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LECTURES WEB SITE
 www.GISApplications.com

 PSU PE Review Course Link

www.GISApplications.com
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OUTLINE
 Chapter 18: Hydraulic Machines
 Basics
 Centrifugal pumps Centrifugal pumps
 Pumping power
 Pump curve

E l bl Example problems
 Practice problem
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TYPES OF HYDRAULIC MACHINES
1. Pumps
 Covert mechanical energy into fluid energy
 Increase fluid energy Increase fluid energy

2. Turbines
 Covert fluid energy into mechanical energy
 Decrease (extract) fluid energy

4
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TYPES OF PUMPS
1. Positive Displacement Pumps
 Two types:
 Reciprocating pumps: use pistons Reciprocating pumps: use pistons
 Rotary pumps: use screws

 Discharge a fixed volume for each stroke (of piston) or 
revolution (of screw)( )

 Energy is added intermittently to fluid
 Discharge stream is “pulsing”

2. Kinetic Pumpset c u ps
 Transform fluid kinetic energy into fluid static pressure 

energy using an impeller
 Examples:
 Jet pumps
 Ejector pumps
 Centrifugal pumps
 M t ill b th f f thi l t

5

 Most common; will be the focus of this lecture
 Table 18.1: Side-by-side comparison of positive 

displacement and kinetic pumps
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CENTRIFUGAL PUMPS
 Figure 18.3
 Suction line: inlet to 

the pump impellerthe pump impeller
 Captures incoming flow
 Adds velocity
 Throws flow to outside Throws flow to outside 

casing
 Casing: converts 

velocity into pressure y p
energy

 Discharge Line: Exit 
from pump p p
(approximately at 90°
from the original flow 
direction)

6
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TERMINOLOGY FOR PUMP EQUATIONS
 Subscript
 s: suction side of pump
 d: discharge side of pump

 Pump equations are based on “head” terms in units of 
height (ft or m) instead of pressure (in psi)

 You can convert pressure to head (or vice-versa) usingp ( ) g

4.18

ph 

γ = specific weight = 62.4 lbf/ft3 for water at 68°F


g

gp

b
g
g

c

14.14  
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VARIOUS HEADS
 Friction Head (hf): head required to overcome 

resistance to flow in pipes, fittings, valves, entrances, 
and exists.

 Velocity Head (hv): head due to kinetic energy.
 Eq.)Weisback -Darcy - 17.22 Eq. as (same 18.6   

2
2


Dg

vLf hf 

y ( v) gy

 Atmospheric Head (h ): Atmospheric pressure

 16.3b) Eq. as (same 18.7   
2

2


c
v g

v h 

 Atmospheric Head (ha): Atmospheric pressure 
converted to feet of fluid being pumped.

F68atfor waterlbm/ft62.4densityρ 3  a
a

ph

 Pressure Head (hp): Pressure converted to feet of fluid 
being pumped.

F68at for water lbm/ft62.4density ρ   
a  h

8

16.6 Eq. as same   

p hp
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STATIC SUCTION HEAD
 hz(s): vertical distance 

above the center line of 
the inlet to the free levelthe inlet to the free level 
of fluid source

 If source level is above 
i l t

+ hz(s)
POSITIVE

inlet:
 hz is positive

 If source level is below 
inlet:
 hz is negative and called 

static suction lift. - hz(s)
(NEGATIVE)( )

9
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STATIC DISCHARGE HEAD
 hz(D): vertical distance 

above the center line of 
the inlet to the point ofthe inlet to the point of 
free discharge or surface 
level of discharge tank

 T t l d i h d Total dynamic head 
(TDH) = discharge head –
suction head

10
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EXAMPLE 18.1: HEAD EQUATIONS

 (a): Total suction head
ht(s) = hp(s) + hz(s) + hv(s) - hf(s)

 (b): Total discharge head
ht(d) = hp(d) + hz(d) + hv(d) + hf(d)

Note: h was ve for suction headNote: hf was –ve for suction head

 (c): Total (dynamic) head (TDH)
ht = ht(d) - ht(s) ≈ hz(d)-hz(s)+hf(d)+ hf(s)t t(d) t(s) z(d) z(s) f(d) f(s)

hp ׶ ൌ0 for open reservoirs ሺassume suction 
from and discharge to reservoir is exposed 
to atmosphereሻto atmosphereሻ

hv ׶ ൌ0 ሺassume negligible velocities in 
large reservoirsሻ

11
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PUMPING POWER
 The net (output) power 

transferred to the fluid
 Al ll d h d li Also called hydraulic 

power or water power
 Units
 horsepower (U.S.) or h.p.: 

Equations in Table 18.5
 watt or kilowatt (S I )” watt or kilowatt (S.I.)  

Equations in Table 18.6
 For example, if head 

dd d b h i iadded by pump hA is in 
ft and discharge Q in 
GPM SGQh

12

for water  1.0 gravity  specificSG
3956





SGQhWHPhorsepowerWater GPMA
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PUMPING POWER

   18.12 

shaftpumptodeliveredhorsepowerinput theBHPhorsepowerBrake




WHP



efficiency pump(eta) p

p




efficiencymotor

   18.14 EHPmotor  tohorsepowerElectric




m

BHP






efficiencymotor m

ffi i itdfd t)(i t ll tifffi iO ll

14)-18 and 12-18 Eqs. (from  18.16 

esefficiencimotor andpumpofproduct )(on installatipump of efficiency Overall


EHP
WHP

EHP
BHP

BHP
WHP

mp 






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EXAMPLE 18.2: PUMPING POWER (U.S. SOLUTION)

 Given Data:
hp= pressure head = 550 ft
mሶ= ρ×Q= mass flow rate = 100 m= ρ×Q= mass flow rate = 100 

lbm/sec

 C l l  (?) Calculate (?):
 Δp=pressure added in lbf/ft2
 V˙ = Q = discharge in ft3/sec
 W = work in ft lbf/lbm W = work in ft-lbf/lbm
 P=Power in h.p.

14
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EXAMPLE 18.2: PUMPING POWER (U.S. SOLUTION)

 Solution:
2lbf/ft 34,320 62.4  550    18.5b, Eq. From  p

g
ghp  ANSWER 1

2
c ft/sec 32.174gg places,most  

cg

/f100 3



mQ /secft1.603
62.4
100  17.2, Eq. From 3


mQ ANSWER 2

lbf/lbm-ft 505
62.4

34,320   energy pressureW 16.6, Eq. From 

p

ANSWER 3

lbf/lbm-ft 550
g
gh or W 

c



h p100100550gWHPP18 5TableFrom 









mhA ANSWER 4h.p.100
550g550

WHPP 18.5, Table From
c

 ANSWER 4

h1001.603550WHPP18 5T blFO QhA

15

h.p.100
8.818

1.603550
818.8

WHPP 18.5, Table From Or, 
QhA
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SYSTEM CURVE
 A plot of TDH for 

different flow rates for 
only the configuration ofonly the configuration of 
the suction and 
discharge lines (Fig. 
18 12)18.12)

 Fig. 18.9: system curves 
for different efficiencies
 For the same discharge, a 

lower efficiency (65%) 
pump gives a lower head.

H2

H1

16

Q1
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PUMP CURVE
 A plot of TDH and 

discharge (x-axis) for 
only the pumponly the pump.

 Convex shape compared 
to system curve’s 

hconcave shape
 Top: Three pump curves 

for three different speeds p
(rpm)

 Bottom: Two pump 
curves for two differentcurves for two different 
impeller diameters

17
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OPERATING POINT
 The intersection of the 

system and pump curves
 Defines system head and 

flow rate

18
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NET POSITIVE SUCTION HEAD (NPSH)
 Minimum fluid energy (or head) required at the inlet by 

the pump for satisfactory operation to avoid 
cavitationcavitation.
 Cavitation: Small pockets of vapor trapped inside the pump 

that cause vibration and noise
 NPSHR: NPSH Required
 Specified by the manufacturer

 NPSHA: NPSH Available NPSHA: NPSH Available
 Actual energy (head) available at the inlet

 To avoid cavitation, NPSHA > NPSHR
 NPSHA = hatm + hz(s) - hf(s) – hVP … 18.30a

(VP = vapor pressure)

19
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EXAMPLE 18.8: NPSHA

2.0 ft3/sec (56 L/s) of 60°F (16°C) water 
are pumped from an elevated feed tank 
to an open reservoir through 6 in (15.2 p g (
cm), schedule-40 steel pipe, as shown.  
The friction loss for the piping and 
fittings in the suction line is 2.6 ft (0.9 
m). The friction loss for the piping and 
fittings in the discharge line is 13 ft (4.3 
m).   The atmospheric pressure is 14.7 

i (101 kP ) Wh t i th NPSHA?
 Given Data:

Q = 2.0 ft3/sec
T = 60°F

 Calculate (?):
 NPSHA

psia (101 kPa). What is the NPSHA?

T = 60°F
Pipe diameter = 6 in = 0.5 ft
Pipe type = schedule-40 steel
hf(s)= 2.6 ft

 NPSHA

20

f(s)
hf(d)= 13.0 ft
patm= 14.7 psia (absolute pressure)
vapor pressure = VP = 0.59 ft (From Appendix 14.A for 60°F)
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EXAMPLE 18.8: NPSHA

 Solution:

33 9ft14414.715 7bEqFrom 



ph

 hz(s) = 5 + 16 – 1 = 20

33.9ft
62.4

  15.7b, Eq. From 


hatm

 From Eq. 18.30a
NPSHA = hatm + hz(s) - hf(s) – hVP
= 33.9 + 20 – 2.6 – 0.59 

hz(s)

= 50.7 ft
 Distracters:

ANSWER

 Pipe type (not used)
 hf(d) (not used) 
 Pipe lengths (in figure) 

21
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FOOD FOR THOUGHT

The new surface 
pump won’t work 
because NPSHA isbecause NPSHA is 
not adequate. They 
will need to replace 
the defectivethe defective
submersible pump 
with a new 
submersible pump.

Temporary solution: 
fill the suction line 
with water to remove 
the vacuum.

22
Link worked until 10/29/09
http://material-handling.globalspec.com/Newsletter/ViewIssue?vol=Vol6Issue1B&pub=1&isPastIssue=1
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SUGGESTED READING: CHAPTER 18
29 to 34. Turbines

23
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PRACTICE EXAM: FLUID 
STATICS AND FLOW 
(CHAPTERS 14-17) AND 
PUMPS (CHAPTER 18)

24



© Shamsi, 2009

PRACTICE EXAM: FLUID STATICS AND FLOW (CHAPTERS 
14-17) AND PUMPS (CHAPTER 18)

A water supply system supplies water to a steel 
manufacturing plant (elevation = 1050 feet) at a normal 
pressure of 40 psi The plant is located between a supplypressure of 40 psi. The plant is located between a supply 
reservoir (elevation = 1000 feet) and a storage tank (ground 
elevation = 1100 feet, overflow elevation = 1200 feet). 
Di h f th i i 75 i Th i iDischarge pressure of the reservoir is 75 psi. The piping 
data is given below:

Between the reservoir and the plant: 2000 feet of 10 inchBetween the reservoir and the plant: 2000 feet of 10-inch 
diameter cast iron pipe, two gate valves, two side outlet 
tees, and four 450 elbows. Equivalent length of fittings is 
514 feet.

Between the plant and the storage tank: 4000 feet of 8-inch 
di t t i i

25

diameter cast iron pipe.

Assume C = 140 for all the pipes.
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PRACTICE EXAM: FLUID STATICS, FLOW AND PUMPS SOLUTION

Step 1 (very important): Draw a sketch (profile plot)

1200

ELEVATION

1200

TANK

1100MANUFACTURING
PLANT

Elev. 1050
40 psi

Elev 1000

1100

1150

1050
PLANT

1000
DISTANCERESERVOIR

Elev. 1000
75 psi

4000 ft of 8 in C.I. pipe2000 ft of 10 in 
C I pipe + 514

26

C.I. pipe + 514 
ft of fittings
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PRACTICE EXAM: FLUID STATICS, FLOW AND PUMPS SOLUTION

1. Hydraulic head (feet) at the reservoir is most nearly:
A. 1000
B. 75
C 173C. 173
D. 1170
E. 1100

Hydraulic head (feet) at the reservoir is:Hydraulic head (feet) at the reservoir is:
= 1000 + (75 psi x 2.31 ft/psi) = 1000 + 173.25 feet = 1173.25 ≈1170 feet
Answer: Select D

27
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PRACTICE EXAM: FLUID STATICS, FLOW AND PUMPS SOLUTION

2. Assuming that the tank is full, hydraulic head (feet) at the storage 
tank is most nearly:
A. 1000
B 1100B. 1100
C. 1200
D. 100
E. 1170

Hydraulic head (feet) at the storage tank is :
= Overflow elevation of the tank = 1200 feet
Answer: Select C

28
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PRACTICE EXAM: FLUID STATICS, FLOW AND PUMPS SOLUTION

3. Hydraulic head (feet) at the plant is most nearly:
A. 1000
B. 1050
C 92 4C. 92.4
D. 1092.4
E. 1140

Hydraulic head (feet) at the plant is:
1050 (40 i 2 31 ft/ i) 1050 92 4 f t 1142 4 1140 f t= 1050 + (40 psi x 2.31 ft/psi) = 1050 + 92.4 feet = 1142.4 ≈ 1140 feet

Answer: Select E

29
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PRACTICE EXAM: FLUID STATICS, FLOW AND PUMPS SOLUTION

4. Equivalent length of pipe (feet) between the reservoir and the plant 
is most nearly:
A. 2000
B. 514
C. 2510
D. 2500
E. 500

Pipe length = 2000 ft
Equivalent length of fittings = 514 ft (given; ignore the distracter on 

description of fittings (valves, tees, elbows) )
Total = 2000 + 514 = 2514 ≈ 2510 ftTotal = 2000 + 514 = 2514 ≈ 2510 ft
Answer: Select C

30
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PRACTICE EXAM: FLUID STATICS, FLOW AND PUMPS SOLUTION

5. Head loss (ft) between the reservoir and the plant is most nearly:
A. 10
B. 20
C 30C. 30
D. 40
E. 50

H d l h d li h d t th i h d li h d t th l tHead loss = hydraulic head at the reservoir - hydraulic head at the plant
= 1173.25 - 1142.4
= 30.85 ft ≈ 30 feet • Hydraulic head at the reservoir = 1173.25 

from Question 1
Answer: Select C

from Question 1
• Hydraulic head at the plant = 1142.4 from 

Question 3
• To be safe, use exact values (1173.25 and 

1142.4) rather than the approximate values 
(1170 and 1140)

• Example of cascading question: If your 
answers for Q1 and Q3 were wrong this

31

answers for Q1 and Q3 were wrong, this 
answer will also be wrong.
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PRACTICE EXAM: FLUID STATICS, FLOW AND PUMPS SOLUTION

6. Flow (gpm) from the reservoir to the plant is most nearly:
A. 1600
B. 1700
C 1800C. 1800
D. 1900
E. 2000

From Hazen-Williams Formula:
Q = 0.285 C d 2.63 S 0.54 (Derived from Eq. 19.14(b)
where
Q fl iQ = flow in gpm
C = roughness coefficient
d = pipe diameter in inches
S = slope of hydraulic grade line in ft/ft = head loss / pipe lengthS = slope of hydraulic grade line in ft/ft = head loss / pipe length

Flow = (0.285) (140) (10)2.63 (30.85/2514)0.54

= 1589 gpm ≈ 1600 gpm

32

 1589 gpm  1600 gpm

Answer: Select A
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PRACTICE EXAM: FLUID STATICS, FLOW AND PUMPS SOLUTION

7. Head loss (ft/ft) between the storage tank and the plant is most 
nearly:
A. 60
B 0 01

Compare with Question 5:  What’s the difference?
B. 0.01
C. 1140
D. 1200
E. 0.05

Q5 head loss units: ft
Q7 head loss units: ft/ft

Head loss (ft/ft) = (hydraulic head at the storage tank - hydraulic head 
at the plant) / (pipe length)

= (1200 1142 4 ) / (4000)= (1200 - 1142.4 ) / (4000) 
= 0.0144 ≈ 0.01 ft/ft

Answer: Select BAnswer: Select B

33
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PRACTICE EXAM: FLUID STATICS, FLOW AND PUMPS SOLUTION

8. Flow (cfs) from the storage tank to the plant is most nearly:
A. 1000
B. 900
C 12

• Compare with Question 6:  What’s the difference?
C. 12
D. 2
E. 958

• Q6 flow units: gpm
• Q8 flow units: cfs

From Hazen-Williams Formula:
Q = 0.285 C d 2.63 S 0.54 (Derived from Eq. 19.14(b)

= (0.285) (140) (8)2.63 (0.0144)0.54

958= 958 gpm
= 958 / 448.831 cfs
= 2.134 cfs
≈ 2 cfs

• S = 0.0144 from Question 7
• Should use the exact value (0.0144) rather ≈ 2 cfs

Answer: Select D

( )
than the approximate value (0.01)

• Example of cascading question: If your 
answer for Q7 was wrong, this answer will 
also be wrong

34

also be wrong.
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PRACTICE EXAM: FLUID STATICS, FLOW AND PUMPS SOLUTION

9. The power consumption (horsepower) is most nearly, if the overall 
efficiency of the reservoir pump and motor is 72%:
A. 17
B. 27
C. 37
D. 12
E. 22

• Hydraulic head at the 
reservoir = 1173.25 from 

From equation in Table 18.5
Horsepower = (Q × H) / (3960) (efficiency)

h

Question 1
• Hydraulic head at the plant 

= 1142.4 from Question 3
• Q = 1589 gpm fromwhere

Q = flow in gpm
H = head added in ft
H P = (1589) ( 1173 25 1142 4) / (3960) (0 72)

Q  1589 gpm from 
Question 6

• Must use exact values 
rather than the 

i t lH.P.= (1589) ( 1173.25 - 1142.4) / (3960) (0.72)
= 17.2 ≈ 17

Answer: Select A

approximate values
• Example of cascading 

question: If your answers 
for Q1, Q3, and Q6 were 

35

Answer: Select A Q , Q , Q
wrong, this answer will 
also be wrong.
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10 If l i i 100 ill kil h h f i

PRACTICE EXAM: FLUID STATICS, FLOW AND PUMPS SOLUTION

10. If electric cost is 100 mills per kilowatt hour, the cost of pumping 
one million gallons of water is most nearly:
A. $10
B. $50B. $50
C. $100
D. $1000
E. $49.50

1 mill = 1/1000
Pumping cost = (Hours pumped) × (power consumption in kilowatts ) ×
(cost in per kilowatt hour)( p )
Hours pumped = (1,000,000 gallons) / (1589 gpm)
= 629.33 minutes
= 10.49 hours
Power consumption = 17.2 H.P. = (17.2) (0.745) = 12.8 kilowatts
Pumping cost = (10.49) (12.8) (100/1000)
= $ 13.43

$ 10
• Q = 1589 gpm from Question 6
• H P = 17 2 from Question 9

36

≈ $ 10
Answer: Select A

• H.P. = 17.2 from Question 9
• Must use exact values rather than the approximate values
• Example of cascading question: If your answers for Q6 

and Q9 were wrong, this answer will also be wrong.


