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Wind turbine “farms” are being constructed all over the world to
extract kinetic energy from the wind and convert it to electrical
energy. The mass, energy, momentum, and angular momentum
balances are utilized in the design of a wind turbine. The

Bernoulli equation is also useful in the preliminary design stage.



Objectives

Apply the conservation of mass equation to
balance the incoming and outgoing flow rates in
a flow system.

Recognize various forms of mechanical energy,
and work with energy conversion efficiencies.

Understand the use and limitations of the
Bernoulli equation, and apply it to solve a
variety of fluid flow problems.

Work with the energy equation expressed in
terms of heads, and use it to determine turbine
power output and pumping power requirements.



5—1 m INTRODUCTION

You are already familiar with
numerous conservation laws
such as the laws of
conservation of mass,
conservation of energy, and
conservation of momentum.

Historically, the conservation
laws are first applied to a fixed
guantity of matter called a
closed system or just a system,
and then extended to regions
In space called control
volumes.

The conservation relations are
also called balance equations
since any conserved quantity

must balance during a process.

FIGURE 5-1

Many fluid flow devices such as this
Pelton wheel hydraulic turbine are
analyzed by applying the conservation
of mass and energy principles, along
with the linear momentum equation.



Conservation of Mass

The conservation of mass relation for a closed system undergoing a
change is expressed as m, = constant or dmg/dt = O, which is the
statement that the mass of the system remains constant during a

process.

Mass balance for a control volume (CV) in rate form:

. + + dme,
Conservation of mass: My, — Moy =
' dt

the total rates of mass flow into

m.. and m
- out - and out of the control volume

the rate of change of mass within the

dmevy/dt _
' control volume boundaries.

Continuity equation: In fluid mechanics, the conservation of
mass relation written for a differential control volume is usually
called the continuity equation.



The Linear Momentum Equation

Linear momentum: The product of the mass and the velocity of a
body is called the linear momentum or just the momentum of the
body.

The momentum of a rigid body of mass m moving with a velocity
Vis mV.

Newton’s second law: The acceleration of a body is proportional
to the net force acting on it and is inversely proportional to its
mass, and that the rate of change of the momentum of a body is
equal to the net force acting on the body.

Conservation of momentum principle: The momentum of a
system remains constant only when the net force acting on it is
zero, and thus the momentum of such systems is conserved.

Linear momentum equation: In fluid mechanics, Newton’s
second law is usually referred to as the linear momentum
equation.



Conservation of Energy

The conservation of energy principle (the energy balance): The
net energy transfer to or from a system during a process be equal to
the change in the energy content of the system.

Energy can be transferred to or from a closed system by heat or work.
Control volumes also involve energy transfer via mass flow.

. * l‘:fECV
Conservation of energy: E,—Eu=
' ' dt

E d E the total rates of energy transfer into
in N4 Lout  and out of the control volume

AE |t the rate of change of energy
eV within the control volume boundaries

In fluid mechanics, we usually limit our consideration to
mechanical forms of energy only.



5—2 m CONSERVATION OF MASS

Conservation of mass: Mass, like energy, is a conserved property,
and it cannot be created or destroyed during a process.

Closed systems: The mass of the system remain constant during
a process.

Control volumes: Mass can cross the boundaries, and so we must
keep track of the amount of mass entering and leaving the control
volume.

2 kg 16 kg 18 kg
+ —

H, 0, H,O

—

Mass is conserved even during chemical reactions.

Mass m and energy E can be converted to each other:
E = mc?

c is the speed of light in a vacuum, ¢ = 2.9979x108 m/s
The mass change due to energy change is negligible.



Mass and Volume Flow Rates

Mass flow rate: The amount of mass flowing

through a cross section per unit time.

The differential mass flow rate

dm = pV, dA,

Point functions have exact differentials

[ -
el

2 2
J dA, = A, — A, =m(r; —ry)
1

Path functions have inexact differentials

]

J OM = My,  NOL Hl, — 7,
I

Control surface y

The normal velocity V,, for a
surface is the component of
velocity perpendicular to the
surface.



dm = pV, dA, Average velocity
I
m = J om = J pV. dA,. Vive = " [ V. dA.
A, A, C YA,

Mass flow rate Volume flow rate

m = pVyeA, (kg/s) V= J VidA, =V, A. = VA, (m?/s)
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. v _— ,

| |

| AL."—'----l [I

Vavg ’.: : VHVg :

+ 1 >l

| 1

I |'

: V= VavgA, !

I 1

Cross section

|
|
|
!
|
!
r
: |
|
|
|

The volume flow rate is the
The average velocity V,, Is volume of fluid flowing through

defined as the average speed a cross section per unittime.
through a cross section.



Conservation of Mass Principle

The conservation of mass principle for a control volume: The net mass transfer
to or from a control volume during a time interval At is equal to the net change
(increase or decrease) in the total mass within the control volume during At.

(Tﬂl-fﬂ mass entering (TDIEH Mmass I::m-‘ing) B ( Net change of mass
the CV during At the CV during At within the CV during At

My, — Moy = Amey (kg)| |my, — Moy = dmey/dt (kg/s)

m. and m_, the total rates of mass
flow into and out of the
control volume

the rate of change of mass
within the control volume
boundaries.

dme/dt

Mass balance is applicable to
any control volume undergoing
any kind of process.

Conservation of mass principle

for an ordinary bathtub. H




dm = p dV. Total mass within the CV: Mey = J pdV
CV

™

: : - dmey  d
Rate of change of mass within the CV: = — pdV
' ' dt dr ).
CV
. . A
Normal component of velocity: V,=Vcost =V-n

Differential mass flow rate:  om = pV, dA = p(V cos #) dA = p( V- n) dA

Net mass flow rate: Moy = J om = J pVydA = J p(V - 1) dA
Cs Cs Cs

dm

dV and the differential control Control

surface dA used in the _ volume(CV) ~

derivation of the conservation of  ~~ —~—__" l
mass relation.
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The differential control volume |
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Control surface (CS)



General conservation of mass:

{JIII

( Jr;u:.'”u’-l—{ Jr;l{‘-_j"*ﬁ}{iq:{]

I+
ey ‘cs
The time rate of change of mass within the control A A Joos
£ A/cos |
volume plus the net mass flow rate through the control N==Y 77 -
surface is equal to zero. E— | | v
- - & a E
] —— S ; /
| pav+ S plvla- 3 plvla=0 = 7
dt P P P V,=Vcosd
v out in m = p(Vcos d(Adscos 0) = p VA
d h;,r;{ v {a) Control surface at an angle to the flow
) dV/ m — m 1
dr | .Ir E E ! 2”1 2.”1
CV 0 out in ot A
I-
N |
N —
dB., . d U l\—"'| :—Lpllf
— = whdV + b ( Vem ) dA =
dt dr | / T; > '
) . -
The conservation m=pi
of mass equation (b) Control surface normal to the flow
B=m b=1 b=1 IS olbtqlned by ) A control surface should
rep acur;g Binthe g \ways be selected normal to
| I I RiEpieliee ’ the flow at all locations where
r gansportt eorsnt; it crosses the fluid flow to
dmsys  d U+ | T eiydA by mass m, an avoid complications, even
Qi y 1 (m per unit though the result is the same.
CV Cs mass = m/m = 1).




Moving or Deforming Control Volumes

Equatmm 5-17 and 5-19 are also valid for moving control volumes pro-
vided that the absolute velocity Vis replaced by the relative velocity 1’;,
which is the fluid velocity relative to the control surface (Chap. 4). In the
case of a moving but nondeforming control volume, relative velocity is the
flutd velocity observed by a person moving with the control volume and 1s
expressed as ‘F{ V- 1{:,.5, where Vis the fluid velocity and V cg 1s the
velocity of the control surface, both relative to a fixed point outside. Note
that this 1s a vector subtraction.

Some practical problems (such as the injection of medication through the
needle of a syringe by the forced motion of the plunger) involve deforming
control volumes. The conservation of mass relations developed can still be
used for such deforming control volumes provided that the velocity of the
fluid crossing a deforming part of the control surface is expressed relative to
the control surface (that is, the fluid velocity should be expressed relative to
a reference frame attached to the deforming part of the control surface). The
relative velocity in this case at any point on the control surface is expressed
again as V V- 1{:5. where V. is the local velocity of the control surface
at that point relative to a fixed point outside the control volume.



Mass Balance for Steady-Flow Processes

During a steady-flow process, the total amount of mass contained within a
control volume does not change with time (m¢,, = constant).

Then the conservation of mass principle requires that the total amount of mass
entering a control volume equal the total amount of mass leaving it.

my =2 kg/s m, = 3 kg/s For steady-flow processes, we are

|
| |
| |
| |
| |
| CV |
|
: |
| |
| |

—— e —— ]

my=my +m,=15Kkg/s

Interested in the amount of mass flowing per
unit time, that is, the mass flow rate

M= > m (ke/s) Multiple inlets

in out and exits

e o Single
”21 - ”12 _> prlAl - szzAz Stream
Many engineering devices such as nozzles,
diffusers, turbines, compressors, and
pumps involve a single stream (only one
inlet and one outlet).

Conservation of mass principle for a two-
iInlet—one-outlet steady-flow system. 15



Special Case: Incompressible Flow

The conservation of mass relations can be simplified even further when
the fluid is incompressible, which is usually the case for liquids.

mo = 2 kgls E V = E \/ (mi*/s) Steady,

= Incompressible
3 1n out
V,=0.8 m’/s

= 1 , , Steady,
:“‘“\I L Vi =V, —> VA, = V,A, incompressible

- flow (single stream)

-

Alr

COMPressor

There is no such thing as a “conservation of
volume” principle.

E—.

However, for steady flow of liquids, the volume flow
rates, as well as the mass flow rates, remain

|
|
|
|
|
|
|
|
| - - - - - -
constant since liquids are essentially incompressible

" I substances.

m, =2 kg/s During a steady-flow process, volume
. : flow rates are not necessarily conserved
Vi =1.4m%s although mass flow rates are.

16



EXAMPLE 5-1 Water Flow through a Garden Hose Nozzle

A garden hose attached with a nozzle is used to fill a 10-gal bucket. The
inner diameter of the hose i1s 2 cm, and it reduces to 0.8 cm at the nozzle
exit (Fig. 5-12). If it takes 50 s to fill the bucket with water, determine
(@) the volume and mass flow rates of water through the hose, and (L) the
average velocity of water at the nozzle exit.

SOLUTION A garden hose is used to fill a water bucket. The volume and
mass flow rates of water and the exit velocity are to be determined.
Assumptions 1 Water is a nearly incompressible substance. 2 Flow through
the hose is steady. 3 There is no waste of water by splashing.

Properties We take the density of water to be 1000 kg/m?® = 1 kg/L.
Analysis (a) Noting that 10 gal of water are discharged in 50 s, the volume
and mass flow rates of water are

v Vv _10gal (3.?854L
A 50s

m = pV = (1 kg/L)(0.757 Lis) = 0.757 kg/s

= L.757 L/s
| gal ) 757 L/s

Nozzle

(b) The cross-sectional area of the nozzle exit is

The volume flow rate through the hose and the nozzle is constant. Ther
average velocity of water at the nozzle exit becomes

v 0.757 L/s 1 m? )
V,=—= —— = 15.1 m/s
A, 05027 X 10~4m? \ 1000 L

Discussion |t can be shown that the average velocity in the hose 1s 2.4 m/s. 17
Therefore, the nozzle increases the water velocity by over six times.



EXAMPLE 5-2 Discharge of Water from a Tank

A 4-ft-high, 3-ft-diameter cylindrical water tank whose top is open to the
atmosphere is initially filled with water. Now the discharge plug near the bot-
tom of the tank is pulled out, and a water jet whose diameter is 0.5 In
streams out (Fig. 5-13). The average velocity of the jet is approximated
as V = \/2gh, where h is the height of water in the tank measured from the
as center of the hole (a variable) and g is the gravitational acceleration.
Determine how long it takes for the water level in the tank to drop to 2 ft
from the bottom.
Analysis We take the volume occupied by water as the control volume. The
size of the control volume decreases in this case as the water level drops,
and thus this is a variable control volume. (We could also treat this as a
fixed control volume that consists of the interior volume of the tank by disre-
garding the air that replaces the space vacated by the water.) This is obvi-
ously an unsteady-flow problem since the properties (such as the amount of
mass) within the control volume change with time.

The conservation of mass relation for a control volume undergoing any
process is given in rate form as

dmevy
dt

Iﬁ':Iin - !‘];I,:,m = (1)

During this process no mass enters the control volume (m,, = 0), and the
mass flow rate of discharged water is

ow = (PVA)ow = pV/28h A, @

FIGURE 5-13

Schematic for Example 5-2.

18



where Ay, = wDZ%/4 is the cross-sectional area of the jet, which is constant.
MNoting that the density of water is constant, the mass of water in the tank at
any time is

HICV = f_ilu = I}Ata.nkh {3}

where A, = wD{, /4 is the base area of the cylindrical tank. Substituting
Egs. 2 and 3 into the mass balance relation (Eqg. 1) gives

—pV2ghAy, = % — —p\/ 2gh(wD%,/4) =

et

p(wD? /4) dh
dt

Canceling the densities and other common terms and separating the vari-
ables give

Diy dh
Dfm '\-f"m
Integrating from ¢t = O at which i = hy to t = fat which h = h, gives
. D J;E[ \-”% . .\f.-f}; '\.f"@ Djet
Substituting, the time of discharge is determined to be
t = Vaft— Va2t (3 X 12 in)2
V32.2/2 fi/s? 0.5 in

Therefore, It takes 12.6 min after the discharge hole is unplugged for half of
the tank to be emptied.

Discussion Using the same relation with h, = 0 gives f = 43.1 min for the
discharge of the entire amount of water in the tank. Therefore, emptying the
bottom half of the tank takes much longer than emptying the top half. This
Is due to the decrease in the average discharge velocity of water with
decreasing h.

dr = —

= 757 s = 12.6 min

19



5>—3 m MECHANICAL ENERGY AND EFFICIENCY

Mechanical energy: The form of energy that can be converted to
mechanical work completely and directly by an ideal mechanical
device such as an ideal turbine.

Mechanical energy of a flowing fluid per unit mass:

P Vv’
rech = ; + X + gz Flow energy + kinetic energy + potential energy

Mechanical energy change:

P,—P V;—Vi
Aemech — p + 9 + g(ZZ R Zl) (k‘]/kg)

* The mechanical energy of a fluid does not change during flow if
its pressure, density, velocity, and elevation remain constant.

* Inthe absence of any irreversible losses, the mechanical energy
change represents the mechanical work supplied to the fluid (if

A€ .n > 0) or extracted from the fluid (if Ae, .., < 0). i



Mechanical energy is a useful concept
for flows that do not involve significant
heat transfer or energy conversion, such
as the flow of gasoline from an
underground tank into a car.

21
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Turbine
\ \
@)

\ h N\

.-|

. | | Q|—
\ urbine) - | .® Generator
N . _ _ng—P_ﬂ AP
]':1:}11:3); = ”"T"ﬁ"f?mech = m— = m
Generator P P
since V, = V; and z, = z,
(h)
]l;lll{.]'.l'l;'l..‘( = ”.?3{)[11@-&*1 - j"”rﬁ.{:] o :—1) = }I‘qu;?
v 1 e —_— " - LA e
since P, = P, =P, and V| =V,
(c1)

Mechanical energy is illustrated by an ideal hydraulic turbine coupled with an
iIdeal generator. In the absence of irreversible losses, the maximum produced
power is proportional to (a) the change in water surface elevation from the
upstream to the downstream reservoir or (b) (close-up view) the drop in water
pressure from just upstream to just downstream of the turbine.

22



W . = riigh W .. =nigh

max

0 B
i
Pgugc = pgh

pe =0

The available mechanical energy of water at the
bottom of a container is equal to the avaiable

mechanical energy at any depth including the free
surface of the container.

23



Shaft work: The transfer of mechanical energy is usually accomplished by a
rotating shaft, and thus mechanical work is often referred to as shaft work.

A pump or a fan receives shaft work (usually from an electric motor) and transfers
it to the fluid as mechanical energy (less frictional losses).

A turbine converts the mechanical energy of a fluid to shaft work.

Mechanical cnergy output E mech, out Ilrl-m-.'-.h. loss MeCh an | Cal efﬂ C|en Cy

N mech — ) ) - . .
"t Mechanical energy input  E,__ i E .. :n Of adevice or process

The effectiveness of the conversion process between the mechanical work
supplied or extracted and the mechanical energy of the fluid is expressed by the
pump efficiency and turbine efficiency,

[I"l‘l.'-\L]-ll.l[“L l.|.] ]"‘1""."-'-._] l[lL]'u ase 11‘1 []']'L [l].]]lj jH.i’ mech. |||.|I| 11'::|1|_||'|'||'|_;,l
Npomp — _ O | .
Mechanical power input W i W g
‘S‘Emeuh. fluid = Emcch. out Em::t:h. in
Mechanical power output W hatt. out W incbine
" turbine —

r"-]xl.hd]ilmll power decrease of the [lLlul |jlf_ och. fuid W

turbine, ¢

|‘:"‘E mech, ﬂu'u.l| = E mech, in E mech, out

24



e *

0.

=
I
hn

06 kg/s

T;' mech fan —

. o
ALmech, fluid _ MV /2

Wﬁh'dfl, n Wﬁhafl, in
_(0.506 kg/s)(12.1 mfs)zfz
- 50.0 W

=0.741

The mechanical efficiency
of a fan is the ratio of the
kinetic energy of air at the
fan exit to the mechanical
power input.

25



Mechanical power output W ou Motor

Mmoo = Blectric power input W  efficiency
Electric power output Waleet.ou Generator
Mgenerator = N o chanical power input W, .. efficiency

M/l-)ump.n aEmcch.l‘luid Pump_Motor
T} DUIMpP —motor — T} I ')T]I oror — - — - . .
pumpmet PP EEOIOT W etin W. overall efficiency

elect.in

Turbine-Generator overall efficiency: e = 0.75 STy
1/V(.-Iccl.nul mrlccl.c_ml
nlurhinc—gcn - T]lurhin(rngcmrrulm - - AT H
‘/Vlurhinc.r-’ ‘AEmcch.l'Iuid| J,f elect. out
Turbine [
Generator

The overall efficiency of a turbine—
generator is the product of the
efficiency of the turbine and the

Ulni

efficiency of the generator, and
represents the fraction of the Thurbinegen = TrurbineTgenerator
mechanical energy of the fluid = 0.75 X 0.97

converted to electric energy. =0.73



The efficiencies just defined range between 0 and 100%.

0% corresponds to the conversion of the entire
mechanical or electric energy input to thermal energy, and
the device in this case functions like a resistance heater.

100% corresponds to the case of perfect conversion with
no friction or other irreversibilities, and thus no conversion
of mechanical or electric energy to thermal energy (no
losses).

For systems that involve only mechanical
forms of energy and its transfer as shaft
work, the conservation of energy Is

I

W

pump

H ©

E — E

mech, out - ‘ﬁE + E

mech, in mech. system mech, loss
Emech 10ss - The conversion of mechanical
energy to thermal energy due to

irreversibilities such as friction.

Many fluid flow problems involve E
mechanical forms of energy only, and
such problems are conveniently solved
by using a mechanical energy balance.

mech. in

Steady flow
Vi=Wh=0
H=3+h

Pi=P,=P

atim

= Emech out + ‘Emech loss

W pump + mgzy = mgiy+ Eme\,h loss
W

pump — ”‘T h+ Emm,h loss



EXAMPLE 5-3 Performance of a Hydraulic Turbine-Generator

The water in a large lake is to be used to generate electricity by the installa-
tion of a hydraulic turbine-generator. The elevation difference between the
free surfaces upstream and downstream of the dam is 50 m (Fig. 5-19).
Water is to be supplied at a rate of 5000 kg/s. If the electric power gener-
ated is measured to be 1862 kW and the generator efficiency is 95 percent,
determine (a) the overall efficiency of the turbine—generator, (b) the mechan-
ical efficiency of the turbine, and (c) the shaft power supplied by the turbine
to the generator.

SOLUTION A hydraulic turbine—generator is to generate electricity from the
water of a lake. The overall efficiency, the turbine efficiency, and the shaft
power are to be determined.

Assumptions 1 The elevation of the lake and that of the discharge site
remain constant. 2 Irreversible losses in the pipes are negligible.

Properties The density of water is taken to be p = 1000 kg/m?.

Analysis (a) We perform our analysis from inlet (1) at the free surface of the
lake to outlet (2) at the free surface of the downstream discharge site. At
both free surfaces the pressure is atmospheric and the velocity is negligibly
small. The change in the water's mechanical energy per unit mass is then

B » g 2 _ 2
Pi A out 4 Vin ,;Vclut

€mech, in — €mech, out — HH__,-' p P 2 + E(Ein — Enut)
i —
= (9.81 m/s?)(50 m)( | klke ) = '['.'.‘il“;-'lH
1000 m?/s? g

e h=5000 kg/s

Generator
??gmerator = 95%



Then the rate at which mechanical energy is supplied to the turbine by the
fluid and the overall efficiency become

|‘j‘£‘machnfluid| — Im(‘9:'1115:1:[11'11 o Eme:ch, nut) = (50[[] kgfs)(ﬁ"l'gl kJﬂ{g) = 2455 kW

L{fe]ect, ot . 1862 kW
|‘$E mech, ﬂuid' 2455 kW

Tloverall — Tlturbine—gen — = 2.760

(b) Knowing the overall and generator efficiencies, the mechanical efficiency
of the turbine is determined from

Tlturbine—gen . 0.76

Thurhine—gen — Tlurbine "lgenerator — Thurbine = = 0.800

Tl generator

(c) The shaft power output is determined from the definition of mechanical
efficiency,

H}shaﬂ, out — 7]turbine|£mech, fluiu:l| = (0.80)(2455 kW) = 1964 kW = 1960 kW

Discussion MNote that the lake supplies 2455 kW of mechanical power to
the turbine, which converts 1964 kW of it to shaft power that drives the
generator, which generates 1862 kKW of electric power. There are irreversible
losses through each component. [rreversible losses in the pipes are ignored
here; you will learn how to account for these in Chap. 8.

29



EXAMPLE 54 Conservation of Energy for
an Oscillating Steel Ball

The motion of a steel ball in a hemispherical bowl of radius h shown in Fig. ®
5-20 Is to be analyzed. The ball is initially held at the highest location at
point A, and then it is released. Obtain relations for the conservation n::lf
energy of the ball for the cases of frictionless and actual motions. n

SOLUTION A steel ball is released in a bowl. Relations for the energy bal-
ance are to be obtained.

Assumptions For the frictionless case, friction between the ball, the bowl,
and the air is negligible.

Analysis When the ball is released, it accelerates under the influence of
gravity, reaches a maximum velocity (and minimum elevation) at point B at
the bottom of the bowl, and moves up toward point C on the opposite side.
In the ideal case of frictionless motion, the ball will oscillate between points
A and C. The actual motion involves the conversion of the kinetic and poten-
tial energies of the ball to each other, together with overcoming resistance to
motion due to friction (doing frictional work). The general energy balance for

any system undergoing any process Is 7
E - Enut - ‘;-‘"Es}'stem
— —— - Steel
Met energy transfer Change in internal, kinetic. h A ball
b heat, work, and mass potential, etc.. energies T
.-"'\.L \
1)




Then the energy balance (per unit mass) for the ball for a process from point
1 to point 2 becomes
~Whiction — (K€ + pey) — (ke; + pey)

or

V% + Vi + +

T = Z Wiriction

5 841 3 842 frict
since there is no energy transfer by heat or mass and no change in the inter-
nal energy of the ball (the heat generated by frictional heating is dissipated to
the surrounding air). The frictional work term Wictio, 1S 0ften expressed as e,
to represent the loss (conversion) of mechanical energy into thermal energy.

For the idealized case of frictionless motion, the last relation reduces to

~ T 8T = + 27> or

=

+ o7 = (' = constant

)

2

where the value of the constant is C = gh. That is, when the frictional
effects are negligible, the sum of the kinetic and potential energies of the
ball remains constant.

Discussion This is certainly a more intuitive and convenient form of the
conservation of energy equation for this and other similar processes such as
the swinging motion of a pendulum. The relation obtained Is analogous to
the Bernoulli equation derived in Section 5-4.
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>—4 m THE BERNOULLI EQUATION

Bernoulli equation: An approximate relation between pressure,
velocity, and elevation, and is valid in regions of steady,
iIncompressible flow where net frictional forces are negligible.

Despite its simplicity, it has proven to be a very powerful tool in fluid
mechanics.

The Bernoulli approximation is typically useful in flow regions outside
of boundary layers and wakes, where the fluid motion is governed by
the combined effects of pressure and gravity forces.

Bernoulli equation valid The Bernoulli equation is an

‘——_—___,:—-——————-:“““‘*_,A\ approximate equation that is valid
X" onlyin inviscid regions of flow
//&_\ where net viscous forces are
— . negligibly small compared to
—T AN inertial, gravitational, or pressure
— %E forces. Such regions occur
T \y/~————__ outside of boundary layers and

Bernoulli equation not valid  \akes. 32



Acceleration of a Fluid Particle

In two-dimensional flow, the acceleration can be decomposed into two
components:

streamwise acceleration a. along the streamline and

normal acceleration a, in the direction normal to the streamline, which is
given as a, = V?/R.

Streamwise acceleration is due to a change in speed along a streamline,
and normal acceleration is due to a change in direction.

For particles that move along a straight path, a, = O since the radius of
curvature is infinity and thus there is no change in direction. The Bernoulli
equation results from a force balance along a streamline.

aV oV dV  aVds oV —
dV = —ds + —dt = —— + -~ =
as ot dt  ds dr ot :

aVior =0 V= V(s) f

dV o oV ds aV )
'II' . — — - f— /
o dt ds dt as

dV
ds

During steady flow, a fluid may not
accelerate in time at a fixed point,

7o o) Acceleration in steady but it may accelerate in space.
V = dsldt .
flow is due to the change

of velocity with position. 33



Derivation of the Bernoulli Equation

Z — iV
f 2 F=mas pas —(p+dPydA — Wsinb =mv &
Steady flow along a streamline ds
m=pV=pdAds W=mg = pg dA ds
(P + dP)dA infb = d- dz 1V
N Sin bt = dalds _up s — pedA ds S = pdads v -
ds ds
—dP — pgdz = pVdV V4V =13d(V?
dP ,
—+1dVH +gdz=0
P Steady flow:
(dP  V? , o
n — + - + gz = constant (along a streamline)
P -
. : : Bernoulli
_ _ ' Steady, incompressible flow: t'
The forces acting on a fluid p V2 equation
particle along a streamline. — + — + gz = constant (along a streamline)
P s
The sum of the kinetic, potential, and — The Bernoulli equation between any
flow energies of a fluid particle Is two points on the same streamline:
constant along a streamline during . .
oMo P] ir l P: l|-' 2
steady flow when compressibility and — 4+ —+ o5 =—+ + 97,
frictional effects are negligible. p 2 p 2 ] 34



(Steady flow along a streamline)

General:
- VE
ar V- g7 = constant
p 2 °

Incompressible flow (p = constant):

2
FP + V— + g7 = constant

2

-

The incompressible Bernoulli equation is
derived assuming incompressible flow,
and thus it should not be used for flows
with significant compressibility effects.
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The Bernoulli equation
states that the sum of the
kinetic, potential, and flow
energies of a fluid particle is
constant along a streamline
during steady flow.

The Bernoulli equation can be viewed as the

This is equivalent to the general conservation
of energy principle for systems that do not
iInvolve any conversion of mechanical energy
and thermal energy to each other, and thus
the mechanical energy and thermal energy are
conserved separately.

The Bernoulli equation states that during
steady, incompressible flow with negligible
friction, the various forms of mechanical
energy are converted to each other, but their
sum remains constant.

There is no dissipation of mechanical energy
during such flows since there is no friction that
converts mechanical energy to sensible
thermal (internal) energy.

The Bernoulli equation is commonly used in
practice since a variety of practical fluid flow
problems can be analyzed to reasonable

accuracy with it.
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Force Balance across Streamlines

Force balance in the direction n normal to the streamline yields the following
relation applicable across the streamlines for steady, incompressible flow:

P [V
— + | —dn + gz = constant (across streamlines)
p R
For flow along a straight line, R — « and A A
this equation reduces to P/p + gz = constant Al / B
or P = — pgz + constant, which is an VL
expression for the variation of hydrostatic A
pressure with vertical distance for a Ppy>Pyg
stationary fluid body. . (@ |
'A .C
Pressure decreases towards the
center of curvature when —=
streamlines are curved (a), but . —
the variation of pressure with B D
elevation In steady, Stationary fluid Flowing fluid

Incompressible flow along a
straight line (b) is the same as Pp—Py= Pp—Pc
that in stationary fluid. (b)



Unsteady, Compressible Flow

The Bernoulli equation for unsteady, compressible flow:

ap [av  V
— + | —ds + — + gz = constant
p _

Unsteady, compressible flow: [ ”
. C
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Static, Dynamic, and Stagnation Pressures

The kinetic and potential energies of the fluid can be converted to flow
energy (and vice versa) during flow, causing the pressure to change.
Multiplying the Bernoulli equation by the density gives

P+ p — + pgz = constant (along a streamline)
P is the static pressure: It does not incorporate any dynamic effects; it

represents the actual thermodynamic pressure of the fluid. This is the same
as the pressure used in thermodynamics and property tables.

pV?/2 is the dynamic pressure: It represents the pressure rise when the
fluid in motion is brought to a stop isentropically.

pgzis the hydrostatic pressure: Itis not pressure in a real sense since its
value depends on the reference level selected; it accounts for the elevation
effects, i.e., fluid weight on pressure. (Be careful of the sign—unlike
hydrostatic pressure pgh which increases with fluid depth h, the hydrostatic
pressure term pgz decreases with fluid depth.)

Total pressure: The sum of the static, dynamic, and
hydrostatic pressures. Therefore, the Bernoulli equation
states that the total pressure along a streamline is constant.
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Stagnation pressure: The sum of the static and dynamic pressures. It represents
the pressure at a point where the fluid is brought to a complete stop isentropically.

V2 | Proportional to dynamic
Pﬁtﬂg — P + 'f_-.l T {kpﬂ] pressure

L Piezometer Proportional to
\ — stagnation

'IE{P stag P) Proportional P V_E pressure Puag
V= stag to static 2
\ p pressure, P 7

___Pitot
tube

v, /) L

Stagnation
point

V= ‘\/Z(Pstﬂg_P)
e

Close-up of a Pitot-static probe,

showing the stagnation pressure hole The static, dynamic, and
and two of the five static circumferential Sta_lgnat!on pressures measured
pressure holes. using piezometer tubes.
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High Correct Low

\
'
4

\

Stagnation streamline

Careless drilling of
the static pressure
tap may result in an
erroneous reading
of the static
pressure head.

e — S{reaklines produced by
_"‘“

colored fluid introduced
upstream of an airfoil; since

ﬂ"m
ﬁ the flow is steady, the

streaklines are the same as
streamlines and pathlines.
The stagnation streamline

IS marked.
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Limitations on the Use of the Bernoulli Equation

1. Steady flow The Bernoulli equation is applicable to steady flow.

2. Frictionless flow Every flow involves some friction, no matter how small,
and frictional effects may or may not be negligible.

3. No shaft work The Bernoulli equation is not applicable in a flow section that
Involves a pump, turbine, fan, or any other machine or impeller since such
devices destroy the streamlines and carry out energy interactions with the
fluid particles. When these devices exist, the energy equation should be
used instead.

4. Incompressible flow Density is taken constant in the derivation of the
Bernoulli equation. The flow is incompressible for liquids and also by gases
at Mach numbers less than about 0.3.

5. No heat transfer The density of a gas is inversely proportional to
temperature, and thus the Bernoulli equation should not be used for flow
sections that involve significant temperature change such as heating or
cooling sections.

6. Flow along a streamline Strictly speaking, the Bernoulli equation is
applicable along a streamline. However, when a region of the flow is
irrotational and there is negligibly small vorticity in the flow field, the
Bernoulli equation becomes applicable across streamlines as well. 42



A sudden A long narrow
expansion @ tube

. —
—_— "\_‘II
Y
;® @ Flow I.hrnuffh
A f':'ll"l I:I_.:C::\,_/—FI a \”
Ox -0 opwe ::/\“x\
- | | ﬁ_‘& vaak?:
A heating section _T_\—_\\_
—— ______———_______‘
I, T —
f ,f'; ,/’ Z Frictional effects, heat transfer, and components
NN/ that disturb the streamlined structure of flow make
Streamlines the Bernoulli equation invalid. It should not be used
p, V2 p, V3 in any of the flows shown here.
—+—]+g3.]:—+—+gm
P 2 p 2
When the flow is irrotational, the Bernoulli equation becomes applicable e

between any two points along the flow (not just on the same streamline).



Hydraulic Grade Line (HGL) and Energy Grade Line (EGL)

It is often convenient to represent the level of mechanical energy graphically using
heights to facilitate visualization of the various terms of the Bernoulli equation.
Dividing each term of the Bernoulli equation by g gives

PV
_|_

P8 28

e’ My,

g

+ 7z = H = constant (along a streamline)

Plpg is the pressure head; it represents the height of a fluid column
that produces the static pressure P.

V?/2g is the velocity head; it represents the elevation needed for a
fluid to reach the velocity V during frictionless free fall.

z is the elevation head; it represents the potential energy of the fluid.

Pressure .
head Elevation

/ head _

2 / An alternative form of the
P V ey Xy Bernoulli equation is expressed
In terms of heads as: The sum

pg 28 \

\ of the pressure, velocity, and
Velocity e elevation heads is constant

head along a streamline. 44




Hydraulic grade line (HGL), P/pg + z The line that represents the sum of
the static pressure and the elevation heads.

Energy grade line (EGL), P/pg + V?/2g + z The line that represents the
total head of the fluid.

Dynamic head, V?/2g The difference between the heights of EGL and HGL.

The hydraulic
grade line (HGL)
and the energy
grade line (EGL)
for free discharge
from a reservoir
through a

horizontal pipe
Arbitrary reference plane (2=0) \vith a diffuser.
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Notes on HGL and EGL

For stationary bodies such as reservoirs or lakes, the EGL and HGL coincide with
the free surface of the liquid.

The EGL is always a distance V2/2g above the HGL. These two curves approach
each other as the velocity decreases, and they diverge as the velocity increases.

In an idealized Bernoulli-type flow, EGL is horizontal and its height remains
constant.

For open-channel flow, the HGL coincides with the free surface of the liquid, and
the EGL is a distance V?/2g above the free surface.

At a pipe exit, the pressure head is zero (atmospheric pressure) and thus the
HGL coincides with the pipe outlet.

The mechanical energy loss due to frictional effects (conversion to thermal
energy) causes the EGL and HGL to slope downward in the direction of flow. The
slope is a measure of the head loss in the pipe. A component, such as a valve,
that generates significant frictional effects causes a sudden drop in both EGL and
HGL at that location.

A steep jump/drop occurs in EGL and HGL whenever mechanical energy is
added or removed to or from the fluid (pump, turbine).

The (gage) pressure of a fluid is zero at locations where the HGL intersects the
fluid. The pressure in a flow section that lies above the HGL is negative, and the
pressure in a section that lies below the HGL is positive. 46



Ly _(Horizonah_ O _ ok
V22g HGL If HGL |
"t - |
/] I
- —CTo \
,ra e
¢ I
l'— —_——— o
- I~ b
e PL_l_mrr Turbine
____ iReferencelevel (w) —
0 N
In an idealized BemOU”I-type ﬂOW, H.'!pl.un]'l 1"1:!1Lll'l‘|'1t10
EGL is horizontal and its height A steep jump occurs in EGL and HGL
remains constant. But this is not whenever mechanical energy is added to
the case for HGL when the flow the fluid by a pump, and a steep drop
velocity varies along the flow. occurs whenever mechanical energy is
Nesative P removed from the fluid by a turbine.
P=0

P=0 The gage pressure of a fluid is zero at
//P IR \V locations where the HGL intersects the

sitive P - ) . -
OSTHVE \\ fluid, and the pressure is negative
Positive P (vacuum) in a flow section that lies

above the HGL.




Example: Water Discharge
from a Large Tank

)

da Water

Example: 6
Spraying Water \

Water jet

\ Magnifying
N glass

f ﬁD II 0
+—" + 7= +— 47 .1
Ata ramgtgre’ o sy
, =0 0 :
i+ﬁ/ /':E E/JFT - P1_Pm+?




Example: Siphoning Out Gasoline
_ siphoning
Gasoline from a Fuel Tank (ube

2 m

l
— ;
’—JJ 0.75 m

1
(Gascan
7 7
P Vi 0 P 4 P1m P
2y Lrpg =24 L4, 5 A2
pg 28 pg 18 pg  pg .




Example: Velocity Measurement
by a Pitot Tube

hy=12 cm
hgz?cjm
h =3cm‘ /
Water o : : / —V,
O O\
Slﬁgnaliun
point
p, VvV P W’O .
l+ ]+31:_2+ 2 + 72
pg 28 ' pg8 28 |

P, = pg(hy + h,)

P, = pg(h, + hy + h3)

%

V%_PE_PI

g_

P8
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Example: The Rise of the
Ocean Due to a Hurricane

[ Eye )

Hurricane
A B
, @)
2 Calm T ©)
- g , _ ¥ ocean I 'f
. " | E m . A
. Sl _ - @Im-cl h
The eye of hurricane Linda (1997 in x 1 !
the Pacific Ocean near Baja Ocean
California) is clearly visible in this
satellite photo.
Pa Vi, Ps W Ps— Py V3
tZtl=—t— tip o ==
pg 28 pg 28 *' P8 28
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EXAMPLE 5-10 Bernoulli Equation for Compressible Flow

Derive the Bernoulli equation when the compressibility effects are not negli-
gible for an ideal gas undergoing (a) an isothermal process and (b) an isen-
fropic process.

SOLUTION The Bernoulli equation for compressible flow is to be obtained
for an ideal gas for isothermal and isentropic processes.
Assumptions 1 The flow Is steady and frictional effects are negligible. 2 The
fluid is an ideal gas, so the relation P = pRT is applicable. 3 The specific
heats are constant so that P/p* = constant during an isentropic process.
Analysis (a) When the compressibility effects are significant and the flow
cannot be assumed to be incompressible, the Bernoulli equation Is given by
Eq. 5-40 as

(dP | V?

" + -+ gz = constant (along a streamline) (1)

The compressibility effects can be properly accounted for by performing the
integration [dP/p in Eq. 1. But this requires a relation between P and p for
the process. For the isothermal expansion or compression of an ideal gas,
the integral in Eqg. 1 Is performed easily by noting that T = constant and
substituting p = P/RT,

|5 |

; H7 = RTIn P

Substituting into Eq. 1 gives the desired relation,
e

5

=

Isothermal process: RTIn P + + gz = constant (2)
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(b) A more practical case of compressible flow is the /senfropic flow of ideal
gases through equipment that involves high-speed fluid flow such as nozzles,
diffusers, and the passages between turbine blades (Fig. 5-45). Isentropic
(i.e., reversible and adiabatic) flow is closely approximated by these devices,
and it is characterized by the relation P/p* = C = constant, where k is the
specific heat ratio of the gas. Solving for p from Pip¥ = C gives p =
C-LkpVk parforming the integration,

P—]J"k+l P]ﬂc P—]."'k+] I P
—k+1_ p —Uk+1 :( )F =

dpP _
p

Jﬂ Clkp—Vk gp — 1k

k—1

Substituting, the Bernoulli equation for steady, isentropic, compressible flow
of an ideal gas becomes

: ok >
Isentropic flow: (HTJ:—]' + =+ gz = constant (4a)

Lﬂ+ﬁ+ 7, = LP3+V%+ : ab
k—1)p 2 8T \k=1)p, T2 T80 “h)

=

ar

FIGURE 5-45

Compressible flow of a gas through
turbine blades is often modeled as
isentropic, and the compressible form
of the Bernoulli equation is a

reasonable approximation.
20



A common practical situation involves the acceleration of a gas from rest
(stagnation conditions at state 1) with negligible change in elevation. In
that case we have z; = z, and V; = 0. Noting that p = P/RT for ideal
gases, Plp" = constant for isentropic flow, and the Mach number is defined
as Ma = Vic where ¢ = VkRT is the local speed of sound for ideal gases,

Eqg. 4b simplifies to
kik—1)
1 + (%) Ma%] (4¢c)

P,

where state 1 is the stagnation state and state 2 is any state along the flow.
Discussion |t can be shown that the results obtained using the compressible
and incompressible equations deviate no more than 2 percent when the Mach
number is less than 0.3. Therefore, the flow of an ideal gas can be considered
to be incompressible when Ma = 0.3. For atmospheric air at normal condi-
tions, this corresponds to a flow speed of about 100 m/s or 360 km/h.
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5—5 m GENERAL ENERGY EQUATION

" PE, =10k E,— E,, = AE

_‘-——_.—-—'—-—-—r—”-\_ag 4 =
; KE, =0 T | | o

. - - )
Qnetin + IL';T"me;tin - Q + W =

dt -net in net in dt pe dv

“sys

T o Qnel in an o Qmu anel in wY'm B Wam
, ‘! =
‘ ‘PE’}:?I(J E=”+I{E+pe=”—|—?+g3

’”Q KE, =3 k]

The firstlawof  —— ’__1 The energy

thermodynamics (the i | change of a
co_nsc_arvation of energy | AE=(15-3)+6 | system during a
principle): Energy | =18k | process is equal to
cannot be created or | | Wanar.n=6 K the net work and
destroye.c_I during a | L[ heattransfer
process; it can only | | \4 between the
change forms. L= t_ _____ : system and its

Q. =15kl surroundings. 2>



Energy Transfer by Heat, Q

Thermal energy: The sensible
and latent forms of internal
energy.

Heat Transfer: The transfer of
energy from one system to
another as a result of a
temperature difference.

The direction of heat transfer is
always from the higher-
temperature body to the lower-
temperature one.

Adiabatic process: A process
during which there is no heat
transfer.

Heat transfer rate: The time
rate of heat transfer.

No heat
transfer

Room air

ASHC

Heat

Heat
16 J/s

-

S

Soda

5°E

Temperature difference is the driving
force for heat transfer. The larger the
temperature difference, the higher is
the rate of heat transfer.
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Energy Transfer by Work, W

 Work: The energy transfer associated with a force acting through a
distance.

e Arising piston, a rotating shaft, and an electric wire crossing the
system boundaries are all associated with work interactions.

 Power: The time rate of doing work.

e Car engines and hydraulic, steam, and gas turbines produce work;
compressors, pumps, fans, and mixers consume work.

7 — 7 I 7 7
Ir’]i’l:u:rl:.n] o shaft + Hpresmn'e + viscous + other

W, .t The work transmitted by a rotating shaft

W, essure The work done by the pressure forces on the control surface
W, iccous The work done by the normal and shear components of
viscous forces on the control surface

W, The work done by other forces such as electric, magnetic, and
surface tension
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Shaft Aforce F acting through a moment
Work arm r generates a torque T T=F — F= ?
This force acts through a distances s = (27r)n

Shaft T
work Wen = Fs = (—) (27rn) = 2mnT (kJ)

r
The power transmitted through the shatft is the shaft work done per unit time:

Wshafl — {”Tshaft — 2"."-"--F:'"Tsh;nft Wsh — 27‘_”T (kW)

W‘s‘h = 2 TEI:lT

Torque = Fr

Engine
Energy transmission through rotating shafts
IS commonly encountered in practice.

Shaft work is proportional to the
torque applied and the number
of revolutions of the shatft.



Work Done by Pressure Forces

~TA7
oW boundary

= PA ds.
TX7 - T7 _ ; F —
oW pressure oW boundary — PA 1i"r]:vi.»:-t-:ln Lpi.ﬁh‘-n = ds/dt

SW pressure = —P dA V, = —P dA(V - 1)

n
P " The pressure force

acting on (a) the moving
boundary of a system in
a piston-cylinder device,
and (b) the differential
surface area of a
system of arbitrary

. i - (P - -
W pressure, met in P(V-n)dA = — J _: (Vo n)dA
- - - - i =
Wietin =W shaft, netin T W pressure, net in W shaft, net in P(V - n)dA
JA
P - — H\
- \
. S o
Sy
y LYYYYYYLYYYY) i g | \
ds A" : dm )
------------ | dA
Vv 1
piston I' S}-'s;lc m J 7’ V
! /
System ~ /
N : =~ ry
(gas in cylinder) R ‘j
System boundary, A
(a) (b)

shape. 59



The conservation of energy equation is | 4Bsys  d | R "' -
- - - = M ) Ct
obtained by replacing B in the Reynolds dt e | ! P
transport theorem by energy E and b by e. o s
, . . dE .y,
Qnetin + W shaft. net in + W pressure, net in dt B=F b=e b=e
e=u+ke+pe=u+V¥2+ gz v Y '
dEys d ( L dE, d | | L
o dr J ep dV + J ep(V, - n)A P epdV + ep(V,.- n)dA
I ar lov Jes at 4 Jov Jos

ep dV + J ep(V, - 1) dA

. - . _da
Qnatin + W shaft, netin + W pressure, net in dt

‘cv ‘cs
The net rate of energy The time rate of The net flow rate of
transfer into a CV by | = | change of the energy | + | energy out of the control
heat and work transfer content of the CV surface by mass flow

Qnet in T H'Ishaft, netin — .

;  /p L
E‘JidU‘F (— + E.’)ji“&"’,-‘ mn) dA
dt Joy Jes \P

. . - 3 d [ (P S
Fixed CV: ':—:’ net in + W shaft, netin — F ep dv + J (_ + EP)J”{ V-n)dA
L

v ‘o W
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In a typical engineering problem, the
control volume may contain many
inlets and outlets; energy flows in at
each inlet, and energy flows out at
each outlet. Energy also enters the
control volume through net heat
transfer and net shaft work.

p(f"* 1) dA,

m =
I'AE
" . {;lr P
Qnet in + H."E_haft, netin — . ep d/ + 2 J'?I( + E.’) E H’?(
dt SOV ot P in
d | (P %
'Umtm + H shaft, netin — g, | ‘:bf’“i + z.-"”( + u ‘|‘_‘|‘
drt ‘fc_,'r_, ot P 2
(P %
Em(— +u+—+ gz
in
' d | . i 2
Qretin T H«-I'ni't-nctin =F | ep d\V + El"”(;f + T"" 22
4 Z

’ c-\.,' out

\Qm:l in
— D}l’[

=
p—

In ~ — :
| e 1y 5
JI_'I_J \ q__ f.ne.jlg\_r
) . « Ot

ener g}m _ ~ . -

P Fixed \

control |

volume

Iz'
Hin
CnCrgy,, Dut///’ Du \\ W shaft. net in

III'I.I[ b

it FOL‘II !

eﬂs]“g}rﬁllt

ENErgy,,,,

) e=u+ VY2 + gz

)_

R
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5—6 m ENERGY ANALYSIS OF STEADY FLOWS
Qnmm + Wshm netin = Erh(h +§+ g:,) — zrh(h +§+ F;")

ot in

The net rate of energy transfer to a control m(hl Vi +321)
volume by heat transfer and work during steady =" "\
flow is equal to the difference between the rates \\‘l '\_
of outgoing and incoming energy flow m ~
going I EMEEY 1915 9] M @ Fixed N
flow. / control \
] ) 1 1;% _ 1;% \ volume /l
Qretin T Winatt, netin = f”(hz —h + 2 + 8z — 31}) \ -
~ - /
single-stream devices Out / ®-
L"% _ 1"'% Qﬂf[ in T H!rshaj'[. net in
et in + Wehaft, net in — h? _ Ihl + + g{‘:{l _ E]\JI ( V% )
mlh,+ ~—+28%
h=u+Pv=u+Pp A control volume with
P Vi P, V3 only one inlet and one
W wnt—+—+gn=—+—+ gz + (3 — ) — Gnetin)
shaft, net in o 2 B Py 2 g 2 l {net in Outlet and energy

interactions.
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|deal flow (no mechanical energy loss):

Gretin = Uy — Uy The lost mechanical
energy in a fluid flow
Real flow (with mechanical system results in an 15.2°C
energy loss): increase in the in_ternal T Au = 0.84 kl/kg
. s — Uy — G energy of the fluid and AT = 0.2°C
meedoss T2 7L e thus in a rise of fluid
temperature.
€mech, in = €mech, out + €mech, loss p
w e +E+ =E+E+ + e :.f'
shaft, net in o ,E:. 1 0 2 E* 2 mech, loss 2 ].,_‘ﬂ-"
- | n. =070
Wehaft, netin — H’pump — Wiurbine 1 T pump
P Wi Py T‘ o
.FT + _ + L: l + 1I|‘-”'”np - J|'T + + ”'“ 2 + Lid turbine + e mech, loss 15'0 C
- S Waler
(P TLf P TL:: .
m(f_’ " B3 + 521 + W pump — ”II(I,H T g, + 832 + W turbine + Emc-.'h. loss
I = 2 -
E =E + E + E

mech, loss mech loss, pump

mech loss, turbine

mech loss, piping
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A typical power plant
has numerous pipes,
elbows, valves, pumps,
and turbines, all of
which have irreversible
losses.
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Energy equation in terms of heads

) + “ + ~1 + h]mmp. w . + - + “2 + JF"Hurl‘:u‘m.a:' + hL
F{'} ] |1$ _-I!'.:- lf] .:'Zi"' ;¢£1r
where
H’!pumn u H/pump. u npump Wpump . .
Nowmp. u = = — - : is the useful head delivered
g mg mg
to the fluid by the pump. Because of irreversible losses in the pump,
Noump, o 15 less than Wi, /mg by the factor n,, .
Wiurbine, e I/Vlurhinc. e H/lurhinc .
* Nyrbine. e = — — — 1s the extracted head removed

§ mg Nturbine!8
from the fluid by the turbine. Because of irreversible losses in the
turbine, / is greater than W, .. /mg by the factor M pipe-
e

‘mech loss, piping Emcch loss, piping . .
e Iy = = : 1s the irreversible head loss between
g mg
| and 2 due to all components of the piping system other than the pump
or turbine.

turbine, ¢ urbine
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W Control volume Wl urbine

pump /
E E
j\ hpump. u

A

mech loss.,
turbine

mech loss, pump

urbine. e

) Wpump, u Wl

hlurhinc. e

mech fTuid. out

Emcch Huid, in [ (= + — +2

i Y

Sy JE N
;—V Emm:h loss, piping

Mechanical energy flow chart for a fluid flow system that involves a
pump and a turbine. Vertical dimensions show each energy term
expressed as an equivalent column height of fluid, i.e., head. 66




PV P, V3
T - T < + /i o T T L2 T "Ir'r[urlnuc. T "Ir'rf, (5_74)

-} ]1'_']1][|_ -1
Pe 22 pag 28

Special Case: Incompressible Flow with No
Mechanical Work Devices and Negligible Friction

When piping losses are negligible, there is negligible dissipation of
mechanical energy into thermal energy, and thus h, = €. 0ss, piping /9
= 0. Also, hyymp, u = Niine, e = 0 When there are no mechanical work
devices such as fans, pumps, or turbines. Then Eqg. 5-74 reduces to

P, Vi _ Py, V3 P V3
+ — 47, = + + 7, or + — + Z = constant
pg 28 pg 28 P8 28

L

This is the Bernoulli equation derived earlier using Newton’s
second law of motion.

Thus, the Bernoulli equation can be thought of as a degenerate
form of the energy equation.
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Kinetic Energy Correction Factor, o

The kinetic energy of a fluid stream obtained
from V2/2 is not the same as the actual kinetic
energy of the fluid stream since the square of
a sum is not equal to the sum of the squares
of its components.

This error can be corrected by replacing the
kinetic energy terms V?/2 in the energy
equation by oV, ,°/2, where « is the kinetic
energy correction factor.

The correction factor is 2.0 for
fully developed laminar pipe
flow, and it ranges between 1.04
and 1.11 for fully developed
turbulent flow in a round pipe.

P Vi
m(— + o T 21
p 2

P, V P, V3
T s T ;EI T h['ll_un]&. u = - T,

P 28 P8 28

2 4

A p

m=pV, = constant

avg

KE, :chﬁr}r = J_,j. l— [‘If{r_}l2 |pVir) dA
J IV{H] dA

V2= '

’?

KE:[-:.t ] J ( V(r) )3 A
= ——— = — @
KEy, AW \Vy

KE .= pAV e

The determination of the kinetic energy correction
factor using the actual velocity distribution V(r) and
the average velocity V,,

(P V3
+ 1&1--']”".”J1 = m( S
P '

: at a cross section.

mech, loss

—|_ < ) T ”’[ll[lmlu + £

2 T "IE'III_I['l‘-JHI&.c' T Iflr!_ 68



: EXAMPLE 5-11 Effect of Friction on Fluid Temperature

L and Head Loss

]
m Show that during steady and incompressible flow of a fluid in an adiabatic

m flow section (a) the temperature remains constant and there is no head loss
® when friction is ignored and (b) the temperature increases and some head
® loss occurs when frictional effects are considered. Discuss if it is possible for
: the fluid temperature to decrease during such flow (Fig. 5-57).

SOLUTION Steady and incompressible flow through an adiabatic section is
considered. The effects of friction on the temperature and the heat loss are
to be determined.

Assumptions 1 The flow is steady and incompressible. 2 The flow section Is
adiabatic and thus there is no heat transfer, g...,, = 0.

Analysis The density of a fluid remains constant during incompressible flow

and the entropy change is

@I T T @

;ﬂ.j‘zc‘vln—z ?_I__"___fic_gn'é_tan_t___j_}

] J (adiabatic) i
This relation represents the entropy change of the fluid per unit mass as it
flows through the flow section from state 1 at the inlet to state 2 at the
outlet. Entropy change is caused by two effects: (1) heat transfer and
(2) irreversibilities. Therefore, in the absence of heat transfer, entropy change
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(a) The entropy change of the fluid in an adiabatic flow section (g4, = 0)
Is zero when the process does not involve any irreversibilities such as friction
and swirling, and thus for reversible flow we have

5

Temperature change: As=¢,In—=0 — I,=T1
1

Mechanical energy loss:

€mech loss, piping — #2 = W] ™ {perin = ol = Th) — Gnetin = 0

Head loss: Ry = Cmechloss, piping'8 = 0

Thus we conclude that when heat transfer and frictional effects are negligi-
ble, (1) the temperature of the fluid remains constant, (2) no mechanical
energy Is converted to thermal energy, and (3) there Is no irreversible head
loss.

(b) When irreversibilities such as friction are taken into account, the entropy
change is positive and thus we have:

T
Temperature change: As=c,In F‘Z =0 - T5L=T
!

Mechanical energy 10ss:  €pech1oss, piping = #2 — U1 — Gretin = 612 — 11) >0
Head loss: hL = €mech loss, piping’{g =0

Thus we conclude that when the flow is adiabatic and irreversible, (1) the
temperature of the fluid increases, (2) some mechanical energy is converted
to thermal energy, and (3) some irreversible head loss occurs.

Discussion 1t Is impossible for the fluid temperature to decrease during
steady, incompressible, adiabatic flow since this would reguire the entropy of
an adiabatic system to decrease, which would be a violation of the second
law of thermodynamics.
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EXAMPLE 5-12 Pumping Power and Frictional Heating
in a Pump Water

The pump of a water distribution system is powered by a 15-kW electric
motor whose efficiency is 90 percent (Fig. 5-58). The water flow rate
through the pump is 50 L/s. The diameters of the inlet and outlet pipes are 300 kPa )
the same, and the elevation difference across the pump is negligible. If the
absolute pressures at the inlet and outlet of the pump are measured to be N motor = 20%
100 kPa and 300 kPa, respectively, determine (a) the mechanical efficiency \

of the pump and (b) the temperature rise of water as it flows through the O
pump due to mechanical inefficiencies.

Motor
15 kKW

Wpump

Properties We take the density of water to be 1 kg/L = 1000 kg/m? and its B 100 kpa
specific heat to be 4.18 kJ/kg - °C. (1)
Analysis (a) The mass flow rate of water through the pump is

i = pV = (1 kg/L)(50 L/s) = 50 ke/s [

The motor draws 15 kW of power and is 90 percent efficient. Thus the
mechanical (shaft) power it delivers to the pump is

1i'Ei'fpu.u'n[:n, shaft — ﬂnﬁuturﬁ!ela:tric = (0.90)(15 kW) = 13.5 kW

To determine the mechanical efficiency of the pump, we need to know the
increase in the mechanical energy of the fluid as it flows through the pump,
which Is

: : : (P, V3 N 1%
AE jech fuia = E mech, ot — e 1 B F_J + frz? +t g5 ) —m F_J" + a ?"’ BTy
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Simplifying it for this case and substituting the given values,

: P,—-P 300 —100) kPa
AE e s = m( 2 1) = (50 kgfs(( 2L )( s 3) = 10.0 kW
P 1000 kg/m- 1 kPa - m

Then the mechanical efficiency of the pump becomes

prump. W &Emech,ﬂuid _ 10.0 KW

Tlpump = ir : —
5 W
punup, shaft W pump, shaft 135k

(b) Of the 13.5-kW mechanical power supplied by the pump, only 10.0 kW
Is imparted to the fluid as mechanical energy. The remaining 3.5 kW is con-
verted to thermal energy due to frictional effects, and this “lost” mechanical
energy manifests itself as a heating effect in the fluid,

E - 1I'{1:)1'_'&1111[::. shaft ~ ﬁEmech. fluid — 13.5 — 10.0 = 3.5 kW

The temperature rise of water due to this mechanical inefficiency is deter-
mined from the thermal energy balance, Epecn 1oss = MU, — ;) = mMcAT.
Solving for AT,

= 0741 or 7T4.1%

mech, loss

E.‘l mech, loss 3I5kW

: — = 0.017°C
me (50 kg/s)(4.18 kJ/ kg - °C)

AT =

Therefore, the water experiences a temperature rise of 0.017°C which Is very
small, due to mechanical inefficiency, as it flows through the pump.
Discussion In an actual application, the temperature rise of water would
probably be less since part of the heat generated would be transferred to
the casing of the pump and from the casing to the surrounding air. If the
entire pump and motor were submerged in water, then the 1.5 kW dissipated
due to motor inefficiency would also be transferred to the surrounding water
as heat.
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Example: Hydroelectric Power Generation from a Dam

®
b — 3
100 m3/s
\ o 120 m
h; =35 m
Turbine @
Y o
Generator
nturbine—gen =80%

.-"

fﬁf:

Pg wﬁ
ﬁig - + / + hturbme e + J"/"'L

Pobine. e = 21 — Py

turbine, ¢

"y':-

Wturbine,f = mghturhine,f Weler:h'ic = rir?turhr'me—gr.anw"!turlzrine, e 73



Example: Fan Selection for Air Cooling of a Computer

\\:M /S“L‘""“m’ Energy equation between 3 and 4

Hl . “i @ @ lELE

—— . Pj. " . P4 :
m F + W fan — M ; +E mech loss, fan
)| —— . P,—P
| : 1if{;fal:m, w o m - 3
| . !
-l
"“\__
Casing

Energy equation between 1 and 2

P.' VE/ _ Hﬁ VE ,;1-0
il (—5 + D.fl -|—/g/]) + Hfrfﬂn m ("‘p_ + ﬂ’g? + g/) + H tu1b1]1e + Emech loss, fan
W, — E - W,

an mech loss, fan an, u
72 -
LV . E LVfan, u
fan,u — M2 3 Waear = ——

nfﬂll—]‘ﬂﬂtﬂl'




Example: Pumping Water from a Lake to a Reservoir

W pumpu = ThpumpWanare = (0.72)(5 kW) = 3.6 kW

P VE . P Vz

equation p P
between 1
and 2 + Wturbme,e + E mech loss, piping
N @ | Wpump,u — mgzz + Emech lnss,piping
Pool
E mech loss, piping= mghl.
For the W pump. u
AP =P, — P, =—2

pump ;

75




Summary

* Introduction
v' Conservation of Mass
v' The Linear Momentum Equation
v Conservation of Energy

e Conservation of Mass
v' Mass and Volume Flow Rates
v Conservation of Mass Principle
v Moving or Deforming Control Volumes
v' Mass Balance for Steady-Flow Processes
v’ Special Case: Incompressible Flow

« Mechanical Energy and Efficiency
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The Bernoulli Equation

v

NN N N X X

v

Acceleration of a Fluid Particle

Derivation of the Bernoulli Equation

Force Balance across Streamlines

Unsteady, compressible flow

Static, Dynamic, and Stagnation Pressures

Limitations on the Use of the Bernoulli Equation

Hydraulic Grade Line (HGL) and Energy Grade Line (EGL)
Applications of the Bernouli Equation

General Energy Equation

v
v
v
v

Energy Transfer by Heat, Q
Energy Transfer by Work, W
Shaft Work

Work Done by Pressure Forces

Energy Analysis of Steady Flows

v Special Case: Incompressible Flow with No Mechanical Work

v

Devices and Negligible Friction
Kinetic Energy Correction Factor, «
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