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Liquid Piping Systems

* Piping systems are used to transport diverse liquids for a variety
of different applications.

* These applications may range trom water service for buildings to
complex two-phase tlow systems 1n industrial plants. The design
of these systems requires consideration of several groups of
specialties and accessories that will be needed for a functional
system.

» This chapter will focus on fittings and accessories, pipe
materials, tluid machines, and design considerations necessary
for the successtul design of practical piping systems for various
applications.




Minor Losses: Fittings and Valves in Liquid Piping
Systems
Fittings
» Fittings are used to extend pipe lengths, expand the pipe network,
or perform a selected function.
* Examples of fittings specific to liquid piping systems are plugs,
unions, wyes, valves, tees, caps, terrules, elbows, nipples,

reducers, sleeves, couplings, adapters, tasteners, compression
fittings, and bulkhead fittings, to name a tew.

* All these add resistance to fluid flow. Tabulated K values (loss
coetticients) are available tor these and other fittings
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Minor Losses: Fittings and Valves in Liquid
Piping Systems

Valves

» Valves are used to control the tflow rate of tluid in piping systems.

» For valves, lower K values occur when they are tully open; thus,
frictional losses will be low. The K values will increase as the

valve 1s closed. A similar trend will apply to Lﬁ_quiv values.

* There are many types of valves . Some of these valves and their
drawing symbols are shown 1n Figure below.

* Manufacturer’s catalogs should be consulted to find other valves
and/or pipe ftittings and their K or L__ .. values

equiv
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I Minor Losses: Fittings and Valves in Liquid Piping Systems\
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a Sizing Liquid Piping Systems

General Design Considerations

* Sizing liquid piping tollows a similar procedure to that outlined 1n
Example 1 of Chapter 2. Consider the following additional points
when s1zing and designing piping systems.

a) Pipe Materials: 1s the tluid corrosive? Are there particulates 1n
the tluid (e.g., o1l sand liquid slurries) that will erode the pipe? Is
the tluid temperature high?

h) Pipe Thickness: Is higher pipe strength required for high stress
(high pressure) applications?

¢) Plastic Piping: Can plastic piping be used instead ot metal pipes?
Plastic pipes are lightweight, easy to join, and corrosion resistant.

d)  Flow Velocities: Ditterent services and applications have ditterent
pipe velocity requirements and ranges.




" sizing Liquid Piping Systems

Examples of Plastic Piping

)

b)

d)

Polyvinyl chloride (PVC): For applications in pipes for building cold
water, drains, and condensate piping. Not recommended for hot
water piping.

Chlorinated polyvinyl chloride (CPVC): Stmilar to PVC. This
plastic material 1s able to withstand temperatures ot up to 140°F.

Reinforced thermosetting resin plastic (RT'RP): Recommended for
hot water piping systems with temperatures on the order of 200°F.

Cross-linked polyethylene (PEX): For applications in hydronic-
radiant heating systems, domestic water piping, natural gas and
offshore o1l applications, chemical transportation, and transportation
of sewage and slurries. Recently, it has become a viable alternative
to PVC, CPVC, and copper tubing for use as residential water pipes
(particularly in Canada).

Acrylonitrile butadiene styrene (ABS): Used in building plumbing
systems as drain, vent, and sewage piping. It may also be used to
transport potable (drinking) water, chemicals, or chilled water.

#




Sizing Liquid Piping Systems

Table 3.1 Typical average velocities for selected pipe flows®

Engineers, Atlanta, GA, 2005, pp. 36-11.

o

Fluid Application Velocity (fps) Velocity (m/s)
Steam Superheated process steam 148-328 45-100
Auxiliary heat steam 08-246 30-75
Saturated and low-pressure 98-164 30-50
steam
Water Centrifugal pump suction lines 3-4.9 (must be 0.9-1.5 (must
< 4.9 fps)’ be <1.5m/s)’
Power plant feedwater 7.9-15 2446
General building service 3.9-10.2 1.2-3.1
Potable water Up to 6.9 (must Up to 2.1 (must
be < 9.8 fps)” be <3.0 m/s)’

“Adapted from the US Department of the Army, TM 5-810-15, Central Boiler Plants, August 1995.
bAdapted from 2005 Fundamentals, American Society of Heating, Refrigerating, and Air-Conditioning




Sizing Liquid Piping Systems
Pipe Data for Building Water Systems

* As seen 1n Chapter 2, pipe and duct sizing can be laborious,
requiring many iterations of complex correlation equations.

* In practice for building water systems, charts and tables are used
to simplity the process of liquid pipe sizing. Of importance 1s pipe
material selection, determination of pipe diameter, and installation
specitications.

* While the tocus 1s on building water systems, the procedures
outlined here will apply directly to other types of piping systems
such as wastewater/sludge systems, food processing systems, and

chemical liquid systems.
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Sizing Liquid Piping Systems

A.  Pipe Materials for Building Water Systems: Type L copper tubing 1s
widely used. Schedule 40 steel 1s used 1n steam heating systems.
Schedule 80 steel, which 1s thicker than Schedule 40 steel, 1s used 1n
high-pressure steam lines. PEX may also be used in cold or hot
water systems 1n lieu of copper. It 1s not recommended tor high-

pressure steam lines. Table 3.2 shows some data for copper and steel
pipes.
B. Pipe Sizing Considerations—Determination of Pipe Diameters:

Pipes 1n closed-loop building systems should be designed to limit

friction losses to 3 ft of water per 100 ft of pipe. This will reduce
the final pump size and cost.

* In addition, pipe velocities should be less than 10 fps or 3 m/s to
reduce noise and pipe material erosion. Typically, volume tlow rates
in the pipes are known, which makes determination of the pipe
diameter easier.

("




a Sizing Liquid Piping Systems

Table 3.2 Pipe data for copper and steel

Diameter (in.) Weight per Linear
Foot of Pipe and Gallons of Water

Material Nominal Inner Outer Water (Ib) per Linear Foot
Copper

TypeL 3 0.430 0.500 0.26 0.008
Type L 1h 0.545 0.625 0.39 0.012
Type L 3/ 0.785 0.875 0.67 0.025
Type L 1 1.025 1.125 1.01 0.043
ITypeL 114 1.265 1.375 1.43 0.065
TypeL 114 1.505 1.625 1.91 0.093
Type L 2 1.985 2.125 3.09 0.161
Type L 215 2.465 2.625 4.55 0.248
Type L 3 2.945 3.125 6.29 0.354
Type L 3lh 3.425 3.625 8.29 0.479
Type L 4 3.905 4.125 10.58 0.622




Steel

Schedule 40
Schedule 40
Schedule 40
Schedule 40
Schedule 40
Schedule 40
Schedule 40
Schedule 40
Schedule 40
Schedule 40
Schedule 40

Schedule 80
Schedule 80
Schedule 80
Schedule 80
Schedule 80
Schedule 80
Schedule 80
Schedule 80
Schedule 80

0.364
0.622
0.824
1.049
1.380
1.610
2.067
2.469
3.068
3.548
4.026

0.546
0.742
0.957
1.278
1.500
1.939
2.323
2.900
3.364
3.826

0.540
0.840
1.050
1.315
1.660
1.900
2.375
2.875
3.500
4.000
4.500

0.840
1.050
1.315
1.660
1.900
2.375
2.875
3.500
4.000
4.500

0.475

0.992
1.372
2.055
2.929
3.602
5.114
7.873
10.781
13.397
16.316

1.189
1.686
2.483
3.551
4.396
6.302
9.491
13.122
16.225
19.953

0.005
0.016
0.028
0.045
0.077
0.106
0.174
0.248
0.383
0.513
0.660

0.012
0.026
0.037
0.067
0.092
0.154
0.220
0.344
0.458
0.597

o Schedule 80
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Sizing Liquid Piping Systems

Practical Note 1. Higher Pipe Friction Losses and Velocities

* The design engineer should bear in mind that the aforementioned
points are guidelines. Flexibility exists in order to optimize the
pertormance of a given system design. For example, higher friction
losses may be acceptable tor shorter run of pipes or for cases where
smaller pipe sizes are mandatory by the client or application. Higher
pipe velocities may be required for fluid systems that transport solid
sediments. This ensures that the sediments do not clog the pipes by
sticking to the pipe wall.

» However, tor small diameter pipes, erosion becomes a concern when

large velocities are used. For example, in stainless steel tubes, erosion
becomes a concern when velocities are larger than 15 fps (consult

Table A.13 for additional data).

e All deviations from the established guidelines should be justitied by
the design engineer.
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Sizing Liquid Piping Systems

Table A.13 Erosion limits: maximum design fluid velocities for water flow in small tubes

Low carbon steel 10 ft/s

Stainless steel 15 ft/s

Aluminum 6ft/s

Copper 6 ft/s

90-10 Cupronickel 10 ft/s

70-30 Cupronickel 15 ft/s

Titanium 50 ft/s

For other liquids Viig.max = Vivater, max [ﬂ::m]
: 1800 .

For gases and dry vapors (ft/s), where M = molecular weight Vas,max = M

Source: Adapted from Wolverine Tube Inc., Wolverine Tube Heat Transfer Data Book, Wolverine Tube Inc.,
Huntsville, AL, 2009, p. 48.

@
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Sizing Liquid Piping Systems

tor plastic piping systems 1s shown 1n Figure below.
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Figure. Plastic pipe (Schedule 80) friction loss chart

@

» After selection of the pipe friction loss and velocity, an appropriate
chart may be used to determine the pipe diameter. One such chart

4
it
5

PLASTC PPE
2000 3000 5000




“
<L
)
S
=)
L=
L

Copper tubing

friction loss

(open and closed
piping systems)




L
iS000 P [ % N | ] | ! / I8 000
| | | |

el || el 0000
'} 1
L

L i . | -S| o} o ; [ {ala]s]
! . Y . i - 4 gl .
L | el ek
8000 5. o A W Fﬁ" . L. 41 bt LN b L ',ﬁ!l. §000
.
S000 3 4 1 ' - . PRS- & A Ap—t— R o e :' S000
000 |+ VT X8 AT el | = 1 ap00

3000 AL R ' : 3000

<,

-
-
|
I

Gl v N T L ' Py 1 2000

|ﬁl:ll:| - — i E - = i £ L koo o4 _— : . JI J- r‘m

000 S il . o - N A, - - 1900
BOD | - el 1 1\ ! Nt : — = | A0O

goo [ 1 ! -_. | i | = B ' E00
TP T T A $00
1 | .W

il iso

m;,,--'!'({ , . | * #_. }"m

FLOW (GPM]

{31+ e = ! il d 00

PN N XS NP
XX NN EXE »fﬂ Figure A 4
" S TIN N DS ﬁ;k _ Commercial steel
/; NN J'-’-. o\ M+ pipe (Schedule 40)
s PN A X friction loss for
Lt N | open piping
’ e — systems

|- s d g
/l - | | -
2 / — e W 4 } ' - I-r-'.-— 4—3—5—4
| ' |
1
) _/ k. i TEE B
| ! |
(Wa ] I

A inm 2 3 4 5 8 8 10 5 ¥ 3 4 B 6 8 0 15 20 2530 40 60 BO WO
FRICTION LOSS (FEET OF WATER PER IOOFT.)




FLOW [GPM)

i 5 20353 4 % & B 10 1% 2 253 4 5 6 B 0 1B 207330 40 60 MO DD
20000 \ \ T |-|\-| T \' | 1 ' | ! 20 000
| | | | |
18000 | - | ' : R W L . ' “ 15000
10 000 - - e {1 o000
B oo et ==t 1 * = aooo
- ] . & I —_— - e e =
£000 L) — - 1 & Doo
5000 N i - | | 8000
4000 . . - -  ac00
* |
3000 | N — 0 111 ~+ 3000
| Lo | |
HE | i o 1 1 b M 'S | o FODO
2000 - - +
W, ,
800 | I | N4l 1800
- |
L
LoD — - ] =) [ - . b s I | -.-.i - - ].. oaa
Lt | — s e - -
#a | — I & { oA FANE — - B0
L | t - . T} e 3 B
‘m _l_ _— -I —I + _.E 1 i | - :- =l . -..i lm
w0 : ] g =1 'l ﬂ L. | ' T
I 'J I .| |
_‘nn == = -.-+ i S .I F - _— = .'. .I | B + - .W
1 | I |
300 — 1 il N1 T1 - | 290
\ '1. i |
200 h— -—'r - - - | : B 200
[ ]
/80 7 e 4 | l A VR T Y
| | _ { \
oo | —— e |
-] 1 . - o | =i
o M _ | | -
50 |- .- =TT -
[
,',n -i I 3
!n " [} r l‘
- W bt
20 =1 ! 1
I\
T k |
p
| |
Iu _l;’—. .——F— —'—|-:_ - |
~

!
|
%,. -
- I —+_—
, | | |
| \ | a1
(-] | | | 1 | | | 1I [ .
| I AN N | | i
i . ! | ! |
| s 2 33 A4 5 6 B 1O 15 2 233 4 % g @& 10 5 229 M 40 &0 B0 10D

FRICTION LOSS (FEET OF WATER PER IDOFT)

Figure A.4
Commercial steel
pipe (Schedule
40) friction loss
tor closed piping
systems




'

Pipe Installation

* Pipes are typically hung between the slab and the dropped
(finished) ceiling and are supported by pipe hangers. The
hangers are tastened around the pipe and their support rods are
anchored to the ceiling. Figure below shows pipes supported on
hangers. The weights per toot of piping filled with water are used
to determine the spacing of the pipe hangers and the sizing of the
support rods.

Concrete ceiling

Concrete beam

Hanger rod

Hanger support

Insulated pipe




Table 3.3 Hanger spacing for straight stationary pipes and tubes [1]

Steel Pipe (ft) Copper Pipe (ft)
Nominal Pipe
Diameter (in.) Water Service Steam Service Water Service Steam Service
1/ 7 8 5 9
3a i 8 5 6
15 7 8 5 6
3y 7 U 5 7
1 7 Y 6 8
114 L 9 o 9
114 Y 12 8 10
2 10 13 8 11
215 11 14 Yy 13
3 12 15 10 14
31/ 13 16 11 15
4 14 b 12 16
5 16 19 13 18
6 17 21 14 20
8 19 24 16 23
10 20 26 18 25
12 23 30 19 28
14 25 32
16 27 35
18 28 37
20 30 39
24 32 42
30 33 44




Table 3.4 Minimum hanger rod size for straight stationary
pipes and tubes [1]

Nominal Pipe Diameter

(in.) Minimum Rod Size (in.)
Va2 s

215314 1A

4-5 e

6 a

8-12 "

14-18 1

20-24 114

Practical Note 2. Piping System Supported by Brackets

» Not all pipes are installed by being hung on pipe hangers and supports.
Pipes may be supported by mounting them on brackets that are attached
to concrete walls. Shown 1n Figure below 1s a part of a piping system
that 1s installed on stainless steel strut channels. A 1/4-hp (horsepower)
in-line pump 1s also supported by the pipes and the channels.

(-,

#




Pipe Installation

» Figure. Pipes and an in-line pump mounted on brackets
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Fluid Machines (Pumps) and Pump-Pipe Matching

Classifications and Terminology

* Pumps serve to move liquids. The pump adds energy to the tluid to
keep 1t moving, to overcome head losses, and/or to build pressure on

the fluid to overcome elevation head in the line.

* As the fluid passes through the pump and energy 1s added, the
discharge pressure of the exiting fluid becomes greater than the
pressure of the inlet tluid. There are many types of pumps available on

the market.

Types of Pumps

a) Gas pumps: These pumps move gases. Examples of these types ot
pumps are fans and compressors.

b) Positive displacement pumps: These pumps pressurize the fluid by
contracting or changing their boundaries to force fluid to tlow.
Suction 1s achieved when the boundaries of the pump expand or the
volume of the pump becomes larger.

(-,




Fluid Machines (Pumps) and Pump-Pipe Matching

Examples of positive displacement pumps include the human
heart, flexible-tube peristaltic pumps, and double-screw pumps.
These pumps are capable of creating a significant vacuum
pressure at their inlets, even when dry, and are able to lift fluids

from long distances below the pump. These pumps are also called
self-priming pumps.

¢c)  Dynamic pumps: Rotating blades are used to supply energy to the
fluid. The blades impart momentum to the fluid. Fluid enters the
eye of the impeller, 1s flung from the impeller blades into the
scroll case (volute) of the pump where the tluid 1s pressurized.
The fluid exits at high pressure.

™~




Fluid Machines (Pumps) and Pump-Pipe Matching

] L] (~=e)

i

\

Three-lobe rotary pump Two screw pump
(a) (b)

Fig. Examples of positive displacement pumps

™~
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Fluid Machine)s (Pumps) and Pump—-Pipe Matching
Q

( ) i

1 Casing 17 Gland
2 impaiier 40 Defecior
11 Cover. sual chamber 71 Agapier
13 Pecling 73 Gaakat, casing
14 Sieeva, ahaft 88 Seal mechancal
In-line centrifugal pump Vertical multi-stage submersible pump
(c) (d)

Fig. Example of a dynamic pump (centrifugal pump).

\




Pump Fundamentals

» There are several fundamental parameters that need to be
mentioned betore proceeding to pump sizing and selection.

a)  Pump Capacity: Volume tlow rate of tfluid through the pump:
. m

V="

0

h)  Pump Net Head: Used to increase the tluid energy (usually 1n
units of length). An expression for the pump net head can be
tound by considering the energy equation. Thus, the pump
specific work 1s

pp V3 po, W
EUpump=(p i 22‘|‘322) (,0 s 21 321)+7?1T,

where points 1 and 2 are points 1n the pipe system chosen by the
engineer.

@
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Pump Fundamentals

Dividing by g gives the pump net head (in units of length):
w Ve Ve
¢ —— pump_(m+ i IZZ)_(Pl | 1+zl)+Hn
g pg 28 pg 28

It a control volume were drawn around the pump only, the
tollowing could be assumed:

H+ =0 (applies to pipe head loss, only); point 1 1s the pump inlet;
point 2 1s the pump outlet; z, = z, (horizontally mounted pump); D,
= D, (assuming suction and discharge pipe diameters are equal); V,

=V, (no area changes yields equal velocities).
Theretore
H P2 P1 P2 — P Poutlet — Pinlet 5]5’115&
pump — - - -
PE P& P& P& PE

The energy required to generate a pressure rise across the pump 1s
directly related to the pump net head.




.

<

Pump Fundamentals

c)  Water Horsepower: Power delivered directly to the tfluid by the
pump:
Wwater horsepower — mg Hpump — PY VHpump
d)  Brake Horsepower (bhp): External power supplied to the pump

by a mechanical shaft or an electrical motor. For a rotating shatt
that supplies the bhp:

bhp — menp,shaft = @ Tshaft,

where w 1s the rotational speed and T ;. 1s the torque generated by
the shatft.

¢)  Pump efficiency: Ratio of useful power to supplied power:

_ Wwater horsepower P8 VHpump
prnp = bhp - ﬂJTEha& ‘




Pump Performance and System Curves

H*
o Curves of Humps Mpumps bhp as
functions of V are called pump 1
performance curves. —
e Consider the H . . versus

. pump
V curve shown 1n the Figure for

a centrifugal pump.

* As the pump net head increases,
total resistance to flow
increases and the volume flow 0

.

rate decreases. At the shut-off
head, the pump net head 1s a
maximum (Hpump = Hpump,max) Fig. Schematic of a H),
and the volume flow rate or :
pump capacity is zero ( V = 0).
There 1s no fluid flow at the
pump shut-off head.

&

/
Free —/

Delivery

ump VErsus

Vcurve for a centrifugal pump

.f"'I \}
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Pump Performance and System Curves

o As the pump net head decreases, total resistance to flow decreases
and the volume flow rate increases. At free delivery, the pump net
head 1s zero (Hpump = 0) and the volume flow rate or pump capacity
1s a maximum ( V= V__. ). No energy 1s added to the fluid, and the
fluid flows through the pump as though it were a pipe.

* Consider the 7,,,, versus V curve shown in Figure below. At the
pump shut-off head, V = 0. Therefore,

~ pgVHpump g (0) Hpump

n = 0.
i w Ighaft @ Ishaft

The pump efficiency is zero.
At free delivery, Hyymp = 0. Therefore,

P& vaump _ P8 V (0) =
@ Thaft @ Tshaft

0.

Npump =

The pump efficiency is zero.

(-,
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Pump Performance and System Curves

M $
BEP

0 .
0 j v
Shut-off Free
head Delivery

° * Fig. Schematic ofa n ., versus I curve




Pump Performance and System Curves

The best efficiency point (BEP) of the pump 1s the maximum pump

etfic1ency (#,ymp may)- INOte that the performance curve will show the
pump capacity that produces the BEP.

When selecting a pump, the design engineer needs to determine the
total amount of head that 1s required to overcome all the losses 1n the
piping system, build up the pressures required by the design,
overcome elevation differences, and increase the fluid velocity (as
required) across selected points 1n the system.

Thus, between two points, 1 and 2, the required head for the system 1s

H (Y2, P
pump,required = E g a2 3 = E @ ~1 IT.
The pump pertormance curve shows the amount of head that 1s

available (H ;p avaitable) @and can be delivered by a specitic pump.

The pump head required must be calculated, and the performance
curve must be checked to determine it the selected pump can provide
the required head.
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Pump Performance and System Curves

o Calculated values of the required pump head (H 5 required) at
different pump capacities (flow rates) can be plotted alongside the

per formance curve.

* These curves of H ., required VEISUS V are called system curves. The
point of intersection between the pump performance curve and the
system curve 1s the operating point of the pipe system.

» Therefore, at the operating point,
H J—

pump,available  *#pump,required
» This indicates that the selected pump can provide the total head
required by the system.




Pump Performance and System Curves

Pump performance

.
H curve

Operating

<t

b "
¢

BEP v

operating
Fig. Schematic of a system curve intersecting a pump performance

curve. This performance curve is for a pump of a fixed impeller diameter
@ and rotational speed

b

#




Pump Performance and System Curves

Practical Note 3. Manufacturers’ Pump Performance Curves

* The pump performance curves must be determined experimentally
by the pump manutacturers. These are usually available 1n
equipment catalogs online or in hard copy. The curves are usually
(almost always) based on water as the working tlud.

* The system curve or the operating point must be determined by

the design engineer by considering the pipe system tlow rate and

the total system pump head required (H ,,, required)-
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Pump Performance Curves for a Family of Pumps

» Manufacturers will typically (almost always) provide a group of pump
performance curves for a group of pumps, all on one plot.

* Below in the Figure shown is a schematic of a group of performance curves
for a family of “geometrically similar” pumps. Note the following points:

a) D, D,, D,are impeller diameters
of each pump.

b) The casing enclosure 1s the same
for each pump to satisfy the
requirement of geometric
similarity.

c) Different pump efficiencies are
shown. Note the shape of the
efficiency curves. The BEP is as
shown.

d) These curves will be determined 0 >
experimentally by the | | o
manufacturer for a specific liquid. Fig. Perjormance curves jor a family
Typically, the liquid is water of geometrically similar pumps /




A Manufacturer’s Performance Plot for a Family
of Centrifugal Pumps
* Figure below shows a real pump performance plot from a catalog
provided by Taco Inc.
Mode! 4013 1160 RPM |‘=“ - NP
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A Manufacturer’s Performance Plot for a Family
of Centrifugal Pumps

Note the following points:

iy

b)

d)

£)

f)

Model Information: Model 4013, FI and CI Series centrifugal
pumps.

Pump Speed: 1160 rpm.

Casing Size: 5S1n. X 4 in. X 13 1n. (5 1n. suction diameter, 4 1n.
discharge diameter, 13 in. casing).

Identify the Axes: Pump head available on the y-axis and pump
capacity on the x-axis.

Provided are performance curves for each impeller diameter.
The BEP 1s approximately 80% for this tamily of pumps.

Provided are curves tor the bhp. The minimum pump power 1s

2 hp and the maximum pump power 1s 15 hp tfor this family of
pumps.




4 A Manufacturer’s Performance Plot for a Family
of Centrifugal Pumps

» Consider the following scenario:

o Select an appropriate Taco pump to provide 300 gpm of fluid (V ) and
overcome 28 ft of head (Hymp required)

» Select a pump with: D; o, = 8.25 1n.
" Noump — 74%
bhp = 3 hp.

Practical Note 4. “To-the-point” Design

Choosing a 3-hp motor for the pump above would be recommended
for “to the point” design. However, what would happen if the flow
rate spiked to 325 gpm (an 8% increase in flow rate), which is possible
in practice? The motor would overload. Hence, for this design, we
would select a 5-hp motor, which would be nonoverloading for the
entire pump curve




A Manufacturer’s Performance Plot for a Family
of Centrifugal Pumps

Practical Note 5. Oversizing Pumps

Do not oversize your pumps simply to be safe. After selecting the
next larger motor size to ensure that the pump would be
nonoverloading for the entire pump curve, do not proceed to
oversize the pump further to be safe. Hence, do not choose a 10-hp
motor, when a 5-hp motor is sufficient to provide nonoverloading. At
300 gpm, all that is needed is 3-5 hp. Choosing a 10-hp motor would
simply waste energy, increase the installation cost, and require extra

resources to support the larger pump.
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Example. Pump Selection from Manufacturer’s
Performance Plots

 You are a design engineer charged with the responsibility of
selecting an appropriate in-line mounted centritugal pump for an
application. The tflow rate will be constant at 80 gpm, but the
required head could vary between 20 and 40 ft. Select an
appropriate Bell & Gossett Series 60 pump for this application.

* Solution. A study of each performance plot from the large Bell &
Gossett Series 60 centrifugal pump catalog to find an appropriate
pump could be time consuming. A master pump selection chart is
used to 1dentity a family (or tamilies) of pumps that will meet the
requirements of the design. The master pump selection chart for the
Bell & Gossett Series 60 centrifugal pumps 1s shown below.
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Example. Pump Selection from Manufacturer’s
Performance Plots
SELECTION CHART
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Example. Pump Selection from Manufacturer’s Performance Plots

» From the master pump selection chart, the family of pumps with a 11/, in. x
7 in. casing 1s chosen. This family of pumps covers the range of interest for
the head loss (2040 ft). The pump impeller diameter, motor power, and
efficiency are found from the performance plot for the 11/, in. x 7 in. family
of pumps. The plot is shown below.

miﬁ'ﬂ“ 60 __ __ T Bell & Gossett

s 60 r x
- | % B 11/5x11/2x7
N e—
~ 618 - “"g'."l?“ o° I* O
W 50+6.5+— i f— | T . - L
e 8171 H i ‘;’ % o | r
(o] | | -g . o\0 -
ﬁ 40'-6-0 2 Ul Ih-l""--. . . ‘?_‘“‘P_ ﬁ
623 | e | o
T [55 X, z
d m ___'m —— ‘+"__ _l:'_" E"ET |
E | A AQ%o %__ |
& n |
. 20 - ' \35 {G f 140
4 2 a0% "'.',}l!"
7 . o
10 N . /.4_,:9_.__4_; 20
N. Ps H. REQUIRED £ =
0. - | i : | CATE & /00 0
0 20 40 60 80 100 120 140
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Example. Pump Selection from Manufacturer’s Performance Plots

» From the performance plot, and for V = 80 gpm and H,,m, = 40 ft (to
cover the entire range of interest):

Dimpeller = 7.0 1n.
Npump 2 55%
bhp = 2 hp.

* For this family of pumps, the BEP is approximately 56%. The
efficiency of the selected pump is close to the maximum efficiency.

» “To-the-point” design would require the selection of a 11/,-hp motor
for this pump. To avoid motor overloading, a 2-hp motor was chosen
Instead.




Cavitation and Net Positive Suction Head

» Cavitation 1s the formation of vapour cavities in a liquid, small

liquid-free zones (“bubbles” or “voids”), that are the
consequence of forces acting upon the liquid.

e It usually occurs when the liquid 1s subjected to rapid changes of
pressure that cause the formation of cavities 1n the liquid where
the pressure 1s relatively low.

®* When subjected to higher
pressure, the voids implode and
can generate an intense shock
wave.
® Collapsing voids that implode
near to a metal surface cause
cyclic stress through repeated
implosion. This results in surtace
fatigue of the metal causing a type
of wear also called “Cavitation™.
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Cavitation and Net Positive Suction Head

» If left untreated, pump cavitation can cause:
» Failure of pump housing
* Destruction of impeller
» Excessive vibration -leading to premature seal and bearing failure
» Higher than necessary power consumption

* Decreased tlow and/or pressure

What can be done to prevent cavitation?

 Don’t force the pump to operate too tar to the right or lett of its
BEP (best efficiency point) . Doing so will result in cavitation over
time. It a pump 1s correctly sized and not starved, the pump will
run at the intended speed while maintaining the BEP.

» Altitude has also a major etfect on pump cavitation. When pumps
operate at higher altitudes, special attention must be given to make
sure that cavitation does not occur since liquids boil at much lower
temperature. The boiling point of a liquid depends on the vapor

e pressure of that liquid matching the pressure ot the gas above it.
A

#




Cavitation and Net Positive Suction Head

* Suction into a pump may occur as reduced pressure and high velocity 1s
created to promote the movement of fluid into the pump.

* The inlet pressures on the suction side of the pump may be significantly
lower than the discharge pressures, and may be lower than atmospheric
pressure.

* In some cases in liquid pumps, the inlet pressure to the pump may become
lower than the vapor pressure of the liquid at the operating temperature.
When this occurs, the liquid will vaporize to form bubbles. Pressure drop
across the pump inlet passage or losses in the pump impeller may also

decrease the pump inlet pressure to values lower than the vapor pressure of
the fluid.

* Hence, vapor bubbles will form in liquid pumps if
P ..<P

* In a liquid pump, these vapor-filled bubbles are called cavitation bubbles.
In the high-pressure regions of the pump, these cavitation bubbles will
collapse, resulting in damage to the pump and reduction in pump
performance.

inlet vapor,liquid
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Cavitation and Net Positive Suction Head

» Other negative consequences of cavitation include

1) NOISE;

b) vibration;

¢) pump etficiency reduction;

d) erosion of pump impeller, casing, and blades due to high-pressure

explosion of the bubbles.

» The presence of vapor in the impeller can also result 1n a loss of pump
pressure rise. In eftect, tor a vapor-tilled impeller, a total loss of pump
pertormance will occur.

* Itis necessary to ensure that Py, > P, ;4 0 @vold cavitation and

pump performance loss. NPSH (Net Positive Suction Head) can be
used to verity 1t this requirement will be met.

* Therefore, 1n units of length

2
NPSH — (i+ g
<

P vapor

P& 23 )pump,inlet P8 |
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Cavitation and Net Positive Suction Head

o Pump manufacturers will provide the NPSH, . (NPSHR) on the

performance plots for a family of pumps (NPSHR vs. V), and is
determined experimentally by the manufacturer. This NPSHR value
must be compared with the calculated NPSH.

* Thus, to avoid cavitation,
NPSHR < NPSH

» The NPSH must be calculated by the design engineer for comparison
with the NPSHR to ensure that sufficient NPSH 1s available. It 1s

common to see NPSH referred to as net positive suction head
available (NPSHA). The NPSHA is always calculated




[ Example. Net Positive Suction Head .
* A centrifugal Peerless Pump Type 4AE11 i1s tested at 1750 rpm using the
flow system shown. The water level in the inlet reservoir is 3.5 ft above
the pump centerline; the nlet line consists of 6 ft of 4-in. diameter Class
150 cast-iron pipe, a standard elbow, and a fully open gate valve. Calculate
the NPSHA at the pump inlet. The volume flow rate 1s given as 1200 gpm
of water at 60°F. Will cavitation occur at this temperature?
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Solution. The NPSHA is

5 V-z P\I"ﬂ r
NPSHA — (""_ . ) ps

P8 Zg)pumpmﬂ fof

The energy equation will be used to find the pump inlet pressure, p:

PV %
o +II1—1 + 21 = L] + as=— + 2 + Hir.
P8 28 P8 28
Point 1 is the free surface of the water in the reservoir. Thus, V; = 0 and P; = Pam.
Therefore,
L] Pa V2
i: tm—crs—5+(z1—zs)—HLT-
g P8 28

Assume that the pipe flow is turbulent. That is, o =~ 1. The Reynolds number will need
to be verified. Hence,

| . R
P  pPg 28




d P\Fﬂ

NPSHAzpm_VSZ+(El_Es)_HT+E— =
Pg 28 2g P8
Pa 4 vapor

NPSHA — t“‘pg P +(z1 —z) — Hu.

Find the total head loss in the pipe. Note that since the diameter of the pipe does not
change, the law of conservation of mass requires that the pipe average velocity be constant.
Therefore,

L 4
le=Pﬂ+Hm=(f5+ZK)£.

For the 4-in. nominal diameter pipe, it will be assumed that the system is assembled with
flanged fittings. The loss coefficients are shown in Table A.14 (or other sources) and are

shown below. Note that the values for the 4-in. diameter pipe were used:

90° regular elbow: Kepow = 0.3
Open gate valve: Koo = 0.16
:  Sharp-edged inlet: Kjper = 0.5.
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The Reynolds number and the relative roughness of the pipe are needed to determine
the friction factor, f:

pV;D V,D 4V

Rep = ;
2 7 v vr D

At 60°F, v = 0.121 x 10~* ft?*/s. The inner diameter of 4-in. nominal Class 150 cast-iron
piping is 4.10 in. (see Table A.9):

4 (1200 gpm) 35315 f’/s  12in.

X

X = §.25 x 10°.
(0121 x 107*#/s) w (4.10in)  15850gpm — 1t

RED =

Since Rep > 4000, the flow is turbulent.
The average roughness of cast-iron piping is 0.00085 ft (Table A.1). Thus, the relative

roughness is

e 0.00085 ft v 12 in. — 0.00249

D 410in. 1ft

=




From the Moody chart, the friction factor is
f = 0.025.
Therefore,

6 ft 12 in.
Hp = [(0.025) 20m X 1k + (0.3 +0.16 + (}.5}]

4(1200gpm) 35315 /s (12 in.)z L
. [ 12in
7 (4.10in.)* = 15850 gpm 1ft 2 (32*2 ft,fsz)

Hp = 18.5 ft.
At 60°F, Pyapor = 0.256 psia. Py = 14.7 psia.

Therefore,

LA . 2 . 2
Npaiia _ (147 —0256)bf/in?  3221b-ft/s” (12 m.) T
(6236 1b/£¢°) (322 f/5°) 1Ibf 15t
NPSHA — 184 ft.

Cavitation will not occur if NPSHA > NPSHR. From the performance plots for this pump
operating at 1200 gpm,

NPSHR ~ 12 ft.
Cavitation will not occur at this temperature.

@




Table A.14 Loss coefficients for pipe fittings

Screwed Flanged

Nominal Diameter (in.) 14 1 2 4 1 2 4 8 20
Valves (FO)
Globe 14 8.2 69 57 13 B85 60 58 bH5
Gate 0.30 0.24 0.16 0.11 080 035 016 0.07 0.03
Swing check 5.1 2.9 21 20 20 20 20 20 20
Angle 9.0 4.7 20 10 45 24 20 20 20
Ball valve” 0.05 0.05 0.05 0.05 005 0.05 0.05 0.05 0.05
Gate valve” 1/, C 15 C 3fy C

0.3 21 17
Foot valve with Poppet disk Hinged

strainer’” disk

7 1.25
Elbows
45° regular 0.39 0.32 0.30 0.29
45° long radius 021 020 0.19 0.16 0.14
90° regular 2.0 1.5 095 0.64 050 039 030 026 0.21
90° long radius 1.0 0.72 041 023 040 030 0.19 0.15 0.10
180° regular 2.0 1.5 095 064 041 035 030 025 0.20
180° long radius 040 030 021 015 0.10
Tees
Line flow 0.90 0.80 060 090 024 019 0.14 010 0.07
Branch flow 2.4 1.8 14 11 1.0 080 064 058 041
Expansion® d/D d/D d/D  d/D

0.2 0.4 0.6 0.8
Kexpansion (.30 0.25 0.15 0.10
Contraction®: 60" contraction

angle
0.07
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Loss coefficients K, of various pipe components for turbulent flow (for use in the relation h, = K,V2/(2g), where V is the
average velocity in the pipe that contains the component)*

Pipe Inlet
Reentrant: K, = 0.80 Sharp-edged: K, = 0.50 Well-rounded (D > 0.2): K, = 0.03

(t << Dand /= 0.1D) Slightly rounded (D = 0.1): K, = 0.12
(see Fig. 8-36)

Pipe Exit
Reentrant: K, = a Sharp-edged: K, = a Rounded: K, = a

A

' Note: The kinetic energy correction factor is & = 2 for fully developed laminar flow, and « = 1 for fully developed turbulent flow.




/-

Sudden Expansion and Contraction (based on the velocity in the smaller-diameter pipe)

d2\2
Sudden expansion: K; = (1 - -D—E)

0.6

Sudden contraction: See chart.

d?/D?

(1

Gradual Expansion and Contraction (based on the velocity in the smaller-diameter pipe)
Expansion: Contraction (for 8 = 20°):
K, = 0.02 for 8 = 20° K, = 0.30 for d/D = 0.2
K, = 0.04 for 6 = 45° K, =025ford/D=0.4
K, = 0.07 for & = 60° K, = 0.15for d/D = 0.6

K, = 0.10 for d/D = 0.8
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Bends and Branches
90° smooth bend: 90° miter bend 90° miter bend 45° threaded elbow:
Flanged: K, = 0.3 (without vanes): K, = 1.1 | (with vanes): K, = 0.2 K, =04

Threaded: K, = 0.9

v

18CF return bend: Tee (branch flow): Tee (line flow): Threaded union:
Flanged: K, = 0.2 Flanged: K, = 1.0 Flanged: K, = 0.2 K, = 0.08
Threaded: K, = 1.5 Threaded: K, = 2.0 Threaded: K, = 0.9

Vv

Valves

Globe valve, fully open: K, = 10 Gate valve, fully open: K, = 0.2
Angle valve, fully open: K, = 5 % closed: K, = 0.3
Ball valve, fully open: K, = 0.05 3 closed: K; = 2.1
Swing check valve: K, = 2 zclosed: K, =17

G
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Pump Scaling Laws: Nondimensional Pump Parameters

* Dimensional analysis, the Buckingham P1 () theorem, and the

method of repeating variables can be used to generate
nondimensional pump parameters that include the pump head,
pump capacity, and pump bhp.

For a typical pump, the tollowing tunctional forms will apply:

SHpump = £ (V. D, 6,0, p. 1)
bhp = f (V, D, &, w, p, u),

where ¢ 1s the relative roughness and D 1s the diameter of the pump
impeller. The resulting dimensionless T groups produce
nondimensional pump parameters with special names. Following are
the six nondimensional pump parameters of interest:

pwD?

(a) = Re = Reynold’s number,

7

* where wD 1s the characteristic velocity.

™~
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Pump Scaling Laws: Nondimensional Pump Parameters

(b) % = Relative roughness

H um
(¢) $ ZPDZP = Cyg = Head coefficient
w
v | -
(d) 7 = Cq = Capacity coefficient
@
bh
(e) P 3%5 = Cp = Power coefficient
W
NPSHR
(f) g sz o = Cnpsy = Suction head coefficient.

™~




Application of the Nondimensional Pump
Parameters—Affinity Laws

 Pumps that are geometrically stmilar may considered to be
equivalent. Pump equivalence implies that the nondimensional
pump parameters are equal for different pumps or for ditferent

states of the same pump.

Consider two pumps (a)
(pump A and pump B)
or consider a pump at
two different states of
volume flow rate, speed,

(b)

pump head, bhp, etc. (€)
The pump equivalence
equations are: (d)

(e)

"V
wADi a)BDg

= Cq,A = CQ.B

pawsDy  ppwpDy

— Rea = Regp
HA HB
EA _ €B
Dan Ds
g Hpump.A g Hpumpr C C
=] — ? 12 — VHA — “H.B
wy Dy wg Dy
bhp , bhpg

= =Cpra =CpB.
pawpa Dy ppwg Dy
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Application of the Nondimensional Pump
Parameters—Affinity Laws

» The pump equivalence equations can be expressed as ratios in order
to scale pumps of ditferent sizes or determine the parameters at
difterent states for the same pump.

* Thus, for different pumps,
s s (Dg)’
(@) — = ( )
Vo @A \Da
Hg o\’ ( Dp\’
© 5=(a) (o)

© DPhes _ e (wn)3 (DB)S_
bhpA PA \ WA DA
» The aforementioned equations are known as the affinity laws. The
atfinity laws also apply to a given pump moving the same liquid.
For this case, p, = pg and D, = Dg. In general, w = 2xz/N, where N 1s
@ the number of revolutions per minute of the pump 1mpeller Y,

3
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Application of the Nondimensional Pump
Parameters—Affinity Laws

* Hence, for the same pump that has experienced a speed change
from N, to Ny,

VB Ng

Vo Na

Hpg Ng .
® m=(m)

bhpg  ( Ng\’
bhpA N NA -

(a)

(c)
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Nondimensional Form of the Pump Efficiency

* Dimensional analysis can also be used to establish a
nondimensional form of the pump efficiency. Consider the
following analysis:

. wwater horsepower . PY VHP““‘P
Tpeiing = bhp ~ bhp

ngump = V = bhp
D2~ 7 wD? T P pwPDP

Remember: = Cp

Therefore,

P (mDSCQ) (ﬂ)zDzCH) CoCy
o »a° D°Cp e
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Example. Manipulating the Affinity Laws

e When operated at N = 1170 rpm, a centrifugal pump, with impeller
diameter, D = 8 in., has shut-off head H_ = 25.0 ft of water. At the
same operating speed best efficiency occurs at V = 300 gpm,
where the head 1s /= 21.9 ft of water. Specity the discharge and

head for the pump when it 1s operated at 1750 rpm at both the
shut-off and BEPs.

* Solution. The pump remains the same, so the two flow conditions
are geometrically similar.

* If no cavitation occurs, the flows will also be kinematically
similar. Let condition 1 be at 1170 rpm and condition 2 be at 1750
rpm. For the flow rates (discharge),

CQI — CQZ
Vi V2
oD}~ @D}

@
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Example. Manipulating the Affinity Laws
Note that @ = 2aN. Thus,

i v
2N D 27N, D

Since D] - Dg,

ViV

N N

i

Vs = Noyr

At the shut-off point,

; 0 gpm
¥, = 1750
. PIT170 rpm

Vo = Ogpm.
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Example. Manipulating the Affinity Laws

At the BEP:

For the head,

Note that @ = 22 N. Thus,

: 300 gpm
vz = 1730 1P 3350 eom
Vo = 449 gpm.
Cm1 =Cmp
gt ghs
wiDi @D
g§H, g




Example. Manipulating the Affinity Laws

Since Dl = Dz,
L L
NN
2
e ()
At the shut-off point,
2
H, = 25.0 ft (1750 rpm)
1170 rpm
H, =559ft.
At the BEP,

2
H =291t (7o)

1170 rpm
H, = 49.0 ft.

@




'

Example. Selecting a Pump Using Equivalent
Performance Plots

o Bell & Gossett manufacture 3 in. x 3 in. x 51/, in. pumps that
operate at 1750 rpm. Unfortunately, a design project requires a
1750 rpm pump that would provide 70 gpm of kerosene for a total
head of 10 ft of kerosene, if it were to operate at 1150 rpm. Select
an appropriate pump from the available Bell & Gossett
performance curves. Prepare a pump schedule for the purposes of
installation by the mechanical contractor.

* Solution. The performance plot for the Bell & Gossett Series 60
centrifugal pump 3 in. x 3 in. x 51/, in. family of pumps is
shown below.
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TOTAL HEAD

Example. Selecting a Pump Using Equivalent
Performance Plots
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Example. Selecting a Pump Using Equivalent

Performance Plots

* Only the performance curves for the 1750 rpm family of pumps are
available. The plots are based on clean, pure water. The atfinity
laws and available data will be used to select a 1750 rpm pump that
would give the same performance as an 1150 rpm pump.

* The affinity law for the volume flow rate 1s
Ve _ s (&)3
Vo w@a \Da)
The impeller diameter is constant. Hence,

Vs Ng
Va Ni
» Let state “A” correspond to the 1150 rpm speed. The tlow rate
required at this speed 1s 70 gpm.
@
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g Example. Selecting a Pump Using Equivalent h

Performance Plots

. Na
=02
B AN
: 1750 rpm
Vs = (70 gpm) — rgm = 107 gpm.

* 107 gpm would be produced in the 1750 rpm pump.

* The pump head values in the Bell & Gossett pump performance
plots are 1n terms of toot of water. The total head 1n terms of foot

of kerosene must be converted to foot of water.

* Theretore,
51.2 Ib/ft°

62410/t 3 = 8.2 ft water.
: t

Ha = 10 ft kerosene X SGy.rosene = 10 ft kerosene x

* The total pump head required for the 1150 rpm speed 1s 8.2 ft of
water. At the 1750 rpm speed, the total pump head 1s found from
@ the atfinity law for the pump head:

3




Example. Selecting a Pump Using Equivalent
Performance Plots

- (2) (3)
HA WA DA .

For a constant impeller diameter,

Ni \ 2
He=H. { —

1750 -
rpm) = 19 ft of water.

Hg = (8.2 ft water)
1150 rpm

» This head corresponds to the total pump head required tor
the pump operating at 1750 rpm.

@
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The pump performance plot can be used to select a 1750 rpm pump to deliver 107 gpm\
of kerosene at 19 ft of water. According to the plot, a 4.85-in. diameter impeller would be
satisfactory. Note that the manufacturer could trim a 5.25 in. impeller down to 4.85 in. on
a lathe. Since that option may be costly, or cannot be accomplished by the manufacturer,
choose a 5.25-in. diameter impeller.

The bhp required to drive the 1750 rpm pump is 1 hp.

Therefore, the final choice is a pump with the following operating parameters:

3in. x 3 in. x 514 in. pump casing
5.25 in. impeller diameter

1-hp motor

1750 rpm

The pump schedule is shown below.

Pump Schedule
Fluid Electrical
Manufacturer Flow Head Motor Motor
and Model Rate Working Loss Size Speed V/Ph/
Tag Number Type Construction (gpm) Fluid (ft) (hp)  (rpm) Hz
P-1 Bell & Gossett Centrifugal, Iron3 x 3 x 107 Kerosene 19 1 1750
Series 60, or In-line 51/, in. 208/3/
Equal Mounted Casing, 60

525 in. ¢ /
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Design of Piping Systems Complete with In-Line

or Base-Mounted Pumps

Open-Loop Piping System

* In an open-loop piping system, some part of the circuit is open to the

atmosphere.

* For example, a drain may be open to the atmosphere or the piping

circuit may be open to the atmosphere as are typical of cooling towers.

Figure below shows a typical open-loop condenser piping system for

water.

Cooling Tower

Condenser

B r" Pump

e
Alr S ':..—‘-":,"'.: Air /- Link Seat /
Fill Line {Level Switch)=——= = _— & 7 ] __I Regulaling
ill Line rilow
Basin o Valve Isalati t
Drain | ’ | | I Stramnas Expansion Vaives
T I Joints ’
I |
I
|

™~
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Design of Piping Systems Complete with In-Line

or Base-Mounted Pumps

Note the following regarding typical open-loop piping systems:

d)

b)

C)

d)

A strainer (filter in liquid piping systems) 1s required to protect the
pump trom large sediments and potential blockage.

Isolation valves may be installed around equipment in the piping
system. These will allow for maintenance without the need for

complete drainage ot the piping system. These valves could be ball
valves, globe valves, or gate valves.

Regulating valves are used to control the flow rate, especially on the
discharge line from the pump. These valves are typically globe

valves. This type of flow rate regulation is known as discharge
throttling.

Expansion (tlexible connectors) joints are required to protect the
pipes from expansion and contraction forces due to pumping thermal
stress. They also 1solate the piping from pump vibrations.
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Practical Note 6. Bypass Lines

* Not shown in the schematic are bypass lines. These are additional
sections of piping that could be installed around equipment in the
system to divert all or a part of the tflow. The bypass line may include
an auxiliary piece of equipment that 1s normally brought on-line
during maintenance of the primary equipment. Isolation valves should
be 1nstalled at the entrance and exit of the bypass line.
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Practical Note 7. Regulation and Control of Flow
Rate across a Pump

Control of the flow rate across a pump can be accomplished by varying the
pump head, speed, or both simultaneously. While there are many different
methods of regulating the fluid flow rate, only three of the methods will be
considered.

Discharge throttling involves the use of a partially closed valve installed on
the discharge line of the pump. In this case, the system curve intersects the
pump performance curve (operating point) at a higher pump head and lower
flow rate. However, this will produce lower pump efficiencies. This is the
cheapest and most common method of flow control

Bypass regulation occurs with the use of a bypass line. Diversion of a
portion of the flow will result in a decrease in the amount of power required.
For this reason, it may be preferred to discharge throttling.

Speed regulation can be used to control the flow rate by varying the speed
of the pump. Some options include variable-speed mechanical drives or
variable frequency drives (VFD) on motors. By changing the pump speed,
the power requirement varies, without adverse impact on the efficiency of
the pump.

™~




Practical Note 8. In-Line and Base-Mounted Pumps

Pumps in piping systems can either be mounted in-line with the
piping system and supported by the pipes and brackets. Or, the
pumps could be base mounted on concrete pads.

In the case of base-mounted pumps, vibration isolators or
vibration isolation pads should be specified. Isolators are
typically installed between the pump and the concrete pad. This
will reduce the transmission of vibration and noise to the main
building structure.

[f vibration 1solators are not desired, then the design engineer
should ensure that the pump’s concrete foundation is 11/,-3
times the total weight of the pump and motor assembly to provide
sufficient vibration isolation and noise control.




e

Example. Desighing an Open-Loop Piping System

* Metal Mint, Inc. (located in Southern Mexico) has contracted the
services of EBA Engineering Consultants, Ltd. to design a cooling
system for their high-quality stainless steel bullion bars. The hot
stainless steel bars will be transported slowly on a conveyor belt to
allow for cooling. A design engineer at EBA Engineering
Consultants, Ltd. has suggested the use of water in an evaporative
cooling system. They wish to transport water from an existing 1200-
gallon tank, which has a height ot 50 in., to a large nozzle located 10
ft above grade (the ground). Once transported to the nozzle (K; =
14), the water will be atomized to small droplets to produce shower-
like streams of water to enhance evaporative cooling. Given that
water 1s scarce 1n this area, the subsequent design ot the conveyor
cooling system will be determined by the piping system design. A
sketch was submitted by the design engineer for consideration:
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Example. Desighing an Open-Loop Piping System

1) Based on the sketch provided by the design engineer, design an
appropriate piping system, complete with all necessary
equipment, to transport the water to the atomization nozzle. Metal
Mint, Inc. (the client) has an open business agreement with Bell
& Gossett—ITT Industries. Equipment schedules, specifications,
and 1nstallation guidelines are not required by the client.

b) For the convenience of the client, 1t 1s recommended that a low-
level switch be 1nstalled 1n the tank. Based on the piping system
design and equipment selected, conduct an analysis to determine
and/or justity the minimum height ot water 1n the tank (1.e.,
minimum height of the low-level switch 1n the tank).
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Example. Designing an Open-Loop Piping System

L 1250 ft

s 2

Maintenance Building (16 ft)

Air Break

222

Water Tank

Conveyor
Belt

250 ft
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Possible Solution

Detailed Design
Objective

To determine the size of a pipe to move water. An appropriate pump will also be sized and
selected, with selection from a Bell & Gossett pump performance curve.

Data Given or Known

(i) The water tank can hold 1200 gallons of liquid. The height of the tank is 50 in.
(ii) The distance from the tank to the wall adjacent to the conveyor belt is 1250 ft.
(iii) The maintenance building has a length of 250 ft and a height of 16 ft.
(iv) The water nozzle has to be located 10 ft above the ground.
(v) The K; value of the nozzle is 14.
(vi) The tank is complete with an air break (vent) to the atmosphere.

Assumptions/Limitations/Constraints

(i) Let the pipe material be Schedule 40 steel. It appears as though a portion of the
piping system will be outside the building. The thicker Schedule 40 steel will provide
protection to the pipe, and will be more durable than copper piping. However, it
should be noted that the steel may rust due to the presence of dissolved air in this
open-loop piping. This could cause blockage of the nozzle.

(-
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(ii) Let the flow velocity in the pipe be lower than 10 fps, which is the erosion limit for
small steel pipes. For the suction lines of centrifugal pumps (Bell & Gossett pumps),
the velocity should not be more than 5 fps. Hence, any pipe velocity lower than 5 fps
will be acceptable.

(iii) Limit the frictional losses in the straight run of pipe to 3 ft wg per 100 ft of pipe. This
is based on industry standards /guidelines.

(iv) Let all pipe changes be gradual to reduce losses in the system.

(v) Install threaded fittings. This is common for smaller pipes.

(vi) Letthe pipe be connected at the bottom of the water tank, approximately 6 in from the
ground. The height of the fluid in the tank will provide some pressure head during
pumping.

(vii) Isolation valves around the pump will be gate or globe valves. The globe valve should
be installed on the pump discharge line to regulate flow, if required.

(viii) Assume that the pump is located in the maintenance building, 50 ft from the exterior
wall closest to the water tank.

(ix) The water temperature is 70°F because the system is located in Southern Mexico.




Sketch

A sketch of the piping system, complete with valves and a pump, are shown.

L 1250 ft

Maintenance Building (16 ft)

Air Break
ki Water Tank
=
2
6in
—t
") _'-“:n ﬁH "




. Analysis
Pipe Sizing

The friction loss is fixed at 3 ft wg per 100 ft of pipe. The pipe velocity cannot exceed 5 fps.
From the friction loss chart for Schedule 40 steel in open piping systems (Figure A.4),

Pipe diameter: 2 in. (nominal)
Pipe velocity: 3 fps
Flow rate: 30 gpm.

PV Dinver _ (62.30 Ib/£t’) (3.0 ft/s) (2.067 in. ) 1t

—  — 49105.
p 6.556 x 107 1b/ft/s * 12in.

Reynolds number :

The flow is fully turbulent.

Pump Sizing

The pump head is required to size the pump. The energy equation is

V2 74
umP=(p2+—2‘|‘32) (PI+—+21)+HIT-
rPg 28 pg 28

©
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This is an open-loop piping system. Let point 1 be at the entrance of the pipe attached to
the water tank and point 2 be at the exit of the nozzle. To select the largest possible pump
(most conservative design), assume that the water level in the water tank is 6 in. above
grade. Thus, z; = 6 in. The air break on the tank ensures that the free surface of the water

reservoir remains at normal atmospheric pressure. Since the free surface is level with the
pipe entrance, p; = pam. At the exit of the nozzle, p; = pam. Changes in the velocity will be
assumed to be negligible since the pipe diameter is constant. So, V; =~ V.

Therefore,

Hpump = (32 —21)+ Hir.

The total head loss in the pipe is
V2
Hyr = Hi + Him = HI+ZKLE.

For the 2 in. pipe, the loss coefficient values are:

For the pipe entrance: K = 0.5 (sharp-edged entrance)
For the strainer: K; = 1.5
For the gate valve: K; =0.16
For the globe valve: Ky = 6.9
For the 90° elbows: Ky = 0.95 (regular elbows)
(]

For the nozzle: K; = 14.
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Q Or, choose Bell & Gossett Series 60 pump Model 6181, which is in stock.

The total length of piping is approximately (1250 + 10-0.5) ft = 1260 ft.
Thus,

2
Hir = W8 1260 ft + [0.5 + 1.5+ 0.16 + 6.9 +2(0.95) + 14] oo /%)
10 2(32.2 ft/5%)
Hy =41 ft.
Hence,

ump = (10 — 0.5) ft + 41 ft
Hpump = 50.5 ft ~ 51 ft.

The flow rate is 30 gpm. From the performance plots for the Bell & Gossett Series 60
in-line mounted centrifugal pumps, select the following pump:

115 x 115 x 7 in. casing
7.0 in. impeller diameter
11/-hp motor

1750 rpm
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Drawings
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Conclusion

The piping system and pump has been sized and designed. The following points should be
noted:

(vii) As requested by the client, no equipment schedules, specifications, or installation

o

™~

(i) A gate and globe valve are used as isolation valves. The globe valve on the discharge
line of the pump may be used to control the flow rate, if needed. Another option could

be to use a VFD to control the pump via the motor.

(ii) If the water tank is not available as a packaged unit, complete with a valve on the
discharge line, a gate valve may be required at the tank discharge. In any case, this
would add a small additional loss to system.

(iii) Though negligible, there will be changes in the velocity between points 1 and 2, since
the diameter of the atomized fluid jets at the nozzle will be smaller than the pipe
diameter.

(iv) The pump was slightly oversized to avoid overloading the motor.

(v) It should be noted thata 2 in. x 115 in. reducing fitting will be required on the pump
suction and discharge for installation of the pump.

(vi) The pump suction velocity should not be much larger than 5 fps. In this case, the
velocity will be about 3 fps.

guidelines were provided.

#




/_ A comparison of the NPSHR and the NPSHA will be used to determine the minimum

height of water in the tank, below which cavitation will occur and pump performance will
be adversely affected.
The NPSHA is

P, vapor

NPSHA — ( v Vf)
PS' 23 pump, inlet PB

The energy equation will be used to find the pump inlet pressure, ps:

P V2
s +ﬂ'—'1_1 + 2z = E +ﬂf5_s + Zs +HT,5ucﬂﬂn-

P8 28 P8 28

Point 1 is the free surface of the water in the tank. Thus, V; = 0 and P; = P.iy.
The pipe flow is turbulent. Hence, as ~ 1.

Therefore,
Ps atm Vf
2 e BORG se Boepifpns v Thot
g g 23 (z1 — %) IT, suction
Then,
P, V2 VZ P
NPSHA = 2= — 8 4 (20— &) — Hiveasom + —— ——
pg 2% 28 pg
NPSHA — Patm — Prapor + (21 — 25) — HiT suction-

P&
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Note that Hirsuction 1S the total head loss in the suction line of the pipe, only.

z1 Is the height of the free surface of the water in the tank. The minimum height will be
that which gives NPSHA = NPSHR.

So,

P atm vapnr
PE

From the performance plot of the 115 x 115 x 7 in. casing pump, and at 30 gpm, the

NPSHR is approximately 3 ft. At 70°F, Py = 0.363 psia. Py, = 14.7 psia. Based on the

pump casing size, assume that the centerline of the pump is 1 ft above grade. Therefore,
z, =11t

The head loss in the suction line of the pipe is

z1 = NPSHR — + zs + Hir.

V2
I{IT — J[r'ILEm:tiq::cn = = Z KLE

The total length of suction piping is approximately 1050 ft.
Hence,

(3.0 ft/s)’
2 (32_2 ft/si)

3-thwg
Hr = =00k

‘_ H. — 32 ft
NG

x 1050 ft + [0.5 + 1.5 + 0.16]




and

21=3ﬂ:—

. 2 2 . 2
(147 - 0363)Ibf/in? 3221b/ft/s’ (12 m-) 164326t

(62.3 lb;’ftg) (32_2 ft/sz) C 1S I
21 ~ 2.86 ft = 2 £t 10in.

According to this calculation, cavitation will only occur if the free surface of the fluid is
less than 2 £t 10 in. above grade. Therefore, the designer may choose any appropriate height
above 2 ft 10 in. to mount the low-level switch. If this is not possible, and the low-level
switch must be installed close to the base of the tank, the client may consider mounting the
tank on a support that is at least 2 ft 10 in. high. This will generate the same static pressure
head required to avoid cavitation. If mounting the tank is not an option, the client is advised
to consider another tank with height greater than 50 in.

@




Closed-Loop Piping System

* In a closed-loop piping system, there are no points open to the
ambient. Figure below shows schematic drawings of two-pipe and
tour-pipe closed-loop piping systems.

» Note the following regarding typical closed-loop piping systems:

a) Filters are optional tor this system. They may be included 1n the
design 1f 1t 1s deemed necessary to protect equipment.

b) An expansion tank 1s required for closed-loop piping systems.
There should be only one expansion tank 1n each loop ot a piping
system. Expansion tanks:

.. Protect the system from damage due to volume changes induced
by temperature variations.

i.  Create a point of constant pressure in the system.

1. Provide a collecting space for entrapped air. Entrapped air 1s
undesirable in the water systems since it makes the tlow noisy and
produces unwanted pipe vibrations—water hammer.




Closed-Loop Piping System

L Expansion Tank

a Make-up Water
C ”
In-line Pum
a Air Separator P
Air Handling
Unit (AHU)

Water
Boiler Chiller

l‘i

3-way valve
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Closed-Loop Piping System

Make-up Water Expansion Tank
&
>
Air Separator
Chiller
]' Chilled Water Circuit <
‘ < Hot Water Circuit E
4-pipe system

Figure. Diagrams of closed-loop piping systems
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Closed-Loop Piping System

¢)  Air separators for air elimination from the closed-loop piping
system are required. Air will enter the closed-loop piping system
when makeup water tfrom external sources 1s introduced. Devices
such as a vortex air separator create a high-speed tluid vortex 1n its
center. This low-pressure region enhances the release ot air bubbles
from the liquid, which 1s released through an automatic vent or other
device.

d)  Pressure regulators, 1solation, control, and/or three-way valves, tlow
meters, and thermocouples may also be required.

Practical Note 9. Flanged or Screwed Pipe Fittings?

Flanged pipe is generally specitfied for above ground service for air,
water, sewage, oil, and other fluids where rigid, restrained joints are
needed. It may be used for larger, heavier pipes and fluids. It is also
widely used in industrial piping systems, water treatment plants,
sewage treatment plants, and for other interior piping. American
Water Works Association (AWWA) standards restrict the use of
flanged joints underground due to the rigidity of the joints.




Example. Designing a Closed-Loop Piping System

* A consulting engineering tfirm received the following sketch of a
water piping system from the Ministry of Defense in Ottawa.

10

Orifice (3, typical)
25
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Example. Designing a Closed-Loop Piping System

» For security reasons, units a, b, and ¢ are unspecified. However, a
chart 1s provided (see above) that gives details on the flow rates and
head losses across the units. The head loss across each orifice 1s 6 ft.
All pipe lengths are 1n foot. Complete the design of this system.

* Hint: A piping and pump schedule must be provided.

Unit Flow Rate (gpm) Head Loss (ft)
a 30 15
b 40 12
c 50 10
Chiller 120 20




Possible Solution
Definition

Size the piping and specify the pumping requirements for a partially designed piping
system provided by the Ministry of Defense.

Preliminary Specifications and Constraints

(i) The working fluid is cold water due to the presence of a chiller in the system.
(ii) Pipe velocity should be less than 10 fps for general building service. The choice of pipe
material may limit the velocity further.
(iii) This is a two-pipe system with parallel piping, valves, orifices, undefined units, a
chiller, and a pump.

Detailed Design

Objective

To size the pipes in the system and to size and select an appropriate pump. The piping
material must be selected.

&
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Data Given or Known

(i) Length of the pipe sections.
(ii) Total system flow rate is 120 gpm (from the chiller).
(iii) Head losses and flow rates for all the equipment are given (including the undefined
units).
(iv) The orifice head loss is 6 ft.
(v) Preliminary layout of the piping system was provided by the Ministry of Defense.

Assumptions/Limitations/Constraints

(i) The Ministry did not provide information regarding the location of the system. There-
fore, care will be taken to ensure that the system operates quietly.

(ii) Let the flow velocity be about 4 fps. This is acceptable for general building service
or potable water. In addition, this velocity does not exceed the erosion limits of any
general pipe material.

(iii) Limit pipe frictional losses to 3 ft of water per 100 ft of pipe.

(iv) Pipe changes should be gradual to reduce losses.

(v) All bends will be 90° flanged bends to facilitate maintenance and reduce losses.
For smaller pipes, screwed/threaded bends will be used. This is more common in

industry.
(vi) Branch and line flow tees are flanged. For smaller pipes, screwed /threaded tees will
be used. This is more common in industry.

(vii) Negligible elevation head. Assume that all components are on the same level.
(viii) Assume that the piping material is Schedule 40 steel. This will provide durability

and flexibility over type L copper pipes.
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Sketch
The pipe sections are labeled and shown on the layout provided by the Ministry.
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Analysis
Bear the following points in mind for this design problem:

(i) Pipe sizing for this system can be done quickly by using the appropriate friction loss
charts for Schedule 40 pipe (Figure A.4). However, if the required sizes, flow rates,
velocities, etc. are not included on the published charts or if the design is based on

a specialized pipe material, then the designer should use Colebrook’s equation (or
other correlation equation) to find the friction factor (f) and iterate to find the pipe

diameters.
(ii) Assign larger head losses per 100 ft of pipe to shorter pipe sections. The designer should
attempt to have a constant velocity throughout the system (approximately).

Pipe Sections
The pipe sections in this design are:

Sections 2-3, 3-4, 4-5, 3-6, 4-6, 5-7, 6-7, 7-8, 9-1 (see sketch).
Consider Section 4-5. It has the shortest pipe length (10 ft) and the lowest flow rate (120-
5040 gpm = 30 gpm). Use a frictional loss of 3 ft of water per 100 ft of pipe as a guide

to size the pipe.
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With the friction loss and the flow rate, the friction loss chart for commercial steel pipe
(Schedule 40) in a closed-loop piping system is consulted to find suitable pipe data (Figure

A4):

Nominal pipe size: 2 in.
Water velocity: 2.7 fps
Lost head: 1.6 ft per 100 ft of pipe

Major head loss: % x 10 ft = 0.16 ft

The pipe system flow velocity should be close to 3 fps. This information will be used to

size pipes in the other sections. See the Pipe Data table for the pipe sizes.
Now that the pipe diameters are known, the minor losses for each section can be esti-

mated. See the Minor Losses table for information.

™~
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Minor Losses

The loss coefficients for the bends, fittings, and area changes for the piping in Section 4.5
(2 in. diameter) are given below from lable A.14:

Gate valve: Kgye = 0.16

Ball valve: K,y = 0.05

Flanged 90° regular bends: Kgp: pend = 0.39

Branch tee: Ky anch tee = 0.80

Line tee: Kjjne tee = 0.19

Pipe contraction: K ontraction = 0.07 for a contraction angle of 60°
Pipe expansion: Kexpansion = 0.30 for d/D = 0.2

Kexpa_nsi.nn — 0-25 fﬂl’ d‘/D — 0-4
Kexpansion = 0.15 ford/D = 0.6
Kexpansiun = 0.10 for d/D — (0.8




Minor Loss:

1 flanged 90° bend: Kgge pend = 0.39

1 line tee: Kjjre tee = 0.19
1 pipe contraction from a 3 in. diameter in Section 34 to a 2 in. diameter in Section 4-5:

Kcuntrar:ti on — 0.07

Therefore,

(2.8 ft/s)”
L (32.2 ﬁ/sl) )

Vave = (0.39 + 0.19 + 0.07) = 0.079 ft.

28

Hh“:ZKL

The total head loss in the Section 4-5 is

Hyr = H + Hj, = 0.16 ft + 0.079 ft = 0.24 ft.

A similar procedure is followed for the other pipe sections. The results are shown in the
tables below.

(-,




Minor Losses

Gradual Total
Pipe 90° Gradual Contrac- Minor
Section Gate Ball Regular Tees- Expansion tion (K = Loss
No. Valves Valves Bends Branch  Tees-Line (KL = vary) 0.07) (ft)
2-3 0.05 (one) 0.3 (three) 0.64 (one) 0.32
34 0.19 {(one) 0.07 (one) 0.04
4-5 0.39 (one) 0.19 (one) 0.07 (one) 0.08
3-6 0.35 (one) 0.05(one) 0.39 (one) 0.80 (one) Ky =0.10 0.27
4-6 0.35 (one) 0.05 (one) 0.80 (two) 0.23
5-7 0.35 (one) 0.05 (one) 0.80 (one) 0.15
6-7 0.19 (one) Ky =0.10 0.07
7-8 0.30 (two) 0.14 (two) 0.18
0-1 0.30 (one) 0.30 (one) 0.12

Pipe Data

Pipe Pipe Flow Fluid Minor Total
Section Length Rate Lost Head Velocity = Nominal Losses Head
No. (ft) (gpm) (ft/100 ft) (ft/s) Size (in.) (ft) Loss (ft)
2-3 15 120 14 3.6 3145 0.32 0.53
3-4 10 70 1.3 3 3 0.04 0.17
4-5 10 30 1.6 2.8 2 0.08 0.24
3-6 28 50 1.8 3.2 215 0.27 0.77
4-6 18 40 1.3 2.7 214 0.23 0.46
5-7 18 30 1.6 2.8 2 0.15 0.44
6-7 10 90 1.9 3.8 3 0.07 0.26
7-8 35 120 14 3.6 314 0.18 0.67
9-1 18 120 1.4 3.6 34 0.12 0.37




Next, consider the lost head for each of the three parallel circuits between points 3 and 7.
Let: circuit g includes sections 3-4, 4-5, 5-7, the orifice, and unit a.

Circuit b includes sections 34, 4-6, 6-7, the orifice, and unit b.
(Circuit ¢ includes sections 3-6, 6-7, the orifice, and unit c.

The circuit head losses are

H, =H3; + Hys + Hsy + Hodifice + Hunita =017t + 024 ft + 044 ft + 6 ft + 15 ft =

219 ft
Hy, = Hyy + Hy + Hey + Horifice + Huniew = 0.17 £t + 046 £t + 0.26 £t + 6 ft + 12 ft =

18.9 ft
H.=Hz3 + H¢7 + Horifice + Hunite =0.77 ft + 0.26 £t + 6 ft + 10 ft = 17.0 ft.

The system will be balanced by installing balancing valves in circuits b and ¢ to increase
the head to 21.9 ft (for circuit a). The head loss for circuit a will be used to find the pump

head (hpump)-

(2
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@ 1760 rpm speed.
A\ #

For this closed-loop system, let the starting and ending point be point 1. Hence, the pump \
head is

2

V2 V.
Roump = (ﬂ-l-—l-l-zl)— (ﬂ-i-—l-l-:‘i)-l-HiT:.H]T
pg 28 rg 28

hpump = Hl".'i : % H34 + H45 + Hﬁ? z H?B = H‘{ll + Huriﬁce -+ Hunil:va : E Hchiller
hoump =053 ft + 017 ft + 024 ft + 0.44 £t + 0.67 ft + 037 ft + 6 ft + 15ft + 20 ft
hpump = 43.4 ft ~ 45 ft of water.

For this system, a pump that is rated to produce 120 gpm at 45 ft of head is required. Use
manufacturer’s charts to select an appropriate pump. The drawing from the Ministry shows

a base-mounted pump. In addition, the flow rate and pump head are large. A base-mounted
pump will provide additional support. Choose a Taco F1/CI Series pump. A 4in. x 3 in. x
7 in. casing pump is selected. From the performance plot for this family of pumps, the final
choice is

4 in x 3in x 7 in. casing
7 in. impeller diameter

3-hp motor




e The pump performance curve is shown below
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meings

The drawing below shows the pipe sizes required.

3 in. 21712 In.
5 10 10
X B
3 1/2 in. u
10
|
- Orifice (3, typical)
25
10
3112 in.
15

312 in,

Chiller




/— Conclusions

The piping system has been designed. All the pipe sizes are known, and the piping material
has been selected. A pump has been specified and selected. It should be noted that for the

pipe sizes in this design, threaded fittings could have been used. In that case, the losses
would have increased. It should also be noted that 4 x 315 in. and 315 x 3 in. reducing

fittings will be required on the pump suction and discharge, respectively, for installation of
the pump.
The Pipe Data and Pump Schedule are shown below.

Pipe Data
Lost

Pipe Pipe Flow Head Fluid Minor Total
Section Length Rate (ft/100 Velocity = Nominal Losses Head
No. (ft) (gpm) ft) (ft/s) Size (in.) (ft) Loss (ft)
2-3 15 120 14 3.6 315 0.32 0.53
3-4 10 70 1.3 3 3 0.04 0.17
4-5 10 30 1.6 28 2 0.08 0.24
3-6 28 50 1.8 32 214 0.27 0.77
4-6 18 40 1.3 27 215 0.23 0.46
5-7 18 30 1.6 2.8 2 0.15 0.44
6-7 10 90 19 38 3 0.07 0.26
7-8 35 120 14 3.6 315 0.18 0.67

@ 9-1 18 120 14 36 315 0.12 0.37




Pump Schedule
Fluid Electrical
Manufacturer Flow Head Motor Motor
and Model Rate Working Loss Size  Speed V/Ph/
Tag Number Type Construction (gpm) Fluid (ft) (hp) (rpm) Hz
P-1 Taco, FI/CI Centrifugal, Cast iron 120  Water 45 3 1760 208/
Series, Model base- 4 x3 x7in. 3/60

3007, or equal mounted Casing, 7 in.¢




Common Pipe

e

Problems

* MDM Consulting Engineers, Inc. has prepared the following

piping schematic to supply water to a chemical plant. The lengths
shown are 1n foot. Piping 1s Schedule 40, commercial steel.

Complete the design of the primary circuit piping system.

80

240
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200
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.7 Balance Valve

T (3. typical)

> Control Valve
= (3, typical)

200
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Problem
Control
Flow Rate Valve Head
Circuit (gpm) Loss (ft)
A 60 40
B 70 50
C 70 50




End of Lecture 3

Next Lecture

Lecture 4: Fundamentals of Heat
Exchanger Design




