local head losses are calculated as:

By = BV _ [ (2 i (D—”)z—12"—d2 4-40
(hym = BP0 = 1 — (2T L= [(2)" | Y (eq. 4-40)

(3) The subscripts, u and d refer to the upstream and downstream pipelines. Notice that
the head loss in a sudden expansion depends only on the diameters upstream and
downstream of the expansion (Du, Dd). Defining expansion loss coefficients as:

Dy \? 2
Ky = [1 - (D—d) ] (eq. 4-41)
or
Dy \? 2
Ky = [(D_Z) - 1] (eq. 4-42)
(4) The general form of the local losses equation is written as:
V2 vz
(he)x = Keu (52) = Kua (32) (eq. 4-43)
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(5) For a sudden contraction, as the one between pipes 2 and 3 in figure 4-24, the local

head losses are given by the equation:

(h)e = K. () (cq. 4-44)

where K. is the contraction loss coefficient given in figure 4-25, below, and V7 is the
flow velocity in the downstream pipeline, i.e., the one with the smallest diameter. In
figure 4-24, D, and D, are the diameters of the pipe downstream and upstream of the
contraction. See Brater and King (1996) or Idelchik (1999) for more information on

pipeline contraction losses.

Figure 4-25 Local Head Loss Coefficients for a Sudden Pipe Contraction

Dy /Du Kc Dy /Du Kec

0.1 0.45 0.6 0.28
0.2 0.42 0.7 0.22
0.3 0.39 0.8 0.15
0.4 0.36 0.9 0.06
0.5 0.33 1.0 0.00

D. Energy equation for the three-pipeline system

(1) In writing the energy equation between reservoirs (A) and (B) in figure 4-20 friction

head losses in each pipeline will be included, as well as, entrance losses from
reservoir (A) into pipeline 1, expansion losses at point (X), contraction losses at point
(C), and discharge losses from pipeline 3 into reservoir (B). For the points (A) and
(B) in the surface of the reservoirs, V4 = Vz =0, ps = pp = 0, z4 = zp + AH. The
expressions for the local losses are the following:

(1) Entrance loss from reservoir (A) to pipe 1:

2
(h)e = K, Z—; : with Ke=0.5. (See figure 4-11.)

(i1)) Expansion from pipe 1 to pipe 2:

v . p,\21
(hL)x = le i 5 with le = [1 — (D_d) ]

(ii1)) Contraction from pipe 2 to pipe 3:
(hp)e =
D3/D2.

(iv) Discharge loss from pipe 3 into reservoir (B):

V3

K, 2 ; with K from figure 4-25 as a function of the ratio of

(hp)a = Kd Wlth Kd=1.0 always.

(2) The friction losses in each pipe may be calculated using either the Darcy-Weisbach

equation, the Manning’s equation, or the Hazen-Williams formula. The total friction
loss is the sum of each pipe’s friction loss.

(3) The energy equation for the system of ﬁgure 4-24 is written as:

V2
zA+p—A+ i: B+—+—+ th+ZhL
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719 (4) From which it follows that:

0 0 0 0 V2 V2 V2 2
720 ZB+AH+5+ 5—23‘1‘54'@4‘ th+KeE+KX1E+KCE+Kd5
721 or,

Vi Vi vi 43

722 AH=2hf+ZhL =2hf+Keg+Kx15+Kc£+Kdg (eq4-45)
723 (5) In most analyses of pipelines in series the diameters of the pipelines are known, and
724 the problem consists in determining the discharge Q for a given available head AH, or
725 vice versa. The three examples of pipes in series presented below include the effect
726 of local losses.
727 (1) Example 4-22 — Pipes in series using the Darcy-Weisbach equation. The system
728 of Figure 4-24 has pipelines lengths, diameters, and roughness values: L1 = 200
729 ft, L2 =4001t, L3 =150 ft, DI = 1.00ft, D2 = 1.50 ft, D3 = 1.00 ft, el =
730 0.0001ft (concrete), e2 = 0.00004 ft(PVC), and e3 = 0.00025 ft (welded steel).
731 The kinematic viscosity is v = 1x107 ft2/s. (a) If the discharge O = 5 cfs,
732 determine the needed head AH. (b) If the available head between the reservoirs
733 is AH = 30 ft, determine the discharge through the pipes.
734 A spreadsheet application gives the results. If the discharge is 5 cfs, the needed
735 head is coincidentally 5 f. If the available head is 30 fz, the discharge, Q = 12.58
736 cfs.
737 (i) Example 4-23 - Pipes in series using the Manning’s equation. Using the same
738 data as example 70, the pipe lengths diameters, and Manning’s n coefficients are
739 givenby L1 =200 fi, L2 =400 ft, L3 = 150 ft, D1 = 1.00ft, D2 = 1.50 ft, D3 =
740 1.00 ft, nl = 0.012(concrete), n2 = 0.01(PVC), and n3 = 0.013(welded steel). (a)
741 If the discharge O = 5 cfs, determine the needed head AH. (b) If the available
742 head between the reservoirs is AH = 30 ft, determine the discharge through the
743 pipes.
744 A spreadsheet application gives the results. If the discharge is 5 cfs, the needed
745 head is 8.72 ft. If the available head is 30 f#, the discharge, O = 9.61 ¢fs.
746 (ii1)) Example 4-24 - Pipes in series using the Hazen-Williams formula. Using the
747 same data as examples 4-21 and 4-22, the pipe lengths, diameters, and Hazen-
748 Williams coefficients are given by L1 = 200 ft, L2 = 400 ft, L3 = 150 fi, DI =
749 1.00 ft, D2 =1.50 ft, D3 = 1.00 fi, CHW1 = 120(concrete), CHW 2 = 150(PVC),
750 and CHW 3 = 120(welded steel). (a) If the discharge O = 5 ¢fs, determine the
751 needed head AH. If the available head between the reservoirs is AH = 30 ft,
752 determine the discharge through the pipes.
753 A spreadsheet application gives the results. If the discharge is 5 ¢fs, the needed
754 head is 6.37 ft. If the available head is 30 ft, the discharge, O = 11.39 cfs.
755
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756 (6) Calculations were also made ignoring local losses in examples 4-22, 4-23, and 4-24.
757 Figure 4-26 shows the effect of neglecting local losses on discharge.
758
759 Figure 4-26: Effect of neglecting local losses on an example pipeline system
Friction loss Q (cfs) including  Q(cfs) neglecting Percentage
method local losses local losses difference
Darcy-Weisbach 12.58 14.79 17.56%
Manning's 9.61 10.47 8.95%
Hazen-Williams 11.39 13.03 14.40%
760
761 (7) The percentage differences in example 4-23 are too large to neglect local loss. A
762 generally accepted criterion is that local losses should be included in a pipe design
763 analysis if the local losses exceed 5% of the total head loss.
764 E. Pipelines in Parallel
765 (1) Figure 4.27 illustrates reservoirs connected by three different parallel pipelines
766 conducting water between the reservoirs. An energy equation can be written
767 separately for each of the pipelines. Including entrance (4.), discharge (exit) (%4), and
768 friction (%) losses for each pipeline, the corresponding energy equations can be
769 written as:
770 AH = (he)y + (ha)y + (Ry),
771 AH = (hp), + (hy), + (hf)2
772 AH = (hy)1 + (hg), + (hf)1 (eq. 4-46)
773 Where the subscripts (1), (2), and (3) refer to each of the pipelines as illustrated in
774 figure 4-27.
775
776 Figure 4-27: Three pipelines in parallel connecting two reservoirs.

777
778

779 (2) A simplified analysis in which the local losses are neglected simplifies equation 4-46
780 to:

781 AH = (he), = (hs), = (hr), (eq. 4-47)
782
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783 (3) A typical problem of parallel pipes consists in determining the total discharge QO
784 delivered from the upstream to the downstream reservoir given the available head AH
785 between the reservoirs. Given AH, the available head, the friction loss, /4, is known.
786 Then using either the Darcy-Weisbach equation (requires spreadsheet application for
787 efficient calculation), the Manning’s equation, or the Hazen-Williams formula, the
788 individual discharges Q1, Q2, and Q3 can be obtained. The individual discharges are
789 summed to obtain the total discharge. The examples using Manning’s equation and
790 the Hazen-Williams formula presented below neglect local losses.
791 (i) Example 4-25 - Pipes in parallel using the Manning’s equation. The system of
792 figure 4-27 has pipelines lengths, diameters, and Manning’s n coefficients: L/ =
793 200ft, L2 =400 ft, L3 =150 fi, D1 = 1.00 ft, D2 = 1.50 ft, D3 = 1.00 ft, nl =
794 0.012, n2 = 0.018, and n3 = 0.010. If the available head is AH = 30 ft, determine
795 the total discharge between the reservoirs.
796 e The head loss through each pipeline is 30 ft. Manning’s equation (equation 4-
797 09) is used to calculate the individual discharges:
8
798 Q=0 4632D1/3 (A1 _ 64632 1075 130 14.95
1= m | L 00325017 (700 - 1490
8
799 = 0.4632 D2/3 (h)z _ 0.4632 1575 |30 = 20.78
2 =5 n, | L, 40320018 200 - 2078
8
800 =0 4632D3/3 (r)s _ o 4632 L0% |30 _ 20.71
Qs =0. e | L, 46320010 [150 ~ 2071¢Ss
801 e The total discharge is Q = 14.95 cfs + 20.78 cfs + 20.71 cfs = 56.44 cfs.
802 e Discharge calculations may also be made for individual pipes with Pipe
803 Flow, NRCS Hydraulics Formula program, which uses Manning’s equation
804 for friction losses. The discharges calculated will be slightly less than those
805 shown above because Pipe Flow, USDA-NRCS Hydraulics Formula
806 automatically accounts for a local loss at the pipe exit (Kd = 1.0).
807
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808 (i1) Example 4-26 - Pipes in parallel using the Hazen-Williams formula. The system
809 of figure 4-27 has pipelines lengths, diameters, and Hazen-Williams coefficients:
810 L;=200ft L, =400ft L3 =150t D; = 1.00 ft, D> = 1.50 ft, D; = 1.00 ft, Cuw:
811 = 100, Cuwz = 80, and Cruwz = 120. If the available head is AH = 30 ft, determine
812 the total discharge between the reservoirs.
813 e The head loss through each pipeline is 30ft. Using (equation 169), the
814 individual pipe discharges are calculated as follows:
0.54 0.54
263 () 2.63

815 Q1 = 0.432Cyy1 D7 — = 0.432(100)(1.00) —

Lq 200
816 = 15.50c¢fs

h 0.54 30 0.54
817 Q, = 0.432Cyy, D33 ()2 = 0.432(80)(1.50)%¢3 (—)

L, 400

818 = 24.79cfs

h 0.54 30 0.54
819 Q3 = 0.432Cyy3 D3 yda) 0.432(120)(1.00)*¢3 (—)

Ls 150
820 = 21.74cfs
821 e The total discharge is Q = 15.50 cfs + 24.79 cfs + 21.74 cfs = 62.03 cfs.
822 F. Pipelines Converging at a Single Point
823 (1) Figure 4-28 shows a pipeline system consisting of three pipelines connecting
824 reservoirs A, B, and C to a single delivery point J (for Junction), where a total
825 discharge Q is to be delivered. Shown in the figure are also the elevations of the free
826 surface of the reservoirs, namely, HA, HB, and HC, as well as the piezometric head
827 elevation of the junction point, HJ.
828
829 Figure 4-28: Three pipelines converging to a single delivery point.

830 @

831
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(2) Neglecting local or minor losses, the energy equations for the three pipelines shown
above are written as:

Ha — Hy = (hy),
Hg — H; = (hy),
He—H; = (hf)3 (egs. 4-48)

Where (hy), (hy2, and (hy; are the friction losses in pipelines [1], [2], and [3],
respectively.

(3) A typical problem for the system illustrated in figure 4-28 consists in determining the
discharge Q given the elevations of the free surfaces in reservoirs A, B, and C (HA,
HB, HC) and that of point J (HJ). The individual pipe discharges are summed to
obtain the total. The examples using Manning’s equation and the Hazen-Williams
formula presented below neglect local losses.

(1) Example 4-27, Converging pipelines using Manning’s equation. The system of
figure 4-28 has pipelines lengths, diameters, and Manning’s n coefficients: L; =
200 ft, L, =400t L3 = 150 ft, D; = 1.00 ft, D> = 1.50 ft, D; = 1.00 ft, n; =
0.012, n; = 0.018, and n3 = 0.010. The elevations of interest are H, = 280 ft, Hp
=290 1t Hc = 310 ft, and H; = 250 ft.

e Determine the total discharge delivered to junction J. The energy losses in
each pipeline are calculated as follows:

(h): = Hy— Hy = 280 fi — 250 ft = 30 fi,
(hy)> = Hs— Hy = 290 fi — 250 ft = 40 fi,
(h)s = He— Hy = 310 ft — 250 ft = 60 ft.

e Asin example 4-25, Manning’s equation is used to calculate the individual
discharges as follows:

8
—04632D/3 (hf)l—o46321'08/3 30 _ 1405
@ =0. m |1, 046325007 (200 = M90S
8
—04632D2/3 (hf)z—o46321'58/3 20 _ 2399
Q2 =0. n |1, - 040320018 200 - 2399

8
0,3 [(hp)s 1.0%3 |60
05 = 0.4632=2— = 046325 | = = 29.29¢fs

ns | Ls 0.010

e The total discharge is Q = 14.95 cfs + 23.99 cfs + 29.29 cfs = 68.23 cfs

e As in the previous parallel pipes example 4-25, using Manning’s formula for
friction losses, discharge calculations may also be made for individual pipes
with Pipe Flow, USDA-NRCS Hydraulics Formula program. The discharges
calculated will be slightly less than those shown above because Pipe Flow,
USDA-NRCS Hydraulics Formula automatically accounts for a local loss at
the pipe exit (Ks = 1.0).
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(i1) Example 4-28, Converging pipelines using Hazen-Williams formula. The system
of figure 4-28 has pipelines lengths, diameters, and Hazen-Williams coefficients:
L1=200ft L2=400ft L3 =150ft DI =1.00ft D2 =1.50ft D3 = 1.00 ft,
CHWI1 =100, CHW 2 = 80, and CHW 3 = 120. The elevations of interest are HA
=280 ft, HB = 290 ft, HC = 310 ft, and HJ = 250 ft. Determine the total
discharge delivered to junction J.

e The energy losses in each pipeline are calculated as follows:

(h)) = Hy— Hy = 280 ft — 250 fi = 30 ft,
(h)2 = Hs— H, = 290 ft — 250 fi = 40 ft,
(h)s = He— Hy = 310 ft — 250 ft = 60 fi.

e Asin example 4-25, the Hazen-Williams formula is used to calculate the
individual pipe discharges as follows:

G 30 \05*
01 = 0.432Cn D26 (<L) = 0432(100)(1.00)> (M)
1
= 15.50c¢fs
h 0.54 40 054
Q, = 0.432Cyy, D33 (%) = 0.432(80)(1.50)2¢3 (W)
2
= 28.95¢fs
ho)a\ 054 60 +0-54
Q5 = 0.432Cyy5 D33 <(LL)3> = 0.432(120)(1.00)%63 (ﬁ)
3

= 31.60cfs
e The total discharge is Q = 15.50 cfs + 28.95 cfs + 31.60 cfs = 76.05 cfs.
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G. Pipeline Networks

(1) Pipe networks are utilized to supply water for urban and rural domestic and industrial
uses. Networks are also used by irrigation districts and occasionally in livestock
watering systems. A pipe network is simply a collection of pipes connected in a given
geometric pattern and having at least one supply point and one delivery or
consumption point. The points where individual pipelines join each other are known
as junctions or nodes. Pipe networks are schematized as geometric constructs of lines
representing the component pipes.

(2) The main purpose of analyzing a given pipe network is to determine the discharge in
each pipe and the piezometric head at each node. These results can be used then to
verify that certain design guidelines, such as minimum flow velocities and minimum
junction pressures, are satisfied. The analysis of pipe networks requires the
simultaneous solution of several mathematical equations that represent equations of
continuity at the nodes, and equations of energy around closed loops and/or pseudo-
loops.

(3) Analyses of simple pipe networks may be performed with a spreadsheet application,
but spreadsheet use would become very tedious as the number of pipelines and loops
increase. There are several publicly available and commercial software that can be
used for network solution in a more efficient manner, such as the U.S. Environmental
Protection Agency’s EPANET software.

634.0407 EPANET

A. A software program available for doing pipeline hydraulic calculations is called
EPANET. Developed and supported by the US Environmental Protection Agency, this
program can be used for full pipe design. It is available online and an approved CCE version
can be loaded on NRCS computers (at this time it must be installed by an IT specialist). It is
free to use, and training can be self-based through tutorials or the web site.

B. This program uses pipes, junctions, pumps, valves, storage tanks and reservoirs as the
basis for design. It has the capability of doing simulations over user defined time frames
computing flow, velocity, source, chemical tracking and water age. The pipe system can be as
simply a single pipeline or more complex using multiple pumps, water sources, networks and
loops. Units can be English or metric as well as the results. Maps (as either *.bmp, *.emf, or
* wmf files) can be used as backdrops for lay out, which can be used to scale the system or
enter points and define the layout as the system is developed. There is no limit to size of the
network being analyzed and calculations can be made using either Hazen-Williams, Darcy-
Weisbach or Chezy-Mannings to compute friction.
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C. Valves, pumps and junctions (or turnouts) can be set to turn on or off at different times of
the day. Pumps can be entered with one or more flow/head points on the curve or the pump
characteristics can be estimated using a one-point curve built by EPANET. Modeling of the
flow, demands, quality or age can be estimated and colorized and seen as flow changes.
There is a tutorial available that has step by step instructions to build a few different types of
scenarios and explanations on how to use them. This program is very easy to use and quick to
enter data to get hydraulic flow information.

(1) Example 4-29 Use of EPANET for a single pipeline. For a pumped pipeline from a
water source at point 1 (reservoir) to 3 turnouts across a field using EPANET in the
figure 4-29.

Figure 4-29 Hydraulic example for EPANET

Pt7
Pt5 Pt6

Pt 4 Ei1iz El1s  EL128

El110

TO

TO 19 300 gpm
Pta 150 gpm 200 9PM ®
Pt2 EI105
E1100
P

Pt1 " Pump
Soure
El95

(i) After opening the software, it is easy to set up the initial defaults. From the menu

(i)

choose the View, Options and select the notation, flow arrows, symbols to use.
Under Notation checking the Display Node Values, Display Link ID’s and
Display Link Values turns on the values to the screen for the user to see. For
more complex systems with loops or multiple pumps or inlets, the flow arrows
are good to see how the system is operating. All these settings can be selected at
any time during the program operation.

Next, from the Project menu, choose Defaults, and under the Properties and the
Hydraulics tabs to choose the hydraulic calculation method, the typical pipe size,
length, and friction loss value. It is possible to have the software scale the
dimensions based on an inserted background photo or you can adjust the pipe
length at any time under the properties list for each pipe. You may also edit the
view of the layout by changing the nodes under the view. This makes it easier to
see water source, direction, which valves are open or closed and where possible
design concerns are located.

(iii) For this example, enter a reservoir as a water source (Pt 1) and nodes for each of

the above points (Pt 2-7) into EPANET. The screen shot of what this could look
like is shown above with flows in gpm at each of the turnout nodes (Pts. 5, 6 and
7). After entering the reservoir and nodes for the system, select the pump and
connect it to the reservoir and to point 2. Then connect the pipes from node to
node. Edit all the information in the properties table for each node elevation and
pipe diameter, friction and length. All elevations are as shown. Use 500 ft. of 10”
diameter pipe from the pump outlet at point 2 to the first turnout at point 5. From
point 5 to the next turnout at point 6 use 200 ft. of 8” diameter pipe and from the
second turnout (Pt 6) use 300 ft. of 6” diameter pipe the end (Pt 7), calculate the
pump head needed in feet to get 45 psi of pressure at the third turnout (Pt 7).
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(iv) With the pump located between the reservoir and point 2 it is connected between

V)

these two points and is just ties into the line and does not take up length in the
system. To get the system to run, at least a one-point pump curve (Q in gpm and
H in ft) must be entered. This is done in two parts. First a pump curve needs to be
entered under curves on the right under Data on the Browser menu. Next enter
the pump curve number into the pump properties table. For this example, we
want to produce a pressure of (45 psi) at the end of the line. To get this pressure,
we can do trial and error for the pump. For the first estimate try a flow of 650
gpm and head 150 ft entered. The figure 4-30 is of the pump 1 Curve editor.
Edits can be made by either selecting an item or by selecting from the Browser,
Data menu on the right. After entering the correct friction coefficient, friction
loss equation to use, pipe size and lengths, select the run button (lightning bolt) to
see if it works or if there is an error. Errors usually come from pipes not
connected to nodes or junctions, pump curves not entered correctly or a possible
hydraulic issue. Support and troubleshooting can be found by using the support
contained in the software.

(vi) The pump flow rate may show up as negative since it is losing that amount of

water, as will the reservoir.

Figure 4-30: Pump Curve editor screen shot. Only one point is entered for
this example and the curve is calculated from the program.

-

Curve Editor 2
Curve |0 Dezcription
1 |
Curve Type Equation
|PUMP | |Head = 200.00-0.00071184{Flow]"2.00
Flow ‘ Head | - 200
E50 150
150
=
=
T 100
I
50
0 500 1,000
- Flow (GPM)
Load... Save... Ok Cancel Help

(vii) Velocity and demand graphics are included for the example below, which can

be turned on from the Browser, Map menu. This color codes the EPANET results
for each section of pipe and locations of turnouts with flow amounts.

(viii) Figure 4-31 shows an EPANET screen shot with flow direction and velocity

shown next to the direction arrows, turnout flows in red in gpm, plus reservoir
location and pipes. The pump is located between points 1 and 2.
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Figure 4-31: Screen shot of EPANET output

Velocity
1.00
2.00

Demand
25.00
50.00
75.00
100.00
GPM

L 2
P oe -
85000  0.00

(ix) To have 45 psi (44.9 psi in circle below) at the end of the line (Point 7) the pump
would need to have an outlet head of 150 ft. (62.83 psi) as shown at Junction 2 in

figure 4-28.

(2) The main disadvantage of EPANET is the lack of reports that are user friendly to
NRCS. Reviewing the file in EPANET is the best way to see what is going on.
Reports do not show all the details that use common NRCS nomenclature (see fig 4-

32 and 4-33).

Figure 4-32: Output table of Junction information for EPANET example
Network Table - Nodes

Node 1D

Junc 2

Junc 3

Junc 4

Junc &

Junc B

Junc 7

Resvr 1

Figure 4-33: Output table of links (Pipelines) for EPANET example.

Demand Head Pressure
GPM ft psi
0.00 245.00 62.83
0.00 242,87 53.74
0.00 240.74 56.65
150.00 23862 54.86
200.00 23473 51.88
300.00 226,61
-650.00 95.00 0,00

Metwork Table - Links

Link (D

Fipe 2

Fipe 3

Fipe 4

Pipe &

Pipe &

Pump 1

Flaw
PR

650.00
650.00
500.00
300.00
E50.00

Welocity IInit Headlozs | Friction Factor | |
fps ({81413
2.EE 213 0016
2.EE 213 0016
2.EE 213 0016
319 388 0016
3.40 B.12 n.ao17
0.00 -150.00 0.000
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(3) What they do show is the operating characteristics of the system and how it will
perform. The reports can be used to build a design and include the appropriate data.

D. Friction, velocities, pressure, flows can be found in the EPANET program for each node
and line. This is useful and can be transferred to other programs for graphing or
documentation. Printing reports and explaining system hydraulics by the user may be the best
way to show results. Another option with the program is to inject chemicals (chemigation and
fertigation) and look at aging and distribution with varying flow parameters. Concentrations,
timing and direction can be quickly shown in real time system operation.

E. EPANET can be used with multiple pumps, loops and varying flow requirements. It is
easier to use than most spreadsheets, more flexible and files that can be transferred to others
who can easily view and use.

634.0408 WaterCAD

A. Bentley® WaterCAD is a commercial software program written to do hydraulic
calculations in piping systems. This tool has been available through a limited number of
licenses to NRCS staff or it can be purchased.

B. This program is more robust than EPANET and provides added flexibility in hydraulic
analysis. There are examples and lessons on how to use the program as a part of the software
package. With more ability in a program requires more challenges for using. The following
example is given to provide a bit of insight on its use.

(1) Example 4-30 Use of WaterCAD for a single pipeline. In example 4-29, from the
EPANET section will be used to show the WaterCAD program use. The first thing
after opening the tool is to set up the system parameters with Tools, Options that are
appropriate. The Drawing tab in the Options table is also a good item to check to set
the scale and text alignment. Lastly the Labeling tab in this menu has the names of
the different codes for each of the items that can be inserted such as pipes, valves,
and pumps.

(2) One option to make the project easier to follow is to insert a background image. This
can be from many different formats including jpeg, dxf, shp, jif, or sid. There can
also be many layers that can be turned on and off as needed. Multiple images can be
placed side by side to sequence a series of views, such as for a long pipeline.
Switching images off and on can help in layout and in building a longer plan view of
a system into a complete file. Look under the View, Background Layer to start a new
file and add to your background drawing. The scale of the background can be
changed by adjusting the XY coordinates of the image. Be sure and adjust the image
the same in both dimensions. It can be moved by adjusting the 0:0 location.

(3) Next look at the inputs for the example. In this case the drawing from the EPANET
example above will be used as the layout. Building this data into WaterCAD is like
inputting into EPANET. Using the different symbols on the left of the screen can
guide you to the type of item to select. First start with the reservoir ¥ , which is a
quarter of the way down from the top of the screen. After clicking on it, place it on
the screen where it belongs. Every time you left click on the mouse a reservoir will
be placed until you either choose a new item or select the edit arrow at the top of the
list. To select and edit an item after it is on the screen, left click and it will turn red
and you can delete, edit or move the item.
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Place a pump next to the reservoir and connect it to the reservoir with a pipe. After
that either enter junctions or pipes. Using the pipe button, will include junctions, if
needed. For example, when entering a pipe to connect the reservoir to the pump a
junction will be shown. By clicking on the reservoir, the line will show a junction
which can be ignored and clicking on the pump will link the pipe. This way the
suction side of the pump can be any length and size, which is not as easy to do in
EPANET.

While still in the pipe mode and connected to the pump, move to the right and for
every mouse click a pipe and junction will be placed. This can continue for as many
lengths as necessary. The length will be scaled based on the distance you move.
Having a background image will provide a good basis and scale for the layout. An
example of a junction could be a change in grade, T in the pipe, outlet for a sprinkler,
valve or turnout.

After the example has been entered and it looks like the EPANET example, it is
necessary to edit the information to the actual conditions. To do this simply click on
the item you want to edit, and a properties screen will open. This is where pipe,
junctions, reservoirs, pumps can be edited. You can move across the system and
choose items in whatever order you want. Pipe type, size, roughness factors and
length may be entered. The junctions may also be edited by clicking on the points
and changing data in the properties table. Information that needs changing includes
elevation, flow out of a point, or valve information.

This program is much more robust than described here, this is just a quick overview
to introduce the subject.

634.0409 Appurtenances in Pipelines and Networks

A. In this section many appurtenances commonly used in pipelines and pipe networks are
described.

B. Air Vacuum and Release Valves

(1

Entry and entrapment of air in a pipeline during filling and operation of a pipeline
can cause development of air pockets. Air pockets tend to restrict and reduce flow or
increase pumping costs in pipelines. Air pockets that build-up in pumped pipelines
can reduce flows by 5 to 15%. In low-head, gravity-driven flow, air pocket build-ups
can reduce flow up to 50%. On the other hand, a lack of air entry can cause pipe
collapse if a vacuum develops behind flowing water as a pipeline empties. Air valves
are of four types:

(2) Air/vacuum relief valves, also known as kinetic air valves, large orifice air valves,

3)

vacuum breakers, low-pressure air valves, and air relief (not release) valves. Large
volumes of air are discharged before a pipeline is pressurized, especially at pipe
filling. Large quantities of air are admitted when the pipe drains and at the
appearance of water column separation.

Continuous acting air and vacuum valves, also known as double orifice air valves, or
combination air valves, fill the functions of the air/vacuum relief valves and air
release valves, admitting and releasing large quantities of air when needed, and
releasing air continuously when the lines are pressurized (fig 4-34).
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1101 Figure 4-34: Continuous acting air valve

RS

1102 &

1103

1104 (4) Air release valves are also known as automatic air valves, small orifice air valves,
1105 continuous acting air vents, and pressure air valves. These vents continue to

1106 discharge air, usually in smaller quantities, after the air vacuum valves close, as the
1107 line is pressurized.

1108 (5) Vacuum relief valves are large orifice valves for vacuum relief only. These valves
1109 allow air to enter the pipeline when draining.

1110 (6) Guidelines for placement and sizing of air valves:

1111 (1) Locate air release valves or continuous-acting air and vacuum valves at all high
1112 points and at 1/4-mile intervals on pipelines with constant grades. Locate an air
1113 release valve at the end of the line.

1114 (i1) Avoid oversizing air release valves to lessen the possibility of water hammer.
1115 See section 634.0411 for more information on water hammer.

1116 (ii1)) Locate an air-and-vacuum or vacuum valves to allow air to enter behind the
1117 water as a pipeline is emptied. Vacuum valves are generally not needed on
1118 pipelines of less than 3-inch diameter for protection from collapse; however, they
1119 may be needed to insure complete drainage of the line. On the other hand,
1120 vacuum valves are important on low head plastic irrigation pipe and large

1121 diameter steel pipe (>24”) to prevent collapse of the line.

1122
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(7) Valve sizes may be determined for a pipeline by calculating: (1) flow for both filling
and emptying the pipeline, (2) pipe collapse pressure, and (3) valve intake or
discharge at a prescribed pressure across the valve as illustrated in example 4-30.

(i) Example 4-31 - Air valve sizing. Given: 18” diameter, 80 psi, SDR 51, PVC pipe,
on a slope of 0.05 ft/ft. Note that SDR is the pipe outside diameter divided by the
wall thickness.

Determine flow for draining the line using the Hazen-Williams formula
(equation 4-27). Cuw for PVC pipe is 150:

Q = 0.432 x 150 x 1.5%63 x 0.05%5* = 37.34cfs
Air vent valves must re-enter air at the same rate as the calculated water flow
of 37.34 cfs.
Determine pipe collapse pressure using equation for PVC pipe given in
ASTM:
2E 1
X
(1-v?)  (do/D[(do/t — DJ?
where: Pc = collapse pressure of PVC pipe (psi)
E = Young’s modulus of elasticity (400,000 psi)
v = Poisson’s ratio (0.33)
t = wall thickness (in.)
do= outside diameter of pipe (in.)
_2(400,000) >< 1
¢ (1-0.332)" (5D[(51-1)]?
Use the collapse pressure determined above or 5 psi, whichever is lower
(standard design practice).
Determine orifice diameter, using the orifice flow equation (equation 4-49):

P. =

= 7 psi

Q = CyzA\/2gh (eq. 4-49)
where: Ca = flow coefficient = 0.6

A = orifice area

h = Pc (from above)/wair

Wair = specific weight of air =.0764 Ibs/ft3
Pc =5 1bs/in2) (144 in2/ {t2) = 720 psf

Rearranging the orifice formula,

A= 3734/ 06(2 32.2 ).5 = 0.080ft?
' ' (32. )(0.746) '
= 0.08f 44 =11.

D = (4A/m)%5 = (4 x 11.52/m)%> = 3.83 inches, orfice diameter

Determine the size of orifice required when filling the pipe. When filling a
line, good practice is not to exceed / fps (note: not all systems provide that
much control of filling velocity, see next part (i) of this example). Using a
filling velocity of / fps:

Q=AV = (n/4) x 1.52 x 1 = 1.77cfs

Therefore, air must be discharged from the line at a rate of 1.77 ¢fs.
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e Size the orifice for 2 psi pressure across the valve (standard design practice).
Using the orifice formula, as before:

P. = (2lbs/in?)(144in?/ft?) = 288 psf
A =0.6y/2 x 32.2 X 288/.0764 = 0.006ft>
= 0.0006ft%/144in?/ft? = 0.86 in

, A f } . ) )
D= 4? = 4X286 = 1.05 in orifice diameter.

e Alternative determination of orifice size required when filling the pipe. When
filling a line, with an electric powered pumping plant not equipped with
special controllers or valves, it may not be possible to limit filling velocity to
1 fps. The electric motor is either on or off which might produce filling
velocities of up to 5 fps. Using a filling velocity of 5 fps:

Q =AV = (n/4)(1.52)(5) = 8.84cfs

Therefore, air must be discharged from the line at a rate of 8.84 cfs
o Size the orifice for 2 psi pressure across the valve (standard design practice).
Using the orifice formula, as before:

P. = (21bs/in?)(144 in?/ft?) = 288psf

8.84
A= = 0.03ft2
0.6,/2(32.2)(288/0.0764)

= (0.03 ft2)(144 in%/ft?) = 4.32in?

D= \/% = ’@ = 2.35in orifice diameter

(i) Comparing orifice sizes of 3.83 in. diameter for vacuum relief and 7.05 or 2.35
in. diameter for air release shows that the 3.83 in. diameter orifice should be used
if an air- and-vacuum valve, or continuous-acting air-and-vacuum valve, is to be
used. If individual air release and vacuum relief valves are used, then they each
may be of the size determined.

(8) Additional information on the operation and settings for air valves is available from
the valve manufacturers.

C. Air Vents

(1) Air vents act similarly to air vacuum or air release valves; however, they allow for
the release of large volumes of air near pumps or water intakes, pressure boxes, and
check valves. Air vents are often used in low-head pipelines. The figure below shows
a simple air vent consisting of a cylindrical chamber of diameter Dc located at a
distance L from a water intake where air entrainment occurs. The height of the air
vent chamber should be at least one-half the diameter of the pipe (D/2), and the
chamber’s area should be at least half of the mainline pipe cross sectional area (fig 4-
35). For a cylindrical chamber, the minimum diameter is, therefore,

D2

D= |~ (eq. 4-50)
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Figure 4-35: Location and dimensions of air vent chamber near a water intake.
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(2) The minimum length L, measured from the pipe entrance is given by, Roberson, et.al.
(1956):
L=176 XV xD (eq. 4-51)
Where: V is the flow velocity in the pipeline. This equation uses V (fps), D (ft), and
L (ft).
(3) Using units of the International System (SI), the corresponding equation is:
L=577%xVxD (eq. 4-52)
where V is in m/s, D in m, and L in m.
(1) Example 4-32 Air vent chamber sizing. A /2-in diameter pipeline is to carry a
discharge Q = 2.5 ¢fs. Determine the minimum diameter, height, and location of
an air vent chamber from a water intake where air entrainment occurs.

e The pipe diameter is D = [ ft, and the flow velocity can be calculated from
equation 3-04:

_4Q  4(25cfs)
~ mD?  3.1416(1ft)

e The chamber should have a height of D/2 = 0.5 ft = 6 in, and a minimum
diameter of:

_ D2_ (1ft)2_
Dc_j;_’ 5 = 0.707ft

e The distance from the water intake to the air vent should be at least:
L=176 XV xD=176x318x%x1=5.6ft

= 3.18fps
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D. Pressure Control Valves

(1)

2)

3)

(4)

Pressure relief valves (or pressure safety valves) are used in pipeline systems to
protect against excessive pressure. They are designed to open and discharge small
amounts of water at a preset pressure limit. Excess pressure opens the valve and some
water is released (fig 4-36).

36: Spring operated pressure relief valve

Figure 4-
BEEAT g e

Pressure reducing valves are used where a predetermined lower pressure is necessary
for the proper function of certain components such as emitters in microirrigation
systems. They can be used in systems with variable pressure to maintain a lower
constant pressure downstream of the valve.

Pressure-sustaining valves consist of the basic valves and a three-way pressure-
sustaining pilot. Pressure is sustained at the upstream side of the valve to a preset
level, while the valve outlet drains excessive pressure to maintain the preset inlet
pressure. Pressure is maintained constant, regardless of upstream fluctuating pressure
and flow rate. Pressure sustaining valves are used on hilly terrain to maintain
pressure in elevated areas and many other applications where sustained pressure is
necessary

Details on the operation of pressure relief, reducing, and sustaining valves are
available from the valve manufacturers. The pipeline system pressure range and
capacity are parameters needed for valve selection.

(210-634-H, 1* Edition, DRAFT, Mar 2021)
634-4.44



1246
1247
1248
1249
1250
1251
1252
1253

1254
1255

1256

1257
1258
1259
1260
1261
1262

1263

1264

1265

1266
1267
1268
1269
1270

1271

1272
1273
1274
1275
1276
1277
1278

1279

1280
1281

1282

1283
1284
1285

Title 210 — National Engineering Handbook

(5) Example 4-33 — Pressure relief valve selection. Given: 8 diameter, 80psi, SDR 51,
plastic irrigation pipe. Pipe inside diameter is 7.84in = 0.65ft. Design pipeline
velocity is Jfps.

(1) Select a pressure relief valve to protect against possible surge pressure at the end
of the pipeline. The valve is set to relieve pressure at 80psi, which is the pipe
pressure rating. Size the pressure relief valve to pass the full flow at 150% of the
pipe pressure rating:

(i1) First, determining the pipeline flow:

Q = AV = (1/4)(0.652)(5) = 1.66¢fs

(iii)) Determining minimum orifice diameter, using orifice equation (equation 4-49):

Q = C4AJ2gH

where: Cd = flow coefficient = 0.6
A = orifice area (sqft)
P =1.5(80 1bs/in2) (144 in2/ {t2) = 17280 psf
h=P /oy
ow = specific weight of water = 62.4 1bs/ft3
(iv) Rearranging the orifice formula,

0 1.66

 Caf2gh 0.6y2 x 32.2 x (17280/62.4)
= 0.0207ft2 x 144 in?/ft? = 2.98in?

D= \/4A/7r = \/4 X 2.98/m = 1.95 in, orifice diameter

(v) Review of manufacturer’s literature indicate that pressure relief valves with 2-in
and larger orifices are available. If, for safety concerns, the designer wishes to
reduce the valve escape velocity, larger-size valves are available or multiple
valves may be used. Find the dimensions of the valve opening using the
continuity equation:

Q

A==
v

(6) Example 4-34 — Pressure reducing valve selection. Given: 3" diameter, SDR 41, PVC
pipe. Pipe inside diameter is 3.33in = 0.278ft. The pipe is a 500ft sprinkler lateral,
laid on a 2.5% uphill slope. The lateral’s design velocity is 5fps. A minimum of 30-
psi pressure is needed at the last (end-of-line) sprinkler.

(1) Select a pressure reducing valve to maintain a maximum of 20% pressure
variation at the sprinklers located along the lateral.
(i1) First, determine the pipeline flow:

Q = AV = (1/4) x 0.2782 x 5 = 0.303cfs

(iii)) Determine friction losses for the lateral using the Hazen-Williams formula
(equation 4-28). Cuw for the PVC pipe lateral is 730.

= 0.0207ft2

h —4732( ¢ )1'85 L 4732 (0'303>L85 >00
re Cyw/) D*7 7 130 (0.278)487
=16.27ft

The friction loss of 76.27 ft is equivalent to 7.0 psi.
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(iv) Determine minimum lateral pressure needed upstream of the first sprinkler. This
pressure is the sum of the pressure needed at the last sprinkler plus the lateral
elevation difference plus the friction losses (local losses neglected).

Elev. Diff.= (0.0257 /¢¢) % 5001t = 12.5ft, equivalent to 5.4 psi

P=30+54+7=424psi

(v) At the first sprinkler, the pressure needs to be reduced from about 43 psi to at
least 36 psi (1.2 x 30psi). Review of manufacturer’s literature indicates that a 2-in
pressure reducing valve is available to meet the need for reduced pressure. To
maintain a maximum of 20% sprinkler pressure variation and 30 psi at lateral
end, pressure reducing valves are needed at about the lower half of the lateral’s
sprinklers.

E. Surge/Air Chambers

(1

2)

Surge or air chambers are vertical chambers, typically of cylindrical cross-section
and open to the atmosphere, attached to pipelines to allow pressure relief during
hydraulic transients. They perform a similar role as pressure relief valves, except that
instead of releasing water flow to another pipeline, they allow the water surface level
in the chamber to increase in response to a local pressure increase. During a hydraulic
transient (unsteady flow) the water surface in the chamber will oscillate until a steady
state is recovered. Figure 4.37, below, shows a schematic of a surge chamber in a
pump-pipeline system. The surge chamber in this case would help dissipate a
pressure wave that may result after a sudden failure of the pump. The system also
includes a check valve that shuts off flow as the flow reverses.

Figure 4-37: Schematic of pump-pipeline system protected with a surge
chamber.

dowenztream
reseryair
—~{ Tz —
i’ i static leved "
resseryoir L 1=
== SUrge = »L
chamber —
steady-flow
LI
direction L Lp
— I—PI
II\ S
L f check valve

For the situation illustrated in the figure above, if the cross-sectional area of the surge
chamber is A. and that of the pipeline is 4, the maximum height S of the water
surface in the chamber above its steady-state level (i.e., the amplitude of the
oscillation) is calculated as:

_ o (m\ [Ax ]
S=+ (2) = (eq. 4-53)

where Q is the steady-state discharge, L is the length of pipeline between the
upstream reservoir and the check valve, and g is the acceleration of gravity (= 9.81
m/s? = 32.2 fi/s).
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(3) The time in seconds required for the water level in the chamber to first reach its

maximum height (one quarter of the period of oscillation) is calculated as, Tullis
(1989):

T = (g) :(c;) (eq. 4-54)

(4) The water in the chamber will oscillate until friction in the pipe, and in the chamber,

slows down the oscillation and produces a complete flow shut off in the pipe
upstream of the check valve. Notice that in the absence of a check valve, flow
reversal will occur through the pump which could affect its operation after start up.

(5) Example 4-35 — Surge chamber calculation. The pipeline in figure 4-35 is a /-ft

diameter pipeline and the length from the supply reservoir to the check valve is 300

ft. If the pipe carries a steady-state discharge of 4 cfs.

(i) Determine the maximum water surface increase in a surge chamber of cross-
sectional area A. = (.785 f#. If the static level at the chamber is Hy = 500 ft, how
high will the water level reach in the surge tank? What is the time T required to
reach the maximum water elevation?

(il)) With D = 1.0 fi, the pipe area is:

nD? (1%

= — = —_— 2
A 2 T 0.785ft

(iii) With L =300 ft, Q = 4 cfs, g = 32.2 fi/s%, then:
3
o0 (n) Al 4Tt/ (n) 0.785ft2(300f¢t)
4:\2) [Alg) T 0785F¢2\2) |05 2 (322 7ty )
s
= 24.43ft
(iv) Thus, the maximum water level is:

H = Hy + S = 500t + 24.34ft = 524.43ft

(v) The time required to reach the maximum water level:

(T ,ACL _ (3.1416\ | 0.785ft2(300ft)
T_(Z) A(g)_( 2 ) 0_785ft2(32-2ft/52)_4.795

F. Check Valves

(1) Check valves (fig 4-38) are valves that allow flow only in one direction. The pressure

of the flowing water opens the valves in the preferred direction. A sudden change in
flow direction, such as the case of a pump failure, immediately closes the valve
avoiding a reverse flow. The lack of a check valve leaves a pump unprotected against
backflow, which may damage the pump and affect its operational efficiency. Details
on the operation of check valves can be obtained from the valve manufacturers.
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634.0410 Hydraulic Transients (Water Hammer)

A. The term hydraulic transient refers to a pipeline flow, and its attendant pressure, changing
rapidly with time. A hydraulic transient in a pipeline can be originated by the closing of a
valve, a pump failure, or a sudden increase in pipeline demand. Water hammers can easily be
produced by a sudden closure of a valve. In this case, a pressure wave originates at the valve
that travels through the pipe at speeds of the order of 1,440 m/s or 4,700 ft/s. The pressure
wave reflects at the other end of the pipeline, be it a reservoir or a main line connection, and
travels back towards the valve where pressure builds up again. The process repeats many
times until friction dampens the pressure wave and the water flow finally stops. Typically, a
hammering noise is produced by the transient, thus the name water hammer. Pipelines,
appurtenances, and tanks subject to water hammer may suffer deformation and damage in
joints and other locations. In designing pipelines, care should be taken to prevent the presence
of the water hammer phenomenon by providing check valves, pressure relief valves, and
surge chambers in the pipeline systems.

B. Valve closure hydraulic transients can be minimized by closing the valve slowly.
Unexpected hydraulic transients, such as a pump failure, will likely produce a high-
magnitude pressure wave in pipelines with its attendant vibration. To prevent damage to the
pipeline in such a case the pipeline should be provided with valves or surge chambers. The
pipeline will be able to better survive a sudden hydraulic transient if it is buried, or otherwise
anchored securely.

C. The formal analysis of hydraulic transients in a pipeline includes the simultaneous
solution of two partial differential equations involving the discharge Q and the total head H at
different locations x along the pipeline and at different times z. This type of analysis requires
complex computer programming, considered beyond the scope of this handbook.
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D. The closing of a valve is a common cause of hydraulic transients. If closing a valve
changes the flow velocity in a pipe from V to V}; the instantaneous increase in pressure near
the valve, Ap, is calculated by using the equation:

Ap = (V—Vy) |14 (eq. 4-55)

Where o is the specific weight of water (typically, o = 62.4 1b/ft3), g is the acceleration of
gravity (= 32.2 fi/s?), E, is the bulk modulus of elasticity of water, 7 is the pipe wall thickness,
and E is the modulus of elasticity for the pipe material. A typical value of the modulus of
elasticity for water is £\, = 311,000 psi at 60°F (see 210-NEH-630-1, 634.0107D, figure 1-8).
Modulus of elasticity values for common pipeline materials include steel (£ = 30,000,000
psi), cast iron (£ = 15,000,000 psi), concrete (E = 3,000,000 psi) and PVC (E = 400,000 psi,
with some variation by manufacturing class).

E. For additional information on water hammer analyses see Finnemore and Franzini (2002)
or USDA (2005).

F. Example 4-36 — Pressure increase with sudden closing of a valve. Consider a steel pipe (£
= 30,000,000 psi) with a wall thickness ¢ = 0.25 in = 0.25in/12 in/ft =0.02 ft, and a diameter
D=05fi

(1) Closing a valve in a pipe that reduces the flow velocity from V' = 2.5 fps to Vf= 0.5
fps for water at 60°F in such a pipeline produces a pressure increase of:

62.4 lb/ft3
3227/,
Ap = (2.5fps — 0.5fps) 1 4 0.5ft
31100144 /5,, * (0.02f1)(30000000) (144 B/ 2)
16,604 Lb/ft?
_ by, = 2002/ ;
16,6045/ 2 = T b ez — L 19PS

(2) The typical value for atmospheric pressure is /4.7 psi, thus, an increase of /15 psi
represents almost eight times the atmospheric pressure. Pipe should have adequate
pressure ratings or otherwise be protected to withstand hydraulic transients. This
surge pressure is in addition to the operation pressure.
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634.0411 Cavitation

A. When the local absolute pressure in a closed conduit (by its elevation and the hydraulic
characteristics of the system) falls below the vapor pressure of water, vapor bubbles, or
cavities, can form in the flow. These cavities are then carried with the flow towards zones of
higher pressure where they implode (collapse onto themselves) producing a characteristic
noise, vibration, and even pitting of the pipeline walls at the point of bubble collapse.
Cavitation conditions are to be avoided because of their damaging effects, since cavitation
can cause pitting and perforations in pipes, and even collapsing of pipes if the pressure drop
at a given location is excessively large. Locations where cavitation may occur are the high
point of a pipeline, or the suction side of a pump in a pipeline system. Cavitation is
undesirable for pump operation since it can reduce pump efficiency and cause deterioration of
the impeller. An example of cavitation analysis in a siphon is presented below. Cavitation
was introduced in section 1.4 Physical Properties of Water, in relation to the vapor pressure
of water.

B. Figure 4-39 illustrates a conduit delivering water from reservoir (A) to reservoir (B). Such
an arrangement, where the middle part of the conduit raises above the free surface of both
reservoirs is called a siphon. To start the siphon, it is necessary to fill the conduit with water
by using, for example, a vacuum pump at point (C). Once the water flow is established the
vacuum pump can be removed and the system continues flowing as long as the free surface at
reservoir (A) is higher than that at reservoir (B). Siphon systems can be set up to overcome a
hill separating two reservoirs or to discharge water downstream over a dam.

Figure 4-39 Siphon conduit connecting two reservoirs.
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C. Example 4-37 — Cavitation at high point of a siphon. Suppose that the siphon has a
diameter D = 1.0 f, a length L =200 ft, and the material is smooth enough that the roughness
can be taken as e = (). Let the difference of elevation between the reservoirs be H = 20 ft, and
the elevation difference of point (C) above the level of reservoir (A) be ~c = 10 ft. Local loss
coefficients are K, = 0.5 and K; = 1.0 for the entrance and discharge points at reservoirs (A)
and (B), respectively.

(1) Determine the discharge in the siphon. (b) Determine the absolute pressure at high
point (C), located halfway through the conduit, and check if cavitation is likely to
occur. Assume that the water temperature is 60°F and use an atmospheric pressure
Pam = 14.7 psi. (¢) What is the maximum value of /¢ to prevent cavitation from
taking place at point (C)?

(i) Writing the energy equation between points (A) and (B), with V4 = V3 = 0, using
gage pressures p4 = pp = 0, taking z4 = H and zz = 0, and including friction
(using the Darcy-Weisbach equation to estimate friction losses) and local losses
(3K = 1.5), the resulting equation is:

= g (5rp) 5 1K)
-~ m2gD* &%)
Figure 1-8 in 210-634-01, 634.0107D gives the kinematic viscosity, v =
1.217x10-5 f¥*/s, for water at 60°F. A spreadsheet application gives Q = 14.73

cfs.

(i1) To determine the absolute pressure p; at point (C) write the energy equation
between points (A) and (C):

With V4 = 0, gage pressure p4 = 0, and elevations:
zy = H = 20ft
Zc = H + he = 20ft + 10ft = 30ft

The flow velocity at point (C) is the constant value:

£3

0 @ (14.73 f /s) 18.75ft
V'=2D2 = 31416 (1.0 ft)2 s
And the Reynolds number is:

o (18.15ft) (10f0)

2
Vo 1.217x10-5 78/

(ii1) With this value of the Reynolds number (indicating turbulent flow) and relative
roughness e/D = (), the Swamee-Jain equation (equation 4-19) produces the
following friction factor:

= 1.54x10°

f= 0.25 B 0.25
- 09\ — 2 0.9
log? (o.27 (§) + 462 (%) > g2 0+ 4.62 (1.217x10—5 ft 3/5 (1.0ft))
147318/

= 0.0108
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(iv) The friction losses (using the Darcy-Weisbach equation) and local head losses
(entrance losses) are calculated as follows:

L 2001t ft/\°
h=f|2 2 _ 00108)( 2 (1875775) — 5.9ft
d | 2g 107t | ) (3227 )

18.75ft\?
v (25)
hy = ) K— = (0.5ft) = 2.73ft
z ’ Z 29 @@227Y,

(v) Substituting values calculated above into the energy equation:

t
0 0 v 187574/,
20ft+5+—g—5.9ft—2.73ft=30ft+—+

2 ® 2322/ 2
(vi) Solving for the pressure head at point (C):
Pc
— = —24.09ft
” f

And, using w = 62.4 Ib/fi3, the gage pressure at point (C) is:

1503
_o4lb _ - _ = _
pe = 62410/ 5 (-24.09f1) = ~1503psf T

(vii) Calculating the absolute pressure at point (C) and comparing to the vapor
pressure, p, = (.26 psi, for water at 60°F (figure 1-8):

(P abs = Pe + Parm = —10.44psi + 14.7psi = 4.26psi > 0.26psi

psi = —10.44psi

Since the absolute pressure at point (C) is larger than the vapor pressure of water
at a temperature of 600F, no cavitation would occur at point (C) for the siphon
system shown.

(viii) To determine the maximum height 4 to avoid cavitation at point (C), the
absolute pressure at point (C) is set equal to the vapor pressure of water at 60oF,
and the value of 4c from the energy equation between points (A) and (C) is
calculated.

(ix) The gage pressure at point (C) is:

Pe = (Pc)abs — Patm = Pv — Patm = 0.26psi — 14.7psi = —14.44psi
(x) The corresponding pressure head is:

. S
pe  —1411psi —1444psi(144P f/psi)

© 624 b/ s 6240/, 3

= —33.32ft
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1492 (xi) The velocity head, head losses, and elevation of point A are the same as in the
1493 energy equation used above. The elevation of point (C) is:
1494 Ze = (he)max + 20ft
1495 Thus, the energy equation between (A) and (C) becomes:
0 o0
14 20ft + —+——59ft — 2.73ft
96 ft+ > + 29 f f
18757/,
1497 = (h)max + 20ft — 33.32ft + fts
(2)(32.2 $2
1498 (xii) The resulting value of hC is:
1499 (he)max = 19.23ft

1500 634.0412 Culverts

1501 A. General
1502 (1) A culvert is a relatively short conduit connecting two open channels and typically
1503 located under a road or highway. Figure 4-40 illustrates three possible flow regimes
1504 when a culvert’s inlet is submerged.
1505
1506 Figure 4-40: Flow regimes for submerged inlet flow in culverts
HWW
vl
T - R
>12D o -
W
| 0 —
|
é) (i} submerged outlet @
HYY
=
T ) N\ ]
ah
>120 == 1 ™wW
d W =
| | 1" —>
I L '
(i} normal depth = barrel height é)
HW
=7
T T N
>12D " v
| er4f TR I w—
1507 iiii} arifice flow. normal depth < karrel height
1508
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The flows of figure 4-40(i) and (ii) are said to be under outlet control, while that of 4-
40 (iii) is under inlet control. In figure 4-40, V stands for the flow velocity in the full-
flowing culvert; HW stands for head water and TW for tailwater depths, i.e., the
depths of flow upstream and downstream of the culvert. D is the diameter of the
culvert, 4 is the vertical distance from the head water surface to the centerline of the
culvert, and A/ is the difference between the headwater and tailwater depths.
Publication FHWA-NHI-01-020, HYDRAULIC DESIGN OF HIGHWAY
CULVERTS, Hydraulic Design Series No. 5, 2001, (FHWA, HDS 5) available from
the Federal Highway Administration (FHWA) provides detailed information for the
analysis of culvert flow. This publication is available at:
https://www.thwa.dot.gov/engineering/hydraulics/library_arc.cfm?pub_number=7&i
d=13

The FHWA also provides a computer program, HY-8, for calculating culvert flow.
The program is available at:
http://www.thwa.dot.gov/engineering/hydraulics/software/hy8/

B. Culvert Flow with Inlet Control

(1

2

)

4)

)

This case is represented in figure 4-40 (iii). The capacity of the culvert is limited by
the capacity of the culvert opening, rather than by conditions farther downstream. In
such case, the open-channel normal depth of flow d0 in the culvert is less than the
barrel height (height of the culvert section), and the entrance does not allow enough
water into the culvert to allow filling the full barrel height. Thus, the flow is under
inlet control. The discharge Q into the culvert can be calculated using the following
equation (orifice flow):

Q =C4A\/2gH (eq. 4-49)
Where A is the area of the inlet section, Cy is a discharge coefficient, g is the
acceleration of gravity, and h is the smaller vertical distance from the HW surface to
the centerline of the inlet or the HW and TW depth difference.
For inlet control, the required HW head is calculated as:
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h = 29‘27 (eq. 4-56)
Values of the discharge coefficient C; vary from 0.62 (for a sharp-edged inlet without
contraction suppression) to 1.0 (for a well-rounded inlet). Use the value of Cd = 0.60
as a conservative reference value. Contraction suppression refers to the absence of
contracted flow at the inlet cross-section. Suppressed contraction at the bottom of the
inlet occurs when the inlet invert is set at stream bed level. Partial contraction
suppression can be achieved by using flared wingwalls at the inlet approach.
As an alternative to equation 4-49 (general orifice flow equation), FHWA, HDS 5
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