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CHAPTER ONE

Fluid Fundamentals

FLUID PROPERTIES

111

Mass and Weight

W =mg

Mass, m, is a property that describes the amount of matter in an object or fluid.
Typical units are slugs in U.S. customary units, where one slug is equivalent to
32.2 pounds-mass (lbm), and kilograms (kg) in the International System of
Units (SI).

Weight, W, of an object or fluid is defined from Newton’s second law of
motion (i.e., F =ma) as the product of mass and gravitational acceleration, g,

(1-1)

At the earth’s surface, g is equal to 32.2 ft/s” in U.S. customary units and 9.81
m*/s in SI units.

Example: Compute the mass of an object weighing 1 pound-force (1bf).

Solution:
Mass is computed by rearranging Equation 1-1.
/4 11b 1

m=—= = Slu
¢ 322p)s 322°¢

Converting from slugs to pounds-mass,

1 32.2 Ibm
lugx ———

S
3228 g

=11bm

Thus, a weight of 1 Ibf is equivalent to 1 Ibm at the earth’s surface.

Example: Evaluate the weight of a 1-kg object at the earth’s surface.

Solution:

Again, from Equation 1-1,

11
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W=mg =1 kg)(9.81 m/sz): 9.81 kg'm/sz

The SI unit of kg -m / s? is commonly referred to as a Newton (N). This is

equivalent to the force required to accelerate 1 kg of mass at a rate of 1
m/s’.

1.1.2 Mass Density
Density, p, is the mass of fluid per unit volume, V. It varies as a function of
temperature, as shown in Table 1-1. For most practical purposes, however,
density is assumed to be constant, and a typical value for water or wastewater

applications is 1.94 slugs/ft’, or 1,000 kg/m’.

Table 1-1: Physical properties of water

Density Sp epiﬁc D.ynarr'lic Ki'nemgtic p?/e?;j;e
Temp. ) weight VIScosity viscosity (absolutc)
» () Q%
(129)
(°F)  (slugs/ft)  (Ib/ft)) (Ib-s/ft%) (ft/s) (psi)
40 1.94 62.43 323x10°  1.66x 107 0.122
50 1.94 62.40 273x10°  1.41x107° 0.178
60 1.94 62.37 236x10°  1.22x107° 0.256
70 1.94 62.30 2.05x10°  1.06x 107 0.363
80 1.93 62.22 1.80x10°  9.30x10° 0.506
100 1.93 62.00 1.42x10°  739x10° 0.949
120 1.92 61.72 1.17x10°  6.09x10° 1.69
140 1.91 61.38 9.81x10°  5.14x10° 2.89
(°C) (kg/m®) (N/m?) (N-s/m?) (m*/s) (N/m?)
0 1,000 9,810 1.79x10°  1.79x 10 611
10 1,000 9,810 131x10° 1.31x10° 1,230
20 998 9,790 1.00x10°  1.00x 10 2,340
30 996 9,771 7.97%x10*  8.00x 107 4,250
40 992 9,732 6.53x10%  6.58x 107 7,380
50 988 9,693 547x10% 553 x107 12,300

60 983 9,643 4.66x10*  4.74x 107 20,000
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Example: Determine the mass of 2 ft® of water.
Solution:

Based on the definition of mass density,

m=pv = [1.94 Si‘(‘%}(z f*)=3.88 slugs

1.1.3 Specific Weight
Specific weight, % (see Table 1-1) represents the weight of a fluid per unit

volume. A typical value for water is approximately 62.4 Ib/ft’, or 9,810 N/m’.
Through Newton’s second law, specific weight is related to mass density by

Y=pg (1-2)

Example: Determine the specific weight and weight of 2 m’ of a fluid
having a mass density of 1,030 kg/m’.

Solution:

From Equation 1-2,
- po — kg 2)_ 3
y=pg=|1030-2(9.81m/s’)=10,104 N/m
m
and based on the definition of specific weight,

W= = [10,104 %}(2 m?)=20,208 N

1.1.4 Specific Gravity
When dealing with fluids other than water, it is common to express their

specific weight or density relative to that of water at 4°C, or

s=r _P (1-3)
Vw  Pw

where %, and p,, are 62.4 lbs/ft’ and 1.94 slugs/ft’ (9,810 N/m’ and 1,000
kg/m’), respectively, and the resulting dimensionless ratio, S, is known as
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specific gravity. For water, S is approximately 1.0. An estimate of S for
wastewater is 1.0025, indicating that it is 0.25 percent heavier than water, a
difference that is negligible for most applications. The specific gravity of
sludge, however, can be as large as 1.05. A corresponding difference of this
magnitude may be justifiably incorporated into hydraulic computations.

Example: Consider a 3-ft’ volume of sludge weighing 192 1bs. Compute
the specific gravity of the sludge.
Solution:

Based on the definition of specific gravity,

GV _W 192 Ibs _

Vo 7Y 624/ )5 )

Viscosity

Dynamic, or absolute, viscosity of a fluid, i, (see Table 1-1) represents a fluid’s
ability to resist deformation caused by shear forces (i.e., friction) at a pipe or
conduit wall. The rate of deformation, dV/dy, is related linearly to shear stress,
7, by Newton’s Law of Viscosity, expressed as

r=po (1-4)

where V is flow velocity at a distance y from the conduit wall. The relationship
shows that, for a given shear stress, highly-viscous fluids will exhibit less
deformation than thin fluids. In application, a related term known as kinematic
viscosity, v, is commonly used. Kinematic and dynamic viscosities are related
by

(1-5)

<
I
BSRAS

Typical units of are 1b-s/ft* and N-s/m” for xz and ft*’/s and m?/s for v.

Example: The specific gravity and kinematic viscosity of a liquid are 1.4
and 3 x 10 m?/s, respectively. Compute the liquid’s dynamic viscosity.
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Solution:
The density is first computed from specific gravity.
pliquid = Sliquidpw = 14X1’000 k_g3 = 1’400 k_%
m m
From Equation 1-5,

2
L=vp= (3 x 107 m—J[1,400 k—%j _042 N8

2
N m m

1.1.6 Pressure

Pressure is equivalent to a point or distributed force, F, applied normal to a
surface, divided by the area, 4, of that surface, or

p== (1-6)

where p is pressure, typically expressed in Ibs/in® (psi) or N/m” (Pascal).
Attention should be paid to whether values are expressed in absolute or gage
units. Pressure in a complete vacuum is referred to as absolute zero, and any
pressure referenced relative to this zero is called absolute pressure. In most
applications, however, the variation between pressure in the fluid and local
atmospheric pressure (i.e., = 14.7 psi or 101 Pa absolute) is sought. In this case,
the resulting fluid pressure is referred to as gage pressure, and

pgage = Pabs — Pam (1'7)

Pressure at a point can also be expressed as a unit of head, or height, /4, of a
column of water or other fluid that it supports. The hydrostatic law states that

p= (1-8)

where p is relative to the pressure at the surface of the fluid. Using this
relationship, it can be shown that 1 psi is the equivalent of a 2.31-ft column of
water.
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Example: Determine the pressure at a depth of 6 ft in (a) an open tank of
water and (b) a closed tank in which the surface is pressurized to 200 psi
(absolute).

Solution:
For an open tank,

1fi’

_ _ 3
p=h=(62.415/ 1Yo f)x L

= 2.6 psi(gage)

Assuming an atmospheric pressure of 14.7 psi (absolute), this is
equivalent to

Pabs = Pgage ¥ Pam = 2.6 +14.7 = 17.3 psi (absolute)

For a closed tank and a surface pressure of 200 psi (absolute), the
pressure at a depth of 6 ft is 2.6 + 200, or 202.6 psi (absolute). The
corresponding gage pressure is

Page = Pabs — Pam = 202.6 —14.7 = 187.9 psi (gage)

1.1.7 Vapor Pressure

Vapor pressure is the pressure at which a liquid will boil. Since vapor pressure
varies with temperature as indicated in Table 1-1, boiling can be caused by
raising the fluid temperature to the point where vapor pressure is equal to the
atmospheric pressure (i.e., 212°F at 14.7 psia). However, boiling can also occur
without a change in temperature if the pressure in the fluid is reduced to its
vapor pressure, typically caused by a significantly increased flow velocity. In
these cases, vapor bubbles form in the area of low pressure and subsequently
collapse in downstream areas of higher pressure. The impact force created by
the collapse can cause damage to surrounding surfaces and mechanical parts.
This process, known as cavitation, is a major concern at the suction side of
pumping systems.

Example: 1-ft’ of water at 80°F is placed in a 2-ft’ airtight container. If
air is gradually pumped from the container, what reduction below
atmospheric pressure (i.e., 14.7 psi) is required for the water to boil.

Solution:

From Table 1-1, the vapor pressure of water at 80°F is 0.506 psi
(absolute). Thus, pressure must be reduced by 14.7 — 0.506, or 14.2 psi
for boiling to occur.
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FLOW CLASSIFICATIONS

1.21

1.2.2

Pressurized vs. Open-Channel Flow

Flow in water and wastewater systems is either pressure driven, as in the case
of closed (i.e., full-flowing) conduits, or gravity driven. The latter refers to free-
surface, or open-channel, flow in which the surface is exposed to the
atmosphere. These systems tend to be more complicated from an analytical
perspective since the surface is not constrained and flow depth is a function of
discharge and the slope and shape of the channel. The majority of storm water
and wastewater conveyance systems are designed to flow partly full, under
open channel conditions, although smaller diameter, pressurized force mains
may be used in some cases.

Steady vs. Unsteady Flow

Water and wastewater flows are classified as either steady or unsteady. Steady
flows are those in which velocity, flow depth, and dependent terms at a
particular location are constant over time. Unsteady conditions are
characterized by temporal variations in flow velocity. In the majority of
applications, flows can be modeled using the assumption of steady flow. Even
if conditions change with time, those changes often occur slowly enough that
the application of unsteady principles is unwarranted.

Example: Classify each of the following flows as steady or unsteady from
an observer’s viewpoint:

(a) Channel flow around bridge piers if the observer is

(1) stationary, standing on the bridge;
(2) in a drifting boat within the channel.

(b) A storm water surge through a sewer if the observer is

(1) stationary;
(2) moving with the surge.

Solution:

(a) Over short time periods, the stationary observer will see a steady flow,
even though flow may be unsteady over longer time periods due to
changes in quantity of runoff entering the channel. The observer in the
boat will see an unsteady flow as the boat passes under the bridge
because velocity increases around the piers (as the cross-sectional area of
the channel is reduced), even if the approach conditions are steady.
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(b) A stationary observer will see unsteady flow as the surge passes. A
steady flow will be observed if the observer moves with the surge,
assuming velocity is approximately constant over the distance
considered.

Uniform vs. Non-uniform Flow

Uniform flow occurs when velocity, depth, and related properties are
independent of location within a system; thus, this classification refers to the
spatial variation of flow at a single instant in time. In open channels, flow will
inevitably approach such conditions if the channel is prismatic (i.e., constant
shape and slope) and is sufficiently long. Likewise, pressurized flow through a
closed conduit having a constant diameter can be described as uniform. If
conduit or channel geometry varies over distance, flow becomes non-uniform,
or varied, which can be further classified as either gradually varied or rapidly
varied depending on the rate of velocity change. In addition, spatially-varied
flow is a particular type of gradually-varied flow in which discharge varies in
the longitudinal flow direction due to lateral inflows or outflows to the primary
flow system.

Newtonian vs. Non-Newtonian Flow

Viscosity was previously described as a parameter that represents a fluid’s
resistance to shear stress. For water and other thin liquids, viscosity remains
constant and independent of the magnitude of shearing forces. These fluids are
referred to as Newtonian fluids. In cases where viscosity varies, thus yielding a
non-linear relationship between shear stress and deformation, fluids are
characterized as non-Newtonian. Sludge, debris flow, and chemical slurries are
common examples of the non-Newtonian fluids. In these cases, ample
consideration must be given to the potentially-variable behavior of flow.

GEOMETRIC PROPERTIES

Application of hydraulic principles to water and wastewater systems requires
the quantitative description of geometric elements for various conduits. For
pressurized pipe flow, cross-sectional area, A, taken perpendicular to the
primary flow direction, is a key expression. For a full-flowing, circular pipe of
diameter D, area can be expressed as

_ D’
4

A

(1-9)
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For open-channel systems, important geometric elements include cross-
sectional area, wetted perimeter, P, top width of flow, B, and hydraulic radius,
R. Wetted perimeter is defined as the portion of the conduit perimeter that is
wetted by the fluid; whereas the hydraulic radius is the ratio of cross-sectional
area to wetted perimeter (i.e., A/P). The hydraulic radius can also be used to
evaluate an equivalent diameter when evaluating flow through pressurized,
non-circular pipes. Table 1-2 lists a series of formulae that can be used to
compute these various parameters.

It is worth noting that a large majority of pipes and sewers constructed in
the United States in recent history are circular in cross section. Previously,
however, a wide variety of irregular sections were common, including egg-
shaped, semi-elliptical, horseshoe, oval, and others. Since circular sections have
become far more commercially available and are subjected to significantly
improved finishing techniques, circular sections have now become a standard
cross-sectional shape.

Example: Develop a general expression for the equivalent diameter of
full-flowing, non-circular conduits.
Solution:
The hydraulic radius for a full-flowing pipe is
A_m’/4_D

R=—= =
P md 4

Thus, D can be generally expressed as 4R for non-circular systems.

Example: A 3-m wide rectangular channel flows at a depth of 0.5 m.
Evaluate the area and hydraulic radius.

Solution:

Using formulae from Table 1-2, area and wetted perimeter are
A=by=03m)0.5m)=15m’
P=b+2y=3m+(2)0.5m)=4m

and hydraulic radius is expressed as

2
R=A LM ssm
P 4m




1-10 CHAPTER ONE

Table 1-2: Key geometric properties

Shape Area Wetted Perimeter ~ Top width Hydraulic radius
(4) (P) (B) (R)
Rectangular
by
— 2
Iy by b+2y b b2y
fe—>bp —
Trapezoidal®
(b+sy)y
b+s 2 b+2s -
) (b+sy)y b+ 2 I+s v R
¥ =
Parabolic®
4
— b —» ZB g[\j1+x2+(x_1) b\/; Ty{\/1+x2+(x'1)
ZBy 2
-7 3 Y —]

77 o e )

Circular®
.0
D sin—

L (6—sin6)D? 6D 2 B[I_Siné’j
D

—T_ B 2 or 4 4
i__ __l 2Jy(D-y)

 For triangular sections, use b = 0
bx=4 y/ B

“Use @ inradians, where 6 = ZCOS_I(I —%j

Example: Evaluate the area and hydraulic radius of the parabolic channel
shown below.
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Solution:

Based on coordinates in the figure, » = 2.0 ft and ¥ = 1.0 ft. Then, top
width and area are

Y 0.8ft:
B—b\/; (2 1) T 1.8 ft

A:§By2§(1.8 7)0.8 ft)=1.0 f’

Hydraulic radius is computed as

oty 408 f)
B 18t

P ) e
—4(0'38ﬁ)W+(%}Iﬂ(].8+\/l+1.82 )}1 ~0.38 fi

Example: Water flows at a depth of 18 in through a 30-in diameter pipe.
Determine the area of flow and hydraulic radius.

Solution:

From the formulae in Table 1-2,

P 2(18in><]2ﬁj
(9=2COS_1[I——y)=2COS_J 1- M/ \=354rad
D 25 ft
o 2 et 2
A=(9 sin@)D’ _(3.54—sin3.54)(2.5 fi) _ 50

8 8
R=2 1_szn49 _ (2.5 ft) 1_s1n3.54j:0.7ﬁ
4 o 4 3.54

1.4 FLOW RATE

Volumetric flow, or discharge, O, through a pipe or channel refers to the rate at
which a given volume of fluid passes a fixed point (i.e., AV/Af). In most cases,
it can be more conveniently expressed as the product of mean flow velocity, V,
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and cross-sectional area of flow. Typical units are ft'/s (cfs) and m’/s. For a
constant-density fluid, the mass rate of flow past a fixed point, m (i.e., Am/At),
can be expressed as the product of mass density and discharge.

Example: Water flows through a 6-in pipe at an average velocity of 4 ft/s
(fps). Evaluate the volumetric and mass flow rate.
Solution:

The cross-sectional area of the circular pipe is computed as

mn

5 (3.14)(6in><]ﬁ
/0

4 4

O =vA=(4 f1/s)0.20 fi”)=0.8 cfs

m=pQ = (].94 slugs/ ft* )(0.8 cfs)=1.6 slugs/s

A=

)2
=0.20 ft’°

Example: Flow travels through a trapezoidal channel having side slopes
of 2H:1V and a bottom width of 2 ft. If the depth is 0.75 ft, compute the
flow area, hydraulic radius, and mean flow velocity for a discharge of 3
cfs.

Solution:

Noting that y=0.75 ft, b =2 ft, and s = 2,
A=b+sy)y=[2 fi+(2x0.75 )0.75 ft = 2.63 ft’

e brsy)y 2 /142075 1)0.75 fi 049 fi

Cpi2pIes’ 2 fie(2x0.75 fiN1+ 22

Since O = VA4, the mean flow velocity is evaluated as

_9_ 3¢ _
A 2637

14 fps

1.5 GENERALIZED EQUATIONS OF STEADY FLOW

1.5.1 Conservation of Mass

The continuity equation for steady, constant-density flow implies that discharge
at different pipe or channel sections remains equal, provided there is no lateral
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inflow or outflow over the length being considered. Referring to Figure 1-1, the
continuity equation is expressed as

0,=0, (1-10)
or

Vid,=V,4, (1-11)

Example: Pressurized flow travels through a 12-in pipe at 8 fps. If the
pipe expands to a diameter of 18 in, what is velocity in the larger section?

Solution:

From Equation 1-11,

;erZ/4J

D}, /4

2 2
D 12in
V,| = | =8 fps =3.56 fps
IQ(D,J ﬂ(mm} fp

A
Vis =Vi5 A_IZ = sz{
18

Example: A trapezoidal channel has a bottom width of 1.5 m and side
slopes of 2H:1V. If the velocity and depth at an upstream location are 1
m/s and 0.25 m, determine the velocity at a downstream section where
the depth is measured as 0.35 m.

Solution:

Downstream and upstream flow areas are computed as
A, =(b+sy)y=[1.5m+(2x0.35m)|0.35m=0.77 m’
A, =[1.5m+(2x0.25m)|0.25m =0.50 m*

The mean velocity at the upstream section is then

A 0.77 m’
V =V, L =]Im/s =1.54m/s
‘4 / (0.50:#} /

u
u



CHAPTER ONE

1-14

Datum

(@)

HGL
0

Datum

(b)

Figure 1-1: Definition sketch for (a) pipe flow and (b) open channel flow
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Example: Water flows into a 6-m diameter, cylindrical tank at 0.05 m’/s
and exits through a 150-mm diameter pipe. If the level in the tank rises at
a rate of 0.8 mm/s, determine the outlet velocity in the pipe.

[N

Solution:

Although similar to previous examples, the discharge associated with
rising fluid in the cylindrical tank must be accounted for as an additional
outflow. This discharge is computed as

2
Qranke = Aiank % = {@}awzﬁ mls=0.023m’ s

Thus, total outflow is the sum of discharge in the 150-mm pipe and that
in the tank, and

2
Qin = VoutAout + Qtank = 0 051113/.5‘ = VZ |:7[(0]T5n1)j| + 0 023

Solving for V,,, yields a velocity of 1.5 m/s.
1.5.2 Conservation of Energy

Conservation of energy involves a balance in total energy, expressed as head,
between any upstream point of flow and a corresponding downstream point,
including energy, or head, losses. These losses are caused by friction and the
viscous dissipation of turbulence at bends and other appurtenances (i.e., form
losses). The energy equation can be written as

v} Vi
Py AV, :&Hﬁo‘; 2 4 p, (1-12)

P

14 2g 4
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where the subscripts / and 2 refer to upstream and downstream sections,
respectively; p/y is referred to as pressure head; z is elevation of the pipe
centerline for pressurized systems or the channel invert for gravity systems,
both with respect to a specified datum; V*/2g is referred to as velocity head; hy,
is head supplied by a pump, if one exists; and 4; represents friction and form
losses. The sum of pressure head and elevation terms at any one section defines
the location of the hydraulic grade line (HGL), while the addition of velocity
head to the HGL describes the energy grade line (EGL).

The Coriolis coefficient, ¢, also known as the kinetic energy correction
factor, in Equation 1-12 is used to account for the effects of a non-uniform
velocity distribution. It is computed by

i
o= V3Aju3dA (1-13)

A

where u is the velocity at any point in a cross section. It can be shown that &
assumes a value ranging from unity, when velocity is uniform across a pipe
section (e.g., turbulent flow), to 2.0, when the velocity distribution is highly
non-uniform (e.g., laminar flow). In the majority of practical cases, a value of
1.0 can be safely assumed.

Example: Water is pumped from an open tank and through a 30-cm
diameter pipe at a rate of 0.25 m’/s. At a point in the system where the
pipe lies 10 m above the elevation of the water surface in the tank, the
pressure is measured as 100 kPa (gage). If head losses are estimated as
3.0 x V’/2g, where V is the average velocity in the pipe, compute the
energy added to the system by the pump.

Solution:

Here, I is at the water surface in the tank and 2 is in the 30-cm diameter
pipe. Velocity in the pipe is computed as

3
y,= Lo 02ms /SZ =3.5m/s
4, (7[(0.30m) J
4

Assuming a Coriolis coefficient of 1.0, the energy equation is written
between the surface of the tank and the point of interest in the pipe as
follows:
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2 2

&+V—’+z1+hp =&+V—2+22+hL =
y g vy 2g
2 2
0+0+0+h, = 100,000P¢13 . (3.5m/s) : +]0m+(3.0)(3.5m/sz
9810 N/m®  2x9.81m/s 2x9.81m/s

Solving for 4, yields a value of 22.7 m (i.e., 22.7 m of head is added by
the pump).

Example: Sketch HGL and EGL for the pipe system shown below.

A

Solution:

The HGL and EGL are drawn below, along with the pipe system. Notable
features include the (a) form losses that occur at the pipe entrance, the
abrupt expansion, and the bend all cause drops in the HGL and EGL; (b)
a decreasing HGL and EGL slope is caused by a reduced velocity head in
the region corresponding to the larger diameter pipe; (c) the convergence
of the HGL to the free jet, indicating atmospheric pressure (i.e., 0 gage)
at the pipe exit; and (d) the elevation of the HGL between the expansion
and the free jet lies below the pipe. The last feature is indicative of a
problem with the current system design in that a subatmospheric
condition exists in the latter two-thirds of the pipe as a combined result of
pipe elevation change and head loss.
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Conservation of Momentum

Conservation of momentum relates applied forces to changes in linear
momentum, which are evidenced by changes in direction or magnitude of flow
velocity (i.e., non-uniform flow). Relevant forces include those transmitted to
the fluid from pipe or channel walls and those originating from the pressure
variation through the fluid. For any direction s, the momentum equation for
steady flow can be written as

SF, = poolv,, -V,,) (1-14)

where 2 F; is the resultant of forces in the s direction, including hydrostatic
pressure forces (i.e., pressure multiplied by flow area), gravity forces, and other
externally applied forces; and V5 and V; refer to mean flow velocities in the s
direction at downstream and upstream cross sections, respectively.

The Boussinesq coefficient, £, also known as the momentum correction
factor, is used to account for the effects on momentum of a non-uniform
velocity distribution at a particular pipe section. It can be evaluated as

1
V24

B I (1-15)

A

As with the Coriolis coefficient, for most applications of practical interest, the
velocity distribution can be approximated as uniform, and the coefficient
assumes a value of 1.0.

Example: Water flows through the nozzle shown below. The pressure at
the nozzle inlet is 80 psi (gage), and the exit velocity is 72 fps. Determine
the force provided by the flange bolts in order keep the nozzle stationary.

8 in
- 3lin
0O—» E——
s

Solution:

The inlet velocity is computed using continuity, expressed as
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2 . N2
Vi}’l:VOM[M:VGut(%j 272]?93(%j ZIOprS

in
and discharge is evaluated as

72'(3in>< Lt

12in

2
o=V, A,.=72 fps j =3.5¢fs

Assuming = 1.0 and that the force of the bolts acts to the left, the
momentum equation can be written in the primary flow direction as

D14 = Fyos = PQ(Vz _VI)

The first term in the equation represents the hydrostatic pressure
component in the pipe. This force acts in the direction of flow at the inlet
and is zero at the outlet, where pressure is zero gage. The unknown force
can thus be evaluated as

Foons = P14, _pQ(Vz _V1)=

2
71'[8 ><]2f j
(80 psix144 inz/ftz y L

(1.94 slugs/ ﬁ3)(3.5 cfs )72 fps—10.1 fps)= 3,600 Ibs

Example: A pipe system contains a 30° horizontal expansion bend, as
shown below, that transitions from 6-in diameter to 12-in diameter. The
total head loss through the bend is 2 ft, and the pipe carries a discharge of
2 cfs. If the pressure at the inlet to the bend is 25 psi (gage), find the
resultant horizontal forces required to stabilize the bend.

v
v, —»S ir_ F,
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Solution:

The upstream and downstream velocities are

0 2¢fs
V:—=—=]0.2
1Ty, [7{(0.5 ﬁ)ZJ s

4

2 2
A D 6in
V.=V, L=y |=L| =102 =26
7y I(DJ ﬁ”(]zin] Ips

2 2

Noting that this is a horizontal bend (i.e., no elevation change) and
assuming &= 1.0, the energy equation can simplifies to

P VP VS
vy 2¢ v 2g

2 2
P, = &"‘Vl £ —h, |=
4 2g

. . 2/ 52 2 2
62.4 Ibs/ ft’ 25’”’“44’”3/f’ 102 fps) —(2~62ﬁ9s) Y
62.4lbs| fi 2x32.2 fis

or

Solving for the exit pressure yields p, = 3,570 psf. The momentum
equation is applied in both the x and y directions to determine component
forces. For the x direction, assuming a Boussinesq coefficient equal to
1.0,

p,A, —cos30p,A4, — F, = pQ(V, cos30-V,)

Note the hydrostatic pressure forces (i.e., first two terms on the left-hand
side of the equation) act on the pipe bend. Thus, the force acts to the right
at the inlet and downward to the left at the outlet. Substituting values

yields
(25 psix144 inz/ﬁz {”(%ﬁ)z}
~(cos 30)3,570 pf )(ﬂ(lTﬁ)Z] -F =

(1.94 stugs/ ft* x 2 cfs (2.6 fps)(cos 30)—10.2 fps]
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Solving for F, yields -1,690 lbs. The negative sign indicates that the
wrong direction was initially assumed; thus, the force F) instead acts to
the right. Similarly, for the y direction,

F,—sin30p,4, = pOlV, sin30—0]

Note that since there is no flow in the y direction at the inlet, there is no
velocity or hydrostatic force in the y direction at that location.

F, —(sin30)(3.570 psf)[”(ITﬁ)zJ =

+(1.94 siugs | f* x 2 ¢fs)(2.6 fps )(sin 30)— 0]

Solving for F), yields 1,410 lbs. The assumed direction was correct (i.e.,
positive number) and F), acts upward. The resultant force is computed as

Fy =(1,690 1bs)’ + (1410 1bs)’ = 2,200 Ibs

which acts upward to the right at an angle of

an~![ LAL01s \_ 4oe
1,690 lbs
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