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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’
Crech — — T 5 + gz Flow energy + kinetic energy + potential energy

Mechanical energy change:

P2 - Pl V% _ V12
Aemech — p + 2 + g(z2 R Zl) (kJ/kg)

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

* In the absence of any irreversible losses, the mechanical energy
change represents the mechanical work supplied to the fluid (if
Ae_.. > 0) or extracted from the fluid (if Ae___, < 0).

mech mech



Different Between Pump & Turbine




Different Between Pump & Turbine

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 efficiency of a device 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,
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10 —0
Emcuh. out | Emc-.'h. loss v SN
_ ——— = _—— -
Emcuh. in Em-:u.‘h. in I
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| The me.chanlcal efﬁCler?cy of a fan M nua MV
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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). .

Mechanical power increase of the fluid B AE ok fluid ~ Woump, u

% g F '-1.- "-1 T 3 ". ; ri o .1..'-
Mechanical power input Wt in W pump

Npump

&E mech. fluid = EmechL out E

mech, in

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

Mechanical power output W ottt out W isbine

Murbine — . . .. . =
© Mechanical power decrease of the fluid |AE pech fvid] Wiarbine,

|‘5Emech~ ﬂuid| = Emech. in E

mech, out




Mechanical power output — Wt ou Motor
M motor Electric power input W:-Iccl.in effiCienCy

s

Electric power output Weleet.ou Generator
senerlon Mechanical power input W, efficiency

M/l-)ump.u B AEmcch.l‘luid Pump_Motor

T}' '_(_(.':n T} (_(_': T T . .
pump—motor pump "/ motor Ww_l(_.cl_in M/(_.Iccl_m overall ef‘f|c|ency
Turbine-Generator overall efficiency: e = 0.75 Necnerator = 0.97
1/V(.-Ica:l.mul 1/V(.-Ic(';l.c_}ul
nlurhinc—gcn - nlurhin(rngcncralm' - - A T W
Wurhinc.c’ ‘AEmcch.l‘Iuid| I's 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 . N—
mechanical energy of the fluid =0.75 X 0.97

converted to electric energy. =073



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 O

Emeuh. in Emeuh. out ﬁE]ﬂCL‘h.ﬁ}’ﬁ[C‘]]] + Emeuh.hm.ﬂ
_ _ Steady flow
E. .ch 10ss - The conversion of mechanical V=150
energy f[o_ t_hermal energy dye to =7+ h
irreversibilities such as friction. P,=P,=P,_
hMany |ﬂ-|t“d ﬂowfproblems I|nVO|V§ Emech. in = Emech. out T Emech. loss
mechanical Torms o1 energy only, an e e :
9y y W pump T HET) = MEIy + E ech, loss

such problems are conveniently solved
by using a mechanical energy balance.

W pump — Mg+ Epech, 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 at a location where the depth of the
water is 50 m (Fig. 5-18). Water is to be supplied at a rate of 5000 kg/s. If
the electric power generated is measured to be 1862 kW and the generator
efficiency 1s 95 percent, determine (a) the overall efficiency of the tur-
bine—generator, () the mechanical efficiency of the turbine, and (c) the
shaft power supplied by the turbine to the generator.

KB il =195
| groce
h=50m . e
N
J _ | Turkine j:._.(m
SN

m = 3000 kgls



Assumptions 1 The elevation of the lake remains constant. 2 The mechani-
cal energy of water at the turbine exit is negligible.

Properties The density of water can be taken to be p = 1000 kg/m?.
Analysis (a) We take the bottom of the lake as the reference level for conve-
nience. Then kinetic and potential energies of water are zero, and the
change in its mechanical energy per unit mass becomes

P

oo Jikg
€mech.in ~ €mech,omt — — 0= gh - {981 m/s ){’:}D ﬂﬂ
’ﬂ

1000 m2/s?

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

|ﬁ£'mec:h. ﬂuid| = ml{gmech in — €mech, nut) - {5[]]0 kgfﬂ){04gl ng) = 2455 kW

H}elec:t, ot . 1862 kKW
|ﬂ£ mech, ﬂuid| 2455 kW

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

Noverall = Turbine—gen — =076

1?t1.11'1:n'mn2;—gvan 0.76
Nurbine—gen — turbine " generator — TJturbine = = - = 0.80
1] generator 0.95

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

1i"T'Jrs]'121.’['t. out T?turl:nine|"i£|mec:h,ﬂuid| — (DSD)(EI:I'SS kW) = 1964 kW

) = 0.491 kl/kg
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5-19 Consider a river flowing toward a lake River s 3 /s
at an average velocity of 3 m/s at a rate of
500 ms/s at a location 90 m above the lake
surface. Determine the total mechanical

energy of the river water per unit mass and
the power generation potential of the entire
river at that location. (A4ns: 444 MW)

FIGURE P5-19

Properties ~ We take the density of water to be p=1000 kg/m’.

Analysis Noting that the sum of the flow energy and the potential energy is constant for a given fluid body. we can
take the elevation of the entire river water to be the elevation of the free surface. and ignore the flow energy. Then the total

mechanical energy of the river water per unit mass becomes
g

€ nech :pe+h?=gf.=+2

(3mvs)? H 1klkg | _ -

=| (9.81m/s”)(90 m) + <
. 2 . 1000m*=/s~ )

F,

=0.887 kl/kg
The power generation potential of the river water 1s obtained by multiplying the total
mechanical energy by the mass flow rate,

i = pV = (1000 kg/m > )(500 m>/s) = 500.000 kg/s

W = Epeey = Moy = (500.000 kg/s)(0.887 kg/s) = 444.000 kW = 444 MW



5-20 Electric power 1s to be generated by @
installing a hydraulic turbine—generator at a site 70
m below the free surface of a large water reservoir — —
that can supply water at a rate of 1500 kg/s _— |_ —

steadily. If the mechanical power output of the 0w — 750 kW
turbine 1s 800 kW and the electric power — nl — / /
generation is 750 kW, determine the turbine — i_ —
efficiency and the combined turbine—generator — o | 3
. . . . Turbine | Generator
efficiency of this plant. Neglect losses in the pipes. \
(Ans: 77.6%, 72.7%) ()
Analysis We take the free surface of the reservoir to be point 1 and the turbine exit to be point 2. We also take the

turbine exit as the reference level (z; = 0). and thus the potential energy at points 1 and 2 are pe; = gz; and pe; = 0. The flow
energy P/p at both points is zero since both 1 and 2 are open to the atmosphere (P, = P; = Puy). Further. the kinetic energy
at both points is zero (ke; = kex = 0) since the water at point 1 is essentially motionless. and the kinetic energy of water at
turbine exit is assumed to be negligible. The potential energy of water at point 1 is

2 [ 1kITkg |
pe; =gz; =(9.81m/s™ )(70 111}‘ mm}—fj ‘ =0.687 kl/kg
m-/s° )

Then the rate at which the mechanical energy of the fluid is supplied
to the turbine become

‘&E mechﬂmd‘ = }f'r(gnlech.iu _gnlech_outj' = }fi(pé‘l - Dj = Tf.fpel
= (1500 kg/s)(0.687 kI/kg)
=1031kW
}felec:t_out _ ?510 kW —0.727 or 72.7% Mescbine = jI-;]?rs]:mft.out _ 800 kW
| AE 1031kW " |AE 1031kW

mech, fluid

n turbine-gen —

=0.776 or 77.6%

mech fluid |



5-24 Water is pumped from a lake to a

Storsa 24 tank
storage tank 20 m above at a rate of 0.07 orage tan

m?/s while consuming 20.4 kW of electric 3
power. Disregarding any frictional losses o —
in the pipes and any changes in kinetic
. Pump

energy, determine
a) the overall efficiency of the pump—

motor unit.
b) the pressure difference between the

inlet and the exit of the pump. FIGURE P5-24

= pV = (1000 kg/m>)(0.070 m*/s) = 70 kg/s

pe; = gz; =(9.81m/s)(20 111}|I Ll:gq |=0.196 kT/kg
L1000m-=/s”

Then the rate of increase of the mechanical energy of water becomes
AE et fiuid = (€ mech ont —Cmechin ) = M(pe; —0) = mipe, =(70kg/s)(0.196 kI/kg) =13.7 kW
The overall efficiency of the combined pump-motor unit 1s determined from its definition.

AE

mech fluid 13.7kW -
T yump-motor — —— = -=0.672 or 67.2% . . P-PB
P I;]?rE'lvE'l:‘t.iu 20.4kW AE mech fluid ~ 7 ”(Fnlech_out ~ €mech.in )=m =VAP

p

AEpogmua 137105 (1KPa-m®)
AP = mech_ﬂuld: 13.7kl/s 1kPa-m ‘2196 kPa

V 0.070m>/s| 1kJ




5-5 m GENERAL ENERGY EQUATION

i

KE, =0

i!! !!:
1.

’”Q KE,=3klJ

The first law of
thermodynamics (the
conservation of energy
principle): Energy
cannot be created or
destroyed during a
process; it can only
change forms.

PE, =10Kk]

Ejn o Ec:-ul = AE
: : f‘rEsvs - d [
Qretin T Wietin = dt netin T Woetin = dr . pe dV
5¥s
Qretin = Zin — Zou Hﬁnm in H.'f'm o Woul
V2
e=u+ke+pe=u+?+gz
QDLH: )] L'J
T ’——} The energy
| | change of a
| AE= E;ﬁk} 3)+6 | system during a
. . process is equal to
| (| Wenar,in =0 K the net work and
| % L[ heattransfer
| IRY between the
___________ system and its
Q. =15k surroundings.



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

250

Heat

8 J/s

=X

Soda

&

15°C
-

Heat
16 J/s

Sod?d
&
5°@

Temperature difference is the driving
force for heat transfer. The larger the
temperature difference, the higher is

the rate of heat transfer.

15



Energy Transfer by Work, W

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

* 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.

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

H;EDEEL] - ;_‘%]'lﬂﬂ + H;presmn'e + H;vismua + 'fnther
W., ... The work transmitted by a rotating shaft
W, .csure The work done by the pressure forces on the control surface
W....... 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

16



Shaft A force F acting through a moment

arm r generates a torque T T=F — F=—
Work 2 d r

This force acts through a linear distance s s = (27r)n

T
Shaft work W, = Fs = (;) (27rn) = 2mwnT (kJ)

The power transmitted through the shaft is the shaft work done per unit
} ~ he:
‘H/shul't = {’JTsh:lft — jw”Tshaf[ (I\W)

th = 2 TCI:ZT

Engine

o _ Shaft work is proportional to the
Energy transmission through rotating shafts torque applied and the number

is commonly encountered in practice. of revolutions of the shaft. 17



Work Done by Pressure Forces

8Whoundaury = PA ds Piston Power
& II"i."f[:urfsss111'va =0 IL'i"ft'u:u_um:la:jf = PA Vpiﬁmn Vpislml = dsl/dt F = PA
, L F = P(mtr?)
OWpressue = —PdA V, = —P dA(V - n)
: Cp W =Fs = P(nr )h
i = — T - _
W pressure, net in ), P(V - n)dA ), r WP 11'1‘ Phn
H:'fne in — H}s. aft, net in + 1'1:; ressure, net in H:'rs aft, netin P”_’} ’ "_h dA
t haft, net P . met haft, net I OI'
K22 F = PAV
2 ‘..._____
’.r dv i —
i l - A P>
"""""""" ; h } The pressure force
ds " dm g‘“ 5 " h _
I : aa P acting on (a) the moving
Voion| . y boundary of a system in
\ y a piston-cylinder device,
Sy T f’l and (b) the differential
(gas in cylinder) o, . amind 4
, surface area of a
System boundary, A

(a) (b)

system of arbitrary

shape. 18



Work Done by Pressure Forces

E & i i —
— _.’ I ._? _ -lr \ —F ,
W net in H’ shaft, net in + W pressure, net in =~ W shatt, net in F”’ 1) dA

L MHMM

i1 A"

Shaft Work

)<

Pressure Work

"

piston

System
(gas in cylinder)

(a1) 19




General Energy Equation

Energy content of a fixed quantity of mass (a
closed system) can be I

changed by two mechanisms: S ]
| |
a) heat transfer QO | AE=(15-3)+6 |
I =18kJ |
b) work transfer W. i {E—
| ] N
: ! ' 2
Conservation of energy (fixed mass): :_____t_ ___8_j v
i . B dEﬁ}*ﬁ Qin: 15 kJ
Qnet in + Wnet in ~ At
The energy change of a system
: _ d during a process is equal to the net
; e € WOrkK and heat transier between the
net in + WI'IET. m p dV k d h f b th
dt sys system and its surroundings.
Einternal Epotential VZ
e =u+ ke + pe = u - 5 - 27 .
Enet Ekinetic




5-6 m ENERGY ANALYSIS OF STEADY FLOWS
Qnet ifi T Wshaft, netin — Em(h + V?z £ 8Z> - zm(h + V?z + 82)

out n

The net rate of energy transfer to a m(hl +%+g51) B
control vc_>lume by heat tr_ansfer and \{r R
work during steady flow is equal to the AN\ |

. @® Fixed N
difference between the rates of il control \

outgoing and incoming energy flows by volume . 4

mass flow. i o v\
Out / -~
@ Qn otin T H shaft, net in

single-stream devices (one inlet & one outlet), V2
ie: constant mass m(fh t——+42 )

.L.

1% - Wi A control volume with only
t 8z ) one inlet and one outlet

 petin T H'fshaft. netin jh(hz — hy +
and energy interactions.

Vi—- Wi
{net in T Wshaft, netin — h? _ Ihl T T + fﬂrq - E]NJI per unit mass

21
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5—-6 m ENERGY ANALYSIS OF STEADY FLOWS

single-stream devices (one i one outlet), ie: Com
v? - Vi

et in + Wehaft, netin — _|_£{_, o } "F!I — U —I_ pr

P, V? P, ¥;
wshaft, net in 55 p— HF 7 F 8<1 — p—2 + 7 e 8o T (HZ — et in)
1
\ ’ ) | Y J \ Y l
Emech. input Emech. output Emech. loss
P, P V2 — V2 Epotential
Wihaft, netin = — — — + —2 L+ 2 —z) T+ Ws—Us — Guitn)
P2 P 2 E
Ef|ow Ekinetic i

internal

22



|deal flow (no mechanical energy loss):

-
Getin = Wz — U The lost mechanical f ,ri/l

energy in a fluid flow

Real flow (with mechanical system results in an 15.2°C
energy loss): increase in the iqternal T Au = 0.84 kI/kg
. e — e —a energy of the fluid and AT = 0.2¢C
mech, loss — B2 - 11~ Fustin thus in a rise of fluid
temperature.
€mech, in = €mech, out + €mech, loss p
2 72 4
JAh, e S ’
W +— + — I =—+—= I, + e
shaft, net in o 7 541 P 7 82 mech, loss 2 kW
1 o o Noump = V- 70
Wohaft, netin — H*pump Wiurbine 1 T i
P Vi P, Vi o
JrT + By + g7 + Woump = JrT + 4 + 222+ Worbine T €mech, loss 15.0°C
| = 1 2
Walter

gl

. P '3 . ,
-I) + LL:}"UI'IT}" - 'iH( + gl + .1;:_1.) + W turbine + Emr:-.'h. loss

l|I’.|"| yd

EJ'DCCh_lEIHH = Em::vh loss, pump + Em-:ch loss, turbine + Em-:ch loss, piping

23



Energy equation in terms of heads (previous eq. divide by g)

s |

3 )
V32 P, /3

+ <1 + h =—+ + <2 + J{‘rt1|rl*.~n'm.a:' + hL

Jmp, i -
pumg j'.:] Eg —j}ﬂr

where ' '
W %1% 1%

pump., i pump, i npump pump | .
* | = = = : is the useful head delivered

pump, u g H‘ig g

to the fluid by the pump. Because of irreversible losses in the pump,

hump, o 15 less than W0 o /mg by the factor m, .

Wiurbine, e Wlurhinc,e Wlurbinc .
* Nubine.e = = = — 1s the extracted head removed

g png nlurhincn?g

Jrom the fluid by the turbine. Because of irreversible losses in the
turbine, & 1s greater than W . /mg by the factor M pine-

€mech loss, piping Emcch loss. piping
e iy = = : 1s the 1rreversible head loss between
8 mg
| and 2 due to all components of the piping system other than the pump

or turbine.

turbine, e urbine

24



W Control volume Wl urbine

pump /

E E

mech loss,
turbine

h )
| pump, i W :
j\ i ) pump. Wlurhi ne,

hlurhinc. e

mech loss, pump

o) l' -
£ R P, V‘]‘ l/ P, V% E hech fluid. out
mech fluid, in} [— * 2_ + 2 BT R
- [|PE =8 pg 2g

y:

Y N
;—V Emcch 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. 25



Kinetic Energy Correction Factor, o

The kinetic energy of a fluid stream _— . FUI"';‘ 4
obtained from V?/2 is not the same as ;Eq'gi'gﬁe EHUEEQ?DPHE
the actual kinetic energy. le - o »
This error can be corrected by replacing K "

the kinetic energy terms V2/2 in the \+

energy equation by aV, %2, where ais Flow hﬁ
the kinetic energy correction factor. — =

" a = 2.0 D fully developed ik

laminar pipe flow.

o =1.04 ~ 1.11 for fully
developed turbulent flow
in a round pipe.

| /
(P Vi | .
m\ — - a;— + 87y ) + Wy

+z,+h
250

Boundary Layer

:3) T ]'"L:mrlmw + Em{--;h. loss

2 -+ :_“-‘ + hulrhnw. e + hL

26



EXAMPLE 5-13

In a hydroelectric power plant, 100 ms/s of water
flows from an elevation of 120 m to a turbine, where
electric power is generated. The total irreversible head
loss in the piping system from point 1 to point 2
(excluding the turbine unit) is determined to be 35 m.
If the overall efficiency of the turbine—generator is 80
percent, estimate the electric power output (66.7
MW).

SOLUTION 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 flow is steady and incompressible.

2 Water levels at the reservoir and the discharge site
remain constant.

ﬂ

Generator
_ Q\07
Thurbine-gen = 30%

200m

27



Analysis The mass flow rate of water through the turbine is
m = pV = (1000 kg/m>)(100 m*/s) = 10° ke/s

We take point 2 as the reference level, and thus z, = O. Also, both points 1
and 2 are open to the atmosphere (P, = P, = P,,,) and the flow velocities
are negligible at both points (V;, = V, = 0). Then the energy equation for
steady, incompressible flow reduces to

P| V2 ~0  pf 2 /0
7+ lI:E] _"_ + <1 + hpump w — + a7 +z + hturbme e + "IIL —
Jet 2% pg 2g

hnu'bine,f — <1 hf_

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

Rpine. e = 2y — by = 120 — 35 = 85 m

1 kl/kg
— |l — 83.400 kKW
1000 m~/s

1Ftl.ubme .= mgh e e = (10° kg/s)(9.81 m/s>)(85 m)(

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

W Wml.bme_t, = (0.80)(83.4 MW) = 66.7 MW

electric 1?m1'L‘nLnn.a-—gn.an
Discussion Mote that the power generation would increase by almost 1 MW
for each percentage point improvement in the efficiency of the turbine—
generator unit.

28



EXAMPLE 5-14

A Streamline
A fan 1s to be selected to cool a computer case whose _|r S/
dimensions are 12 cm X 40 cm X 40 cm. Half of the -
volume in the case is expected to be filled with s
components and the other half to be air space. A 5-cm _:: D
diameter hole is available at the back of the case for >

the installation of the fan that is to replace the air in the —
void spaces of the case once every second. Small low-
power fan—motor combined units are available in the Ty
market and

their efficiency is estimated to be 30 %. Considering the air density to be 1.20 kg/m?, and
kinetic energy correction factor of 1.10, determine:

a) the wattage (power) of the fan—motor unit to be purchased.
b) the pressure difference across the fan.

SOLUTION A fan is to cool a computer case by completely replacing the air
inside once every second.

Assumptions
1 The flow is steady and incompressible.
2 Losses other than those due to the inefficiency of the fan—motor unit are negligible (%, = 0).

29



Analysis (a) Noting that half of the volume of the case is occupied by the

components, the air volume in the computer case is
/' = (Void fraction)( Total case volume)
= 0.5(12 em X 40 cm X 40 cm) = 9600 cm?
Therefore, the volume and mass flow rates of air through the case are

vV 0600 cm?
Ar ls

m = pV = (1.20 kg/m’)(9.6 X 103 m¥s) = 0.0115 kg/s

= 0600 cm’™/s = 9.6 X 10> m’/s

The cross-sectional area of the opening in the case and the average air
velocity through the outlet are

_wD* _ w(0.05 m)*
4
V9.6 % 107> m¥s

Z_ — 4.90 m/
A 196 X 10~ m? ’

A = 1.96 X 103 m?

We draw the control volume around the fan such that both the inlet and the
outlet are at atmospheric pressure (FP; = P> = Pgy,), as shown in Fig. 5-56,
and the inlet section 1 is large and far from the fan so that the flow velocity
at the inlet section is negligible (V; = 0). Noting that z; = z, and frictional
losses In flow are disregarded, the mechanical losses consist of fan losses
only and the energy equation (Eq. 5-76) simplifies to

30



. Pj:: V%/D . ' . PE V% - ',r-f"ﬂﬂ '
m| — + (]:1? +_}gz“] -+ Hfm = | — + Elf;? + 542 + Hiurhjne + Emechlnss.fan

_.‘” _.P
Solving for '.r‘if}an — E‘mech loss. fan = Wfanl , and substituting,
W 0y 2 (0.0115 kg/s)(1.10) (450 mfs)l( 'N ) 0.152 W
an, u — My —/— = (UL ofsS I L. = ().
f 2 ¢ 2 [ kg - m/s2

Then the required electric power Input to the fan is determined to be

Winu 0152 W

Tl fan—motor CI

= (L5066 W

a _
H elect —

Therefore, a fan—motor rated at about a half watt Is adequate for this job.
(D) To determine the pressure difference across the fan unit, we take points
3 and 4 to be on the two sides of the fan on a horizontal line. This time
again z; = z, and V, = V, since the fan is a narrow cross section, and the
energy equation reduces to

Py — Py

] 3 . . 4 . .
- 5 —_ - F —
m P + H fan — m p + Emech loss, fan — H fan, u — mh p

Solving for P, — P5 and substituting,
PWew o (1.2 kg/m?)(0.152 W) (1 Pa - mj)
= = = ]15.8 Pa

P,— P =
o i 0.0115 kg/s 1 Ws



EXAMPLE 5-15 (2)

Water is pumped from a lower reservoir to a higher }
reservoir by a pump that provides 20 kW of useful Pool

mechanical power to the water. The free surface of the
upper reservoir is 45 m higher than the surface of the lower
reservoir. If the flow rate of water is measured to be 0.03 e
m?/s, determine the irreversible head loss of the system and
the lost mechanical power during this process.

Assumptions

=

1 The flow is steady and incompressible.
2 The elevation difference between the reservoirs is q’j

e

constant.
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Analysis The mass flow rate of water through the system is
m = _rﬂ..f" = (1000 kgfmj)({l{]?r 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 (z; = 0). Both points are open to the atmosphere (P, = F;

Fum) and the velocities at both locations are negligible (V;, = V, = 0.
Then the energy equation for steady incompressible flow for a control volume
between 1 and 2 reduces fo

P] v 0 oy
ﬁ + ay— 5 + g7, -I—Hpump

(P v3° L0
=m—.——|—cr2? + g7, + W + E

turbme mech, loss

i — o - : B .
W pump MET, T Eme:.:h_]-::':ss — Emach-]n:nrs:s- =W pump MEgIs

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

._ B B ) IN | kW
E mech. 1oss = 20 KW — (30 kg/s)(9.81 m/s?)(45 m)( D Hﬂsg)(mm = Ims)

= 6.76 KW



Noting that the entire mechanical losses are due to frictional losses in piping
and thus Eecn, 1oss = Emech, toss, piping: the irreversible head loss is determined
to be

Mt piping 6.76 kW 1 kg - m/s* 1000 N - m/s
h, = — = 23.0m

mg  (30ke/s)9.81 misH\ 1IN 1 KW
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5-78 The water level in a tank is 20 m above the
ground. A hose is connected to the bottom of the
tank, and the nozzle at the end of the hose is
pointed straight up. The tank is at sea level, and
the water surface is open to the atmosphere. In
the line leading from the tank to the nozzle is a
pump, which increases the pressure of water. If
the water jet rises to a height of 27 m from the
ground, determine the minimum pressure rise
supplied by the pump to the water line.

5-81 Water flows at a rate of 20 L/s through a
horizontal pipe whose diameter is constant at 3
cm. The pressure drop across a valve in the pipe
is measured to be 2 kPa. Determine the
irreversible head loss of the valve, and the
useful pumping power needed to overcome the
resulting pressure drop. (Ans: 0.204 m, 40 W)

27 m

20 m

Water

20 L/s i . E

AP =2 kPa



5-78

Analysis We take point 1 at the free surface of water m the tank and point 2 at the top of the water trajectory where
V,=0and P, = P, = P, Also. we take the reference level at the bottom of the tank. Noting thatz; =20 mand z, =27 m,
fi; =0 (to get the mummum value for required pressure rise), and that the flmd velocity at the free suwrface of the tank 1s very
low (F7 = 0), the energy equation for steady incompressible flow through a control volume between these two points that
includes the pump and the water stream reduces to

o o

Aol j 5 vy j ; 5
— @ —+ I g = ——F @ ——+ 29+ Mygtine e + A1 @/\ )
g2 TR g T 2g e 2 A
— F?}m;p:u =I5 — I
Substituting,
27m
Npumpw =27-20=7Tm
A water colummn height of 7 m corresponds to a pressure rise of
. 3 2 [ 1N ) :::::i:::::::::::::::
"ill"Ppu_mp_mm = 'IGE.”P'QW-P: n = {IDUU kg-m }(981 s }{? 11'1} e T Y

| 1000 kg -m/s”
=68.7kN/m” = 68.7 kPa

Therefore, the pump must supply a nunimmum pressure rise of 68.7 kPa.
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5-81

Analysis We take the valve as the control volume, and pomts 1 and 2 at the inlet and exit of the valve, respectively.
Noting that z; =z, and I} = V5, the energy equation for steady incompressible flow through this control volume reduces to
P, e P, Vi B -P
— T Ey “1+hpl.lr::|p:u =—+d 5 + I +hmrhiue:e+hl —> h[
FE -& FE -& FE
Substituting, Valve
; . . Water O O
. 2kN/m~ | 1000 kg -m/s™ | ;l:
AL = 3 3 =0.204m _(_5]_)
(1000 kg/m™)(9.81m/s") | 1kN
20 L/s \ /
The useful pumping power needed to overcome this head loss 1s
- AP=2 kPa

WPIUJ.IP. o =mghy = pVghy

=(1000kg/m” }(El 020m’ 51(9 8lm's” }([} 204 111]1

Ay

IN F 1'W

| 1kg- m/s’ JMIN-m/s )

""| —40W

Therefore, tlus valve would cause a head loss of 0.204 m, and 1t would take 40 W of useful pumping power to overcome itf.

Discussion  The required useful pumping power could also be determmed from

b

IW

3

Wy = VAP = (0.020m’ s}("{]{JDPa}‘ )

=40W
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5-82E A hose is connected to the bottom of the tank at the ground level and
the nozzle at the end of the hose is pointed straight up. The tank cover is
airtight, but the pressure over the water surface is unknown. Determine the
minimum tank air pressure (gage) that will cause a water stream from the
nozzle to rise 90 ft from the ground.

5-83 A large tank is initially filled with water 2 m above the center of a sharp-
edged 10-cm-diameter orifice. The tank water surface is open to the
atmosphere, and the orifice drains to the atmosphere. If the total irreversible
head loss in the system is 0.3 m, determine the initial discharge velocity

of water from the tank. Take the kinetic energy correction factor at the
orifice to be 1.2.

5-84 Water enters a hydraulic turbine through a 30-cmdiameter pipe at a rate
of 0.6 m3/s and exits through a 25-cmdiameter pipe. The pressure drop in the
turbine is measured by a mercury manometer to be 1.2 m. For a combined
turbine-generator efficiency of 83%, determine the net electric power output.
Disregard the effect of the kinetic energy correction factors.
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5-82E

Analysis We take pomt 1 af the free surface of water i the tank. and pomt
2 at the top of the water trajectory where 2 =0 and P = P; = Py Also, we
take the reference level at the bottom of the tank. Noting that z; = 66 ft and 7, =
90 ft, h; = 0 (to get the mumimum value for the required air pressure), and that
the fluid velocity at the free surface of the tank 1s very low (7 = 0), the energy
equation for steady incompressible flow through a control volume between these
two points reduces to

- -5

B ¥y P ¥y
+ ,..- + I +h]:|u::up.u =—+; ,.,_ +Iy +hh.|.rb:iue:e —;?L
PE g PE ~E
B -F Pl.cfae
or L ocam g,z > 2 g
PE PE

Rearrangmg and substituting, the gage pressure of pressurized air 1n the tank 15 deternuned to be

o

B .. = pe(z—2)=(624 onf ) (32.2 fs* ) (90— 66 f)

i\
"

1 1bf _ \ lp51l ? I:1U.4p5i
32.2 Ibm-ft/s” /| 144 Ibfifi”

Therefore, the gage air pressure on top of the water tank must be at least 10.4 psi.
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5-83

Analysis We take pomt 1 at the free swface of the tank, and point 2 at the exit of the onfice. Noting that the flud at
both pomts 15 open fo the atmosphere (and thus P, = P, = P,) and that the flud velocity at the free surface of the tank 1
very low (77 = 0), the energy equation between these two ponts (1n terms of heads) simplifies to

R,V BV O
— oy —+I+h =——+0y ——+Iy+] N~

0 Eg 17 "pump,u 08 2 zg 2 T P urbme. e _P"L
Mo e My I
which yields B R — =
772 B Water N -
_71+I£1'2 _: =:2+h£ - B
2g = —

Solving for 75 and substituting,

Vy = 1*."'_?3'{:1 —y—hp)la = 1,'.';2(9.81 m/s*)(2-03m)/12 =527 mls

Discussion  This 1s the velocity that will prevail af the beginning. The mean flow velocity will decrease as the water
level 1n the tank decreases.
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5-84

Analysis We choose pomts 1 and 2 at the inlet and the exit of the turbine, respectively. Noting that the elevation
effects are negligible, the energy equation in terms of heads for the furbine reduces to

P 4 P Vi P_P  aWl_yl
Lty 4y iy =4 0 4 D e e AL > Pgbinee = ———— : = ) (1)
g = F .I[E- jg ' ' Pwater & <g
where
V V 0.6m-/s @ T
N=—=—3 —=08.49m/s We
Ay aDf /4 7(030m)” /4 .
Turbine
% V 0.6m’/
A A B _122m5
- 4, Dy /4 x(025m)” /4 | Generator

The pressure drop corresponding to a differential height of 1.2 m 1n the mercury

manometer 1s @

P-P-= 'I:J‘?Hg =~ Prvater JEN

7 !

i 1kN
=[(13,560-1000) kg/m ](9 81m/s’ (1.2 m)
| 1000 kg- m/s>

=148 kN/m? =148kPa

Substituting mto Eq. (1), the turbine head 15 determuned to be

~=15.1-39=11.2141

148 kKN/m* [ 1000 kg- m/s? ) (8.49 my 5} (12.2my ':}

- +(1.0)
(1000 kg/m*)(9.81m/s*)|  1kN 2(9.81m/s%)

h trbine e —



5-84
Then the net electric power output of this hydroelectric turbine becomes

H!.'mhme =1 nuhme-genmg’r?nnbme.e = 'r?mbiue-gemﬂvg hnuhim.ne

, : (1IN ¥ 1kw )
=0.83(1000 lcg.-"mii W0.6m~/s)(9.81m/s” )(11.2 m) - : !z 55 kW
| 1kg-m/s” AL000N-m's)/

hY

Discussion It appears that thus hydroelectric turbine will generate 55 kW of electric power under given conditions. Note
that almost half of the available pressure head 15 discarded as kinetic energy. This demonstrates the need for a larger turbine
exit area and better recovery. For example, the power output can be increased to 74 kW by redesigning the turbine and
making the exit diameter of the pipe equal to the mlet diameter, D; = Dy Further, 1f a much larger exit diameter 1s used and
the exat velocity 1s reduced to a very low level, the power generation can increase to as much as 92 kW.
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Summary

The Bernoulli Equation
v' Limitations on the Use of the Bernoulli Equation
v" Hydraulic Grade Line (HGL) and Energy Grade Line (EGL)
v Applications of the Bernouli Equation
General Energy Equation
v" Energy Transfer by Heat, Q
v' Energy Transfer by Work, W
v" Shaft Work
v" Work Done by Pressure Forces
Energy Analysis of Steady Flows

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

v" Kinetic Energy Correction Factor, «
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