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	1. ENGI57539
MODULE 2, Part  A
Hydraulics
Alexandra Chernysh, M.A.Sc., P.Eng.
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	2. Hydraulics
[Nathanson and Schneider,  Chapter 2]
2
▪ Hydraulics is a part of fluid mechanics and is “the
study of water at rest or in motion”
▪ Knowledge of hydraulics is important for the design
and analysis of water supply, stormwater, and
wastewater collection and treatment
▪ Applied hydraulics is concerned primarily with the
determination of flow rates, pressures, and forces in
water or wastewater storage and conveyance
 


	3. Assumptions
3
◼ Water and  wastewater are considered to be
incompressible liquids
◼ Unit weights of water and WW are
assumed to be 9800 N/m3 = 9.8 kN/m3
(62.4 lb/ft3 in the US system)
 


	4. Pressure
• Water or  WW exerts force against the walls of its
container → exerts pressure
• Pressure – force per unit area: P = F/A
• Pressure units conversion:
1 Pa = 1 N/m2
1 atm = 101.325 kPa = 14.7 psi
1 kPa = 0.147 psi
1 bar = 100,000 Pa
4
 


	5. Hydrostatic Pressure: Principles
Hydrostatic  P – the P that water exerts at rest
•P depends only on the height of water above
the point in question
•P increases in direct proportion to the depth
•P in a continuous volume of water is the same
at all points that are at the same depth
•P at any point in the water acts in all directions
at the same magnitude
5
 


	6. Atmospheric (Barometric)
Pressure
•1 atmosphere,  or 101.325 kPa or 14.7 psi at
the sea level
•In hydraulic calculations, this pressure is
neglected (is assumed to be 0):
•gauge pressure is used as opposed to absolute
pressure:
gauge P = absolute P – atmospheric P
6
 


	7. Computation of Pressure
P  = 9.8 x h
Where
P = hydrostatic pressure, kPa
h = water depth, m
•In US units:
P = 0.43 x h
P = hydrostatic pressure, psi
h = water depth, ft
7
 


	8. Example 1
A tank  has a total depth of 30 ft of water in it.
a) What is the gauge pressure at the tank bottom?
b) What is the gauge pressure at a height of 10 ft from the
bottom?
c) Determine the gauge pressure at the tank bottom in kPa
8
 


	9. Example 2
• An  elevated water storage tank and connecting pipeline
are shown in Fig. 2.5. Compute the hydrostatic pressure
at points A, B, C, D, and E. (Nathanson and Schneider, Example 2.2)
9
 


	10. Pressure Head
• It  is often convenient to express pressure in terms of
the height of a column of water, in meters or feet – this
is called pressure head – actual or equivalent height of
water above the point in question
h = P/9.8 = 0.1 x P (SI units)
h = P/0.43 = 2.3 x P (US units)
10
 


	11. Example 3
• A  pressure gauge at the bottom of an open tank
registers a pressure of 25 psi. What is the depth of
water in the tank?
11
 


	12. Example 4 (Nathanson  and Schneider, Ex. 2-4 and Fig.2-6)
A sealed tank has a pocket of air trapped above the water, which is
1 m deep. A pressure gauge at the bottom of the tank reads 30 kPa.
Determine:
(a) the pressure head of water at the tank bottom,
(b) the height that water will rise in the vertical tube if the valve
at the bottom of the tank is opened, and
(c) the pressure in the trapped air
12
 


	13. Measurement of
Pressure
• Piezometer  tube (see Fig. 2-7) – the simplest instrument to
measure pressure.
• Not practical for high pressures
13
 


	14. Measurement of
Pressure
• Manometer  – measures P difference (see also well-
type manometer – Fig. 2-8)
• measures pressure difference
• one end is often open to atmosphere – in this case,
manometer measures gauge pressure
• the manometer fluid is different from the process fluid
14
 


	15. Measurement of Pressure
Bourdon  Tube Gauge
•A flattened hollow metal
tube curved in the form of
a spiral or circular arc –
tends to uncurl as
pressure is applied inside
the tube
•See also Fig. 2-9
15
 


	16. Measurement of Pressure
•  Pressure transducers – devices that sense changes in
pressure and convert them to pneumatic or electrical
signals (see Fig. 2.10)
16
 


	17. Buoyant Force
• Force  that acts by a fluid upward on an object that is
fully or partially submerged in a fluid
• Is a result of the difference in pressures acting on the
uppermost part and the bottommost part of the object
• It is proportional to the pressure difference
(Archimedes’ principle) and is equal to the weight of
fluid displaced by the object.
• If the total weight of an object exceeds the buoyant
forces on it when it is fully submerged, it will sink.
Otherwise, it will float (important in particles removal
by settling)
17
 


	18. Flow
• Water movement
•  in pipes under pressure
• In open channels under the force of gravity
• Flow rate – the water of flow flowing past any given point
in the pipe or channel per unit of time
• Units: m3/s, L/s, L/min, ML/d, mgd, gpm, cfs
• Velocity of flow – distance per unit time: f/s, m/s
Q = A x V
Where: Q = flow rate of discharge,
A = cross-sectional flow area
V = velocity of flow
18
 


	19. Example 5
• Water  is flowing with an average velocity of 3 m/s in a
500-mm – diameter pipe. Determine the flow rate in
ML/d, L/s and gpm.
• 1 gpm = 1 (US) gal/min = 3.785 L/min
• 1m3 = 264.2 US gal = 35.31 ft3
19
 


	20. Example 6
• What  diameter pipe is needed to carry a flow of 500
gpm at a velocity of 1.4 fps? Express result in in.
20
 


	21. Continuity of Flow
Q  = A1 x V1 = A2 x V2
21
 


	22. Example 7
Water is  flowing at a velocity of 2 m/s in a 200-mm-diameter pipe. The
pipe diameter is reduced to 100 mm at a constriction in the pipe.
Determine the flow velocity in the constricted pipe section.
V1=2 m/s
D1 = 200 mm A2; Q2; D2 = 100 mm; V2 - ?
A1; Q1
See also Nathanson and Schneider, Example 2.9
22
 


	23. Example 8 [Nathanson  and Schneider, Example 2-10]
A larger pipe A branches into two smaller pipes: B (pipe diameter is 4 in)
and C (pipe diameter is 6 in). The velocity in the 12-in branch at section
A is 1.0 ft/s, and the velocity at section B is 5.0 ft/s.
Compute the velocity of flow at section C.
23
 


	24. Flow Energy
• In  a hydraulic system, there are 3 types of energy:
• Potential energy due to elevation
• Potential energy due to pressure
• Kinetic energy due to velocity
• Energy units: N∙m or lbf∙ft
• Hydraulic energy can also be expressed in terms of energy
head (meters or feet of water height: N∙m/N = m)
• Therefore, the total energy head in a hydraulic system can
be expressed as follows:
Total head = elevation head + pressure head + velocity head
24
 


	25. Total Energy in  a Hydraulic System
Or:
E = z + p/γ + v2/2g (1)
E = total energy head, m (ft)
z = elevation head = height of the water above the reference plane, m (ft)
P = pressure, kPa (psf)
γ (gamma) = unit weight of water (specific weight)
- γ = 9.8 kN/m3 (62.4 lbf/ft3)
v = flow velocity, m/s (ft/s)
g = acceleration due to gravity, 9.8 m/s2
= (32.2 ft/s2)
See Fig. 2.13, page 36
25
 


	26. Flow Energy Conservation  – Bernoulli’s
Equation
• Recall the law of conservation of energy: in a closed
system, the total energy is constant
• Therefore, for two pipe sections of different diameters
and at different elevations,
z1 + p1/γ + v1
2/2g = z2 + p2/γ + v2
2/2g (2)
• The above equation applies to ideal fluids, because
viscosity and energy loss due friction are ignored
• For horizontal pipes (z1 = z2):
p1/γ + v1
2/2g = p2/γ + v2
2/2g (for ideal fluid) (3)
26
 


	27. Bernoulli’s Equation for  Real Fluids
• For real fluids, head loss due to friction must be taken into
account, therefore, equation becomes:
z1 + p1/γ + v1
2/2g = z2 + p2/γ + v2
2/2g + hL (4)
Where hL = head loss, m (ft)
• Using γ and g values,
• In SI units:
z1 + p1/9.80 + v1
2/19.6 = z2 + p2/9.80 + v2
2/19.6 + hL (5)
• In US units:
z1 + p1/62.4 + v1
2/64.4 = z2 + p2/62.4 + v2
2/64.4 + hL (6)
27
 


	28. Example 9 (see  also Example 2-11 on p. 32)
The diameter of a horizontal pipe narrows from 12 in (section 1)
to 6 in (section 2). The flow rate through the pipe is 1.6 cfs and
the pressure in section 1 is 52 psi.
What is the pressure in section 2?
Solution:
Calculate the flow area in each section:
A1 = π(12 in)2/4 = 0.785 ft2 A1 = π(12 in)2/4 = 113 in2
A2 = π( 0.5 ft)2/4 = 0.19625 ft2 A2 = π(6 in)2/4 = 28.26 in2
From Q = A x V → V = Q/A,
V1 = 1.6 ft3/s /0.785 ft2 = 2.038 ft/s
V2 = 1.6 ft3/s /0.19625 ft2 = 8.153 ft/s
28
 


	29. Example 9, cont’d
Since  z1 = z2, use eq. p1/γ + v1
2/2g = p2/γ + v2
2/2g to
determine p2:
(1 lb-force per sq. in = 144 lb-force per sq. ft)
52 x 144/62.4 +2.0382/64.4 = p2 x 144/62.4 + 8.1532/64.4
120 + 0.06449 = 2.308 p2 + 1.0314
p2 = 119.03/2.308 = 51.58 psi ~ 51.6 psi
29
 


	30. Flow in Pipes  Under Pressure
[Nathanson and Schneider, Section 2-3]
• Velocity at the pipe walls is ~0 due to fluid viscosity
• By velocity of flow we will mean average velocity
• Pressure loss – the hydraulic grade line (HGL) (Fig. 2-14)
• The HGL is a graph of the pressure head along the pipe,
plotted above the centerline
• The HGL always slopes down in the direction of flow
unless additional energy is added (i.e. – by a pump)
• The hL (head loss) to L (distance) ratio is the slope of the
HGL, also called a hydraulic gradient: S = hL/L
30
 


	31. Hazen-Williams Equation
Q =  0.28 x C x D2.63 x S0.54
Where: Q = flow rate, m3/s (gpm)
C = pipe roughness coefficient (for most
cases, assume C = 100)
D = pipe diameter, m (in)
S = slope of HGL, dimensionless
31
 


	32. Pipe Roughness Coefficient
Values  of Coefficient C for H-W Formula*
• Asbestos cement 140
• Concrete 130
• Plastic 140 to 150
• Ductile iron
• Cement lined 130 – 150
• New, unlined 130
• 5-yr-old, unlined 120
• 20-yr-old, unlined 100
*[Source: Hammer and Hammer, Water and Wastewater Technology, 6th Ed.]
32
 


	33. 33
Graphical solution to
Hazen-Williams  equation
for water flowing in circular
pipes under pressure, with
C=100; metric units
Graphical Solution to Hazen-Williams
Equation. C=100
Hazen-Williams Nomograph
[Nathanson and Schneider, Fig.2-15]
 


	34. Example 10
A 12-in  diameter pipe carries water with a head loss of 10 ft per
1000 ft of pipeline.
a) Determine the flow rate using Hazen-Williams equation
b) Check the solution using the nomograph.
Note: Assume C = 100
Solution:
Find slope S = 10 ft/1000 ft = 0.010
a) Use H-W eq. from slide 31:
Q = 0.28 x C x D2.63 x S0.54
Q = 0.28 x 100 x 122.63 x 0.0100.54 = ~ 1600 gpm
34
 


	35. Example 10, Graphical  solution
From the graph,
using D = 12 in
and S = 0.01,
Q ~ 1700 gpm
35
 


	36. Example 11
What minimum  pipe diameter is required to carry a flow of 24
L/s without causing the pressure to drop more than 10 kPa per
kilometer of pipeline? (Assume C = 100)
Determine pipe diameter using H-W equation and also a
nomograph.
36
 


	37. Example 12
An 8  inch diameter pipe carries a flow of 300 gpm and is
0.5 mile long. Determine the pressure drop in the pipe
using the H-W nomograph. Check the solution using H-W
equation.
37
1 km = 0.6214 mi
1 m = 3.281 ft
1 mi = 5280 ft
 


	38. Example 13
Using H-W  equation, determine the minimum pipe
diameter required to carry a flow of 800 gpm without
exceeding a pressure loss of 24 psi per mile of pipeline.
38
 


	39. Head losses when  C≠100
• Head losses in pipes with coefficient values other than
100 can be determined using the correction factors
• Corrected hL = k x hL at C=100
[Source: Hammer and Hammer]
39
C K C K
80
100
110
1.51
1.00
0.84
120
130
140
0.71
0.62
0.54
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