THE ENERGY EQUATION

o The first law of thermodynamics, also known as the
conservation of energy principle, states that energy can
be neither created nor destroyed during a process, it can
only change forms.

Energy cannot be created or
destroyed during a process;
1t can only change forms.
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PE2=7kJ
KE, = 3kJ
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The Energy Equation

» The change 1n the energy content of a system 1s equal to the
difference between the energy input and the energy output,
and the conservation of energy principle for any system can
be expressed simply as

Ein - Eout = At
» The energy content of a fixed quantity of mass (a closed
system) can be changed by two mechanisms: heat transfer O

and work transfer W. Then the conservation of energy for a
fixed quantity of mass can be expressed in rate form as
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» Where Qnet = Q0 - Qout 1S the net rate of heat transfer
to the system (negative, 1f from the system)

Qnet In T Wnel n




The Energy Equation

netin W W out IS the net
power nput to the systemin all  =—=—=—==—
forms (negative, 1f power
output)
» QEg/dt is the rate of change of

the total energy content of the
System.

(N.B: The overdot stands for
time rate)

AE =(15-3)+b
=18 kJ
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For simple compressible systems, total energy consists of
internal, kinetic, and potential energies, and 1t 1s expressed
on a unit-mass basis as

\/ i

e=u+ket+pe= u+?+gz
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Energy Transfer by Heat, Q

» The transier of thermal energy from one system to another as a
result of a temperature difference 1s called heat transfer.

* Aprocess during which there 1s no heat transfer 1s called an
adiabatic process.

» There are two ways a process can be adiabatic: Either the
system 18 well msulated so that only a negligible amount of
heat can pass through the system boundary, or both the system
and the surroundings are at the same temperature and therefore
there 15 no driving force (temperature difference) for heat
transier.

* An adiabatic process should not be confused with an 1sothermal
process. Even though there 18 no heat transter during an
adiabatic process, the energy content and thus the temperature
of a system can still be changed by other means such as work

@ transter.




: Energy Transfer by Work, W

* An energy interaction 1s work 1f 1t 1s associated with a
force acting through a distance.

» A rising piston, a rotating shaft, and an electric wire
crossing the system boundary are all associated with work
Interactions.

* The time rate of doing work 1s called power and 1s denoted
by W.

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

» Work-consuming devices transfer energy to the fluid, and
thus increase the energy of the fluid. A fan 1n a room, for
example, mobilizes the air and increases 1ts kinetic energy.

0




Energy Transfer by Work, W

* A system may mnvolve numerous forms of work, and the
total work can be expressed as

Wtutal - Wshaft T Wpressure T insmus T Womer

» W, .18 the work transmutted by a rotating shaft

o W 1s the work done by the pressure forces on the

Pressurc

control surface,

* W_..... 18 the work done by the normal and shear

components of viscous forces on the control surface,

r 18 the work done by other forces such as electric,
magnetw, and surface tension, which are insignificant for
simple compressible systems

o W_..... 1s usually very small relative to other terms. So it

\. 1s not considered 1n control volume analysis.




Energy Analysis of Steady Flows

» For steady flows, the
energy equation 1s given by

V! V?
Qnetm”’ Wshﬂftnetm EITI( +7+ gl) Em( L aew | gZ)

o |t states that the net rate of
energy transier to a control
volume by heat and work
transters during steady flow
1s equal to the difference
between the rates of

outgoing and mcoming Out / >
: Qpgy |n+wshaﬂ net i
energy tlows with mass.

+—+g22




: Energy Analysis of Steady Flows A

» Many practical problems mvolve just one inlet and one outlet.
The mass flow rate for such single-stream devices remains
constant, and the energy equation reduces to

V; - Vi

+0(2; - 21))

» where subscripts 1 and 2 stand for mlet and outlet, respectively.

Qnet in T Wshaft, netin — m(hz - h1 ¥

* 0n a unit-mass basis
V3- V!
qnetin+Wmaanetin=h2 - h1 T ? +Q(ZZ—Z1}

» Using the definition of enthalpy h = u + P/p and
rearranging, the steady-tlow energy equation can also be
expressed as

Py V3 P, V3
Whaft, net in +a +7+ 0L =a+ ? T 0L, T (Uz — U= qnetin)
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Energy Analysis of Steady Flows

» where u 1s the internal energy, P/p 1s the flow energy,
V-4/2 1s the kinetic energy, and gz s the potential energy
of the fluid, all per umit mass. These relations are valid
for both compressible and incompressible tlows

Py Vi P, V;
Whaft. net in T E T ? v i, = E T ? "y 02, T (UZ — U~ qnetin)

| J
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Mechanical Energy Mechanical Energy

[nput Output

o [fthe flow 18 1deal with no 1rreversibilities such as friction,
the total mechanical energy must be conserved. Thus u, - u;-
(et i MUSE be equal to zero.

@ |deal flow (no mechanical energy loss): Onetin = Up — Uy




Energy Analysis of Steady Flows

* Uy - Uj- (o5, TEPresents the mechanical energy loss
Mechanical energy loss: Bmech loss = U2 — U1 — Gretin

» For single-phase fluids (a gas or a liquid), we have
U — Uy =Gl = Ty
where ¢, 1s the constant-volume specitic heat.

* The steady-tlow energy equation on a unit-mass basis can
be written conveniently as a mechanical energy balance
as

Cmech, in = Emech, out T Emech, loss

p, V2 p, V2

Wyt netin + — + = + Gy =— + — + 0, +
shaft, net in 3 0 oy 2 U7 T Emech, loss
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Energy Analysis of Steady Flows

* Noting that
Wsnaﬂ. netin = Wshaft. in Wshaﬂ, out — wpump ~ Whyhine

» the mechanical energy balance can be written more
explicitly as

P, V4 P, 'V
E T ? T YL ¥ wpump E_I_ 7 T 44 +Wurbme T Cmech, loss

» where w,,.. 18 the mechanical work nput (due to the
presence of a pump, fan, compressor, etc.) and w, .. . 18 the

mechanical work output.

» Multiplying the above energy equation by the mass flow rate m
gves

o
@

V2 (P, Vv
=TT W Pz — ? 'l' QZE T Wmmlne T Emech |05S
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Energy Analysis of Steady Flows

Where
* Wy is the shaft power input through the pump’s shaft

o Wimine turbine is the shaft power output through the turbine’s
shaft, and

* Ere 10ss » 1088 1 the fotal mechanical power loss, which
consists of pump and turbine losses as well as the frictional
losses 1n the piping network.

E +E

mech, loss — Cmech los, purp +E

mech 10ss, turbine mech |0ss, piping

* The energy equation can be expressed in 1ts most common
form 1n terms of heads as

P,V P, Vi




Energy Analysis of Steady Flows
» Where

_ WP““P'“ _ Wpump,u _ nP““‘PWP“f“P

h U ‘ . .
p— g mg mg 18 the useful head
delivered to the fluid by the pump

wmminﬂ.e _ Wtuhim, p _ Wturhine
g mg NumineMd 18 the extracted
head removed from the fluid by the turbine.

himhine. S

h = Cmech loss, piping Emech |0ss, piping

g mg is the irreversible head
loss between 1 and 2 due to all components of the piping
system other than the pump or turbine.
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Energy Analysis of Steady Flows

» Note that the head loss /, represents the frictional losses
associated with fluid flow m piping, and 1t does not include
the losses that occur within the pump or turbine due to the
metticiencies of these devices—these losses are taken nto
account by Mpump aNd Tugpin

Control volume Wi yrhine

] -'-'I-..Z EEE S - EESE SRS .. e -

Emech loss, pump Eﬁuﬂss,

L hL
\ E mech Inas piping
| |




Energy Analysis of Steady Flows

» The pump head 1s zero 1f the piping system does not
involve a pump, a fan, or a compressor, and the turbine
head 1s zero 1f the system does not involve a turbine.

* Also, the head loss h, can sometimes be 1gnored when the
frictional losses 1n the piping system are negligibly small
compared to the other terms

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

» When piping losses are negligible, there 1s negligible
dissipation of mechanical energy into thermal energy, and

thus hL 4 EITIEi:h Inss,_plptngI 9 E_O' and h‘pump,u = hturb-ine,e = 0
P, V4 p, V;§ p V¢
—+—+li=—+—+1D or — + — + Z = consiant
Py 2Q Py 2g pg 2

@ » which is the Bernoulli equation




Energy Analysis of Steady Flows

Kinetic Energy Correction Factor, o

» the kinetic energy of a fluid stream obtained from V=/2 is
not the same as the actual kinetic energy of the fluid stream
since the square of a sum 1s not equal to the sum of the
squares of 1ts components

» This error can be corrected by replacing the kinetic energy
terms V#/2 in the energy equation by OLVan2 /2, where o 1
the kinetic energy correction factor.

» The correction factor 1s 2.0 for fully developed laminar
pipe flow, and 1t ranges between 1.04 and 1.11 for fully
developed turbulent flow 1n a round pipe.

* The kinetic energy correction factors are often 1gnored (1.¢.,
a 18 set equal to 1) 1n an elementary analysis since (1) most
tlows encountered 1n practice are turbulent, for which the
correction factor 18 near unity, and
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Energy Analysis of Steady Flows

* (2) the kinetic energy terms are often small relative to the other
terms 1n the energy equation, and multiplying them by a factor
less than 2.0 does not make much difference.

» When the kinetic energy correction factors are cluded, the
energy equations for steady incompressible flow become

p, V2 P, V4
m(p T @ ? T 921) T Wpump (P T @ ? T sz) T Wturbme r Emech |05

P, Vs ¥ V5
@4‘{“5"‘2 "I'hpumplu_E-l_“Ezg+Zz+hmm\ﬂﬂ‘e hL
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Example 1

» A steam turbine generator unit used to produce electricity.
Assume the steam enters a turbine with a velocity of 30 m/s and
enthalpy, h,, of 3348 kJ/kg .The steam leaves the turbine as a
mixture of vapor and liquid having a velocity of 60 m/s and an
enthalpy of 2550 kJ/kg. The tlow through the turbine 1s
adiabatic, and changes mn elevation are negligible. Determine
the work output mvolved per unit mass of steam through-tlow.

Control volume

..--""#’1
.--""'#f ‘
ol }
- i Steam turbine | —
Hh"’--.. ‘
H“"‘--... ‘
Section (1) e |
7, =30 mis :
hy = 3348 kJ/kg Wen =7 Section (2)
Vo =060 m/s

h, = 2550 kJ/kg




Solution

0 (elevation change 15 negligible)

0 (adiabatic flow)
I+ n-n N
m hg 1 h] i T g(Eg E]) — Qpﬂ T Wmﬂ {1)

2 net 1n

The work output per umft mass of steam through-flow, s i, €an
be obtamned by dividing Eq. 1 by the mass flow rate, m, to obtam

Wshaﬁ ) 7
* ; ’ Vs — V
net 1 2 1
Wepat == =M — M + (2)
Eha’?n m . 2

SINCE W ot et ont = —Wiiaft net i WE ODIAIN

2 2
. = ="
wshzﬂ — hl — hg 'I'
net out 2
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Solution

w, » = 3348 kl/kg — 2550 kl/kg

net oot

. (30 m/s)” — (60 m/s)°][1 J/(Nm)]
2[1 (kg'm)/(N-s")](1000 J/KJ)

Thus,
Wa.n = 3348 kl/ke — 2550 kJ/kg — 1.35 kl/ke

net out

= 797 kl/kg (Ans)




Example 2. Pumping Power and Frictional Heating
In a Pump

» The pump of a water distribution system 1s powered by a
[5-kW electric motor whose etticiency 1s 90 percent. The
water flow rate through the pump 1s 50 L/s. The diameters
of the mnlet and outlet pipes are the same, and the elevation
difference across the pump 1s negligible. If the pressures at
the inlet and outlet of the pump are measured to be 100 kPa
and 300 kPa (absolute), respectively, determine

a) the mechanical efficiency of the pump and

b) the temperature rise of water as it flows through the
pump due to the mechanical inefficiency.




Example 2. Pumping Power and Frictional Heating
In a Pump

Water
‘ 50 L/s

» Schematic for Example 2
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Example 2. Pumping Power and Frictional Heating
Ina Pump

Assumptions 1 The tlow 1s steady and incompressible. 2 The pump 1s driven

by an external motor so that the heat generated by the motor Is dissipated to
the atmosphere. 3 The elevation difference between the inlet and outlet of
the pump Is negligible, z; = 7. 4 The Inlet and outlet diameters are the
same and thus the inlet and outlet velocities and kinetic energy correction
factors are equal, V; = V, and a7 = a,.

Properties  We take the density of water to be 1 kg/L = 1000 kg/m? and its
specific heat to be 4.18 kl/kg - “C.

Analysis (a) The mass flow rate of water through the pump is
m = pV = (1kg/L)(50 Ls) = 50 ka/s

The motor draws 15 kW of power and 1s 90 percent efficient. Thus the
mechanical (shaft) power it delivers to the pump Is

W, satt = Mmoo Welearic = (0.90)(15 KW) = 13.5 kW

@
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Example 2. Pumping Power and Frictional Heating
Ina Pump

1o 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 1s

. . . (P, V3 PV
Al ot il = Bt it — Emeta =M ;+ > tgL)—m ;+u13+gz1

Simplifying 1t tor this case and substituting the given values,

. . PE—P1)_ ((300—100)kPa)( 1k )_
AFE mech fuid = m( )" (50 ka/s) 1000 kaim? g )\TkPa- %) 10 kW

Then the mechanical efficiency of the pump becomes

o= W _ AE o LI 0.741 or 74.1%
puny Womp stat~ Wourg, s 13.5kW

&




Example 2. Pumping Power and Frictional Heating
In a Pump

(b) Of the 13.5-kW mechanical power supplied by the pump, only 10 kW is
imparted to the fluid as mechanical energy. The remaining 3.5 kW Is con-
verted to thermal energy due to trictional effects, and this “lost” mechanical
energy manifests itself as a heating effect in the fluid,

E mech,oss = Wpunp,sat — AE mecy, g = 13.5 — 10 = 3.5 kW

The temperature rise of water due to this mechanical inefficiency Is deter-

mined from the thermal energy balance, Emch o = MUy — 1y) = mcAT.
Solving for AT,

 Enstin 3.5 kW

Therefore, the water will experience a temperature rise of 0.017°C due to
mechanical inefficiency, which Is very small, as it flows through the pump.

E
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Example 3. Hydroelectric Power Generation from a Dam

* In a hydroelectric power
plant, 100 m?/s of water
flows from an elevation of
[20 m to a turbine, where
electric power 1s generated.
The total irreversible head
loss 1n the p1ping system
from point 1 to point 2 N
(excluding the turbine unit) 1'5 HF'?/“ﬂ
is determined to be 35 m, If ~Generator
the overall efficiency of the | Moine=gen - o

turbine—generator 1s 80
percent, estimate the
electric power output.

9
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Example 3. Hydroelectric Power Generation from a Dam

SUOLUTION The available head, flow rate, head loss, and efficiency of a

hydroelectric turbine are given. The electric power output Is to be determined.
Assumptions 1 The tlow I1s steady and incompressible. 2 Water levels at the

reservoir and the discharge site remain constant.
Properties We take the density of water to be 1000 kg/m°.

Analysis The mass flow rate of water through the turbine Is
i = pV = (1000 kg/m?)(100 m*/s) = 10° kg/s

We take point 2 as the reference level, and thus z, = 0. Also, both points |
and 2 are open to the atmosphere (P, = F, = F, ) and the flow velocities
are negligible at both points (V; = V, = Q). Then the energy equation for
steady, incompressible flow reduces to

P
£+H1%+Z1+h %4‘&2%4'22 +hmmme+h|_—}

Murbine, e = Z1 — N

=
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Example 3. Hydroelectric Power Generation from a Dam

Substituting, the extracted turbine head and the corresponding turbine
pOWer are

1 kJ/kg
1000 m?/s°

Wostine e = M0Nurtine « = (10° kg/s)(9.81 mis?) (85 m)( ) = 83,400 KW

Iherefore, a perfect turbine—generator would generate 83 400 kW of elec-
tricity from this resource. The electric power generated by the actual unit 1s

Wi = Murbine-genWastine, e = (0.80)(83.4 MW) = 66.7 MW

Discussion Note that the power generation would increase by almost 1 MW
for each percentage point improvement in the efficiency of the turbine-
oenerator unit.
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Example 4. Head and Power Loss During Water Pumping

» Water 1s pumped from a
lower reservoir to a higher
reservolr by a pump that
provides 20 kW of useful
mechanical power to the
water. The free surface of the
upper reservoir 1s 45 m
higher than the surface of the
lower reservorr, If the tlow
rate of water 15 measured to

be 0.03 m?/s, determine the guor?;[:g -
irreversible head loss of the

system and the lost
mechanical power during this

Process.
& ;




/ Properties We take the density of water to be 1000 ke/m?.
Analysis The mass flow rate of water through the system 1s

i = pV = (1000 kg/m®)(0.03 m’/s) = 30 kg/s

We choose points 1 and 2 at the free surfaces of the lower and upper reser-
voirs, respectively, and take the surface of the lower reservoir as the refer-
ence level (zz = 0). Both points are open to the atmosphere (P, = P,
= P_ ) and the velocities at both locations are negligible (V, = V,, = Q).
Then the energy equation for steady incompressible tlow for a control volume
between 1 and 2 reduces to

V
(%er—‘]wfn)th
U 0
p V5 L7 o
= m(%éﬂLﬂz > +912)+Wm|m + Emﬂm.luss

wpmpzmgzz'l'Elmﬂh.lﬂss. B, EIrIEEILInss:wpurrp_ngZ

substituting, the lost mechanical power and head loss are determined to be

E s = 20 KW — (30 kg/s)(9.81 mis) (45 m)( = )(&)

1kg - m/s/\1000 N - m/s
= 6.76 kW
&




e

Example 4. Solution.....

Noting that the entire mechanical losses are due to frictional losses in piping

N S s e = il the irreversible head loss I1s determined
to be

b C mech loss,piping : 6.76 KW (1 KQ - I'I'I.fS))(m(]O N - ﬂ'l!S) _920m
" g (30kgs)@81mi)\ TN 1 KW |

Discussion The 6./6 kW of power I1s used to overcome the friction in the
piping system. Note that the pump could raise the water an additional 23 m
It there were no Irreversible head losses in the system. In this 1deal case, the
pump would function as a turbine when the water Is allowed to flow from the
upper reservoir to the lower reservoir and extract 20 kW of power from the
water.

, piping?




End of Chapter 3

Next Lecture

Chapter 4: Differential Relations For A

Fluid Flow




