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Energy

When matter has energy, the matter can be used to do
work.

Some forms of energy:
Kinetic Energy ~ Gravitational Energy  Thermal Energy




Definition:

Work is force acting through a distance when the force is parallel
to the direction of motion.  Units: Joules (symbol: J) J=Nm

Examples:

AW, =F-Ax AW, =T-A8



Definition:
*Power expresses a rate of work or energy:

quantity of work (or energy) = AW .
= lim—=W

P
interval of time At—0 At

*Let's assume work (AW) is given by the product of force and displacement:

AW = FAx =y P = lim 2% = FV
At—0 At

*When a shaft is rotating, the amount of work (AW) is given by the product of torque
and angular displacement:

AW =TAO = P = lim 2% = Tw
At—0 At

Units of Power: Watt (symbol: W); W= J/s



Energy Equation: General Form

.

System

Environment

System and Environment:
*A system is a body of matter that is under consideration and it always
contains the same matter.

An imaginary boundary separates the system from all other matter,
which is called the environment.




Energy Equation: General Form
The Energy equation for a system is:

O //; 3 l System\
""’ : V”A/’ d W

net rate of net rate at which rate of change of
thermal energy [ —y system does work ¢ = 3 energy of the matter
entering system on environment within the system




Recall Reynolds Transport Theorem:

stys _ d _ —
= )., bpdV + | bpV.dA

at }Lagrangian

Assuming a control volume, Let the extensive property be energy (Bgys= E)
and let (b = e) to obtain:

. . d — —
Q-Ww==], epdV + | _epV.dA

€ is energy per unit mass in the fluid:
e=ey+ep+u

ey Is the kinetic energy per unit mass

e, is the gravitational potential energy per unit mass

u is the thermal energy (or internal energy) per unit mass



Energy Equation: General Form

Substituting e = ek + ep, + uin energy equation:

. .. d SN
Q—W=—j (ek+ep+u)pdv+j (ex +ep+u)pV.dA
dt cv CS

.. d Ve £ R
Q—W:d—tf 7+gz+u de+f 7+gz+u pV.dA
cv CcS

Kinetic Energy:
2
_ kinetic energy of a fluid particle M= V?

©k = mass of this fluid particle T Tm 2

Gravitational Potential Energy:

_ gravitational potential energy of a fluid particle mgz

= mass of this fluid particle ~m Y




Shaft and Flow Work

Work is classified into two categories:

Flow Work Shaft Work
Definition: Definition:
When the force is associated with a Any work that is not associated with a
pressure distribution, then the work is pressure force is called shaft work.
called flow work. It is usually associated with a pump or
turbine.

Wshaft = W turbines — Wpumps =W, - Wp

Force
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Rate of work . ) AWZ P2\ .
AW, = F, Ax, = (p242) (V2At) >W, = AltlmeA_t =24,V = ) m

. o p2\ . (P1).
Wiiow = Wy + Wy = (?z)m — (ﬁ)m

For multiple streams of fluid passing across a control surface:

: : p : Pi
Wriow = z Moyt (oTut> - z Min (f)

outlets inlets

The general equation for flow work is: ®

. p —_ —
Wiow = f (—) oV.dA
CS p

The work term is the sum of flow work and shaft work:

W= Wflow + Wshaft - (f (_) PV’- dA) + Wshaft
CS



Energy Equation: General Form

Back to energy equation:

V2 —_ —
Q W—df( +gz+u>pdv+j (7+gz+u>pV.dA
CS

: : : P\ - — :
W= Wflow + Wshaft = <f (;) pV. dA) + WShaft
cs

W df V2+ + dw+f V2+ +u+2) oV d4
Q — Wsnare = dtcvzgzup Cszgzupp



Energy Equation: General Form

For a series of inlet and outlet ports to a control surface
with uniformly distributed velocity (1) through each port:

.. d Ve
Q_WS:EJ 7+gz+u pdV
cv

(VS Po 2 4 pi
+Zmo<2+gzo+uo+p)— m; 2+gzi+ui+pi

CS



Average velocity, mass and volume flow rate
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Average Velocity
Definition:

Volume Flow Rate
Definition:

Q = f V.dA
A
Mass Flow Rate
Definition:
m =f pl_/d_/f
A

For an incompressible flow:




Kinetic Energy Correction Factor

Rate of KE V2 pV3
{ transported } = J pV (7> dA = j TdA
across a section 4 4

@, kinetic energy correction factor definition:

~ actual KE over time that crosses a section B J, =5—dA
“TKE over time by assuming a uniform velocity distribution ~ pV734
2
For an incompressible flow: .
laminar turbulent

3 L { {

[ (5) a4 :
— — niform Flow - a =
! AJ, \V \ i

Laminar Flow - a = 2 .
TurbulentFlow - a = 1.05 | / . ===

(a) (b)



A simplified form of the Energy Equation

) W—dj V2+ + dv+f V2+ +u+2)pv.d4
Q-Wo=g | \F+oz+u)p g reztusl)ov.

Assuming steady Flow:

. . V3
Q—Ws+ fAl (%"‘ gz, + u1)PV1dA1 + fAlpTldi‘h

1 pVs
- A, (?z'l'gZz +u2)pV2dA2 +fAszdA2

—3 — 2

v; Vo .

p‘A,;=ai—‘m; i=1,2
2

2

. . p‘/l'3
We can simplify [ —dA; = a
Let’s assume that: (ﬁ + gz; + ui) is constant across A; for i = 1,2
P

y _woe (P2 Vi) — (P2 2\
Q ot p+gzl+u1+a12 m = p+gzz+u2+a22 m



A simplified form of the Energy Equation
Q - Vi/s'"(%‘l'gzl +u1 + al%)m = (%‘l‘gZz +u2 +a2V72)m

Dividingby mg

: 2 = 2
W, V. 1% V. U, — U
R A 2 PSS S I SR T B Y g
mg Y 2g mg vy 2 g mg
We already know that:

So we have:

So:




A simplified form of the Energy Equation

Vi Vs
(&+a1—1+zl)+hp=(&+ _2+Z2)+ht+hL

a

Y 29 | Yy ‘29 , |
( pressure head ) ( pressure head A .

. pump . turbine head

velocity head |+ =| velocity head |+ +

. head . head loss

\ elevation head ) \ elevation head )
I/i/pumps 1 14
Y [_—’ turbines
|



Pump and Turbine Head




Head has a primary dimension of length, it is related to energy or
work.

14 :

, , pumps W .
head ~ energy/time or work/time |1 ___(_ turbines
= : . . . | .

weight/time of flowing fluid | —> E
P ( @ | CVJ row@
flow(l) — .
K_’ Ehead loss
Pump Head:
Pump head = h,, = I:‘pr _ \\"’()I‘kx’".lllne' c.lone b\y pump on l-]ow
P mg weight/time of flowing fluid
Turbine Head: |
Turbine head = h, = H, _ \\f'orldl.lme vd‘one by ﬂowj on lLll.’bllle
mg weight/time of flowing fluid

Head Loss:

The conversion of useful mechanical energy to waste thermal energy
through viscous action between fluid particles.



EXAMPLE 1.2

Pressure in a Pipe

A horizontal pipe carries cooling water at 10°C for a thermal
power plant from a reservoir as shown. The head loss in the
pipe is
_0.02(L/D)V’

2g

where L is the length of the pipe from the reservoir to the
point in question, V' is the mean velocity in the pipe, and D is
the diameter of the pipe. If the pipe diameter is 20 cm and the
rate of flow is 0.06 m> /s, what is the pressure in the pipe at
L = 2000 m. Assume o, = 1.

hy

@ Fe=========3 —— Llevation = 100 m
Elevation =20 m @
== =
L r
e -2000m—— ]

Plan

1. Write the energy equation from Eq. (7.29) between
section 1 and section 2.

2. Analyze each term in the energy equation.

3. Solve for p,.

Assumptions:
a, =1;

Properties:
y(water at 10°C) = 9810 N/m?3

We are looking for?

P»



EXAMPLE 1.2

Pressure in a Pipe

@

_________ —— Elevation = 100 m

Elevation = 20 m

v @

! L=2000m—>‘

Plan

1. Write the energy equation from Eq. (7.29) between
section 1 and section 2.

2. Analyze each term in the energy equation.

3. Solve for p,.

1.

Energy Equation:

P2 Vz
— h, + h
y +a2 2g+Z2+ t+ L

2.

Term by term analysis:
p1 = 0 (Why?)

Vy = 0 (Why?)

z; =100m;z, = 20m

h, = h; = 0 (Why?)

v, =2 = 006 _ =1.9107
274 Z(02 m)2
L
0.02 (=) V?
e
2g
0.02*(2(‘)’.‘;‘;1"‘)(1.9109)2 B
2(9.81522) == =372m



EXAMPLE 1.2

Pressure in a Pipe
1. Energy Equation:

2. Term by term analysis:
p1 =0
V=0
z1 =100m;z, = 20m
h,=h;=0
V, =1.910
h; =37.2m

3. Combining step 1 and 2:

P2 l722
(Zl —Zz) — 7+a25+hl‘

8om =22+ 1.0 (1'910 %)2

7 , (9.81 sz) + 37.2

N
p, =y(42.6m) = (9810 ﬁ) (42.6 m)

p, = 418 kPa (9age)



Efficiency

Efficiency is defined as:

power output from a machine or system  Poyeput

1 power input to a machine or system Pinput

Pumps transfer electrical power ( P, ) to the fluid as mechanical (shaft) power( W) :

_ out_WP_)/QhP_mgh
n,=—2t=—t= =

P P P P

in in in in

p

Turbines converts power of the flow ( W;) to electrical power (P,,,):
P P P

77 —_ out —_ out —_ out  __ out
P .

P W yOh righ

in

In general, P, W, and W, can be expressed as:

P =mgh



EXAMPLE 74

Power produced by a Turbine:

At the maximum rate of power generation, a small .

hydroelectric power plant takes a discharge of 14.1 m*/s P o pe rtl es.

through an elevation drop of 61 m. The head loss through the o 3
intakes, penstock, and outlet works is 1.5 m. The combined y(water at 10 C) = 9810 N / m
efficiency of the turbine and electrical generator is 87%.

What is the rate of power generation?

Elevation =61 m @ £

We are looking for?

Penstock

input to turbine

&

Powerhouse

"/ Elevation =0 @

= e T e
B ‘1‘5‘-‘{‘?5?‘-?1:!2':1:}{\_3\\

Turbine

output f rom Generator




EXAMPLE 74

Power produced by a Turbine:

Elevation =61 m @ 7N\

AN

-:!::':’»:'E:;.l: Powerhouse
Turbine "/ Elevation = 0 @
\ EA =0 j:;\?%'—;}':;:-:—:—:—:—:—:—:—:—:—:—:—
Plan
1. Write the energy equation (7.29) between section 1 and

(O8]

section 2.
Analyze each term in the energy equation.
Solve for the head of the turbine #4,.

Find the input power to the turbine using the power
equation (7.30a).

Find the output power from generator by using the
efficiency equation (7.32).

1. Energy Equation:

P1 1712

—_ — h pr—
y+ 12g+Zl+ p

P2 ‘722
— — h h
y+azzg+Z2+ t+ L

2. Term by term analysis:
V; = 0 (Why?)
V, = 0 (Why?)
p1 = pz2 = 0 (Why?)

hp=0
z1=61m; 2z, =0;
hL=15m



EXAMPLE 74

Power produced by a Turbine:

1. Energy Equation:

2. Term by term analysis:
V=0

V, =0
P1=p2=0
h,=0

z1=61m; 2z, =0;
h; = 1.5m

3. Combining step 1 and 2:
h’t = (Z1 - Zz) - h’L = (61 m) - (15 m)
=59.5m

4. Power equation:

input to turbine

_ (9810 i) (14.1 m—g) (59.5 m)

m3 &
= 8.23 MW

5. Efficiency equation

P output from generator — 77P input to turbine

= 0.87(8.23MW) =7.16 MW



Pumped-Storage Plant

Elevator ||

Main Access Tunnel
?Surgo Chamber
— — —a—

]
iy &
/ \ Powerplant Chamber

Breakers
Transformer Vault

Pump & Turbine

« Sometimes the water is pumped up (where it is stored as potential energy): When?
* Other times that potential energy is used and converted into electricity : When?
« Considering the head losses and non-perfect efficiency of the pumpl/turbine, why is it useful?



The Bernoulli and Energy Equations:

The Bernoulli Equation

Assumptions:

Steady flow
Incompressible flow
*Inviscid flow

*Without additional Energy added

or extracted (without Pump or
Turbine)

The Energy Equation
—+0¢1E+z1 +h = &+azﬁ+zz +h +h,
2g Ty T2
Assumptions:
Steady flow

Incompressible flow
*Viscous flow ( = head losses)

«With additional Energy added or
extracted (by Pump or Turbine)




Static and Dynamic Pressure
Piezometer and Stagnation tube

Dynamic
pressure * Piezometer measures static pressure (p)
\ — pressure, Py,
2
Static P V?
« Stagnation tube measures ‘stagnation
pressure, PJ_ |5 | g g
B pressure’ = static pressure + dynamic pressure

v, — . 2

/ pstag:p+p7

Stagnation
point

_» * Pitot tube measures the dynamic pressure
(difference between stagnation pressure and
the static pressure) and, therefore, the velocity




Hydraulic and Energy Grade Lines

 Energy Grade Lines (EGL) is a line that indicates the total head at
each location in a system.

1 — [ velocity yressure elevation) _ .V p, _ _ ( total
EGL Y+ (1 + a—+ L+
head . . head . head 2¢ v _head.

* Hydraulic Grade Line (HGL) is a line that indicates the piezometric
head at each location in a system.

HGL = (prcssurc) " (clcvulion) - (piczomclrie)
| N |

head head head
Y ————1
I EGL }
) HGL hy
2
2g
T\ -
P2
Y
L | B
/_ r — S
s
2; Stagnation tube 72
Datum




Guidelines for HGL and EGL

* |n alake or reservoir, the HGL and EGL will coincide with
the liquid surface.

 Piezometer head indicates HGL.
» Stagnation tube head'indicates EG

z, Stagnation tube




Guidelines for HGL and EGL

* Pump rises HGL and EGL.

 Turbine drops HGL and EGL.

HGL and EGL

Abrupt rise in
EGL equal

L h,, head given

——
—_—
 ——
—_
——
—_—

— /\2( Gradual expansion of conduit allows

kinetic energy to be converted to pressure
head with much smaller #; at the outlet;
hence the HGL approaches the EGL.




Guidelines for HGL and EGL

HGL and EGL EGL
- y2
"\ ~~~~~~~~ Large - because
AN 2g
HGL \ smaller pipe here
\ 2
- Steeper EGL and HGL
g because greater A,
N per length of pipe
\\
AN Head loss
S at outlet
~N
P N EGL and HGL
’ N a
\ — J272)
—_— —_— — — <
/f —_— NN \\ N




Guidelines for HGL and EGL

When a flow passes a Nozzle or when passage changes diameter:

» HGL changes due to velocity changes.

« EGL changes also because head loss per length is larger for a flow in

a conduit with larger velocity.

—_——

g.
Steeper EGL and HGL
because greater 7
per length of pipe
=
Head loss

at outlet

EGL and HGL [decreases,

___________ e
3 —

Ny
|
(
|




Guidelines for HGL and EGL

Cavitation:

« |f the HGL falls below the pipe, then % IS negative, indicating

subatmospheric pressure and a potential location of cavitation (formation

of bubbles).

HGL and EGL

. p
Positive 7




Guidelines for HGL and EGL

. . 100 : ; i 3 ; i ' —
Cavitation: e fomm — / =
If pressure becomes lower than T wjGoping | |
the vapor pressure (see Fig. 2.21: Z — {Liquid v it
vapor pressure for water), = E l I
then cavitation occurs S (belot Tiné)

0'10 lb 20 30 40 50 60 70 80 90 100
Temperature (°C)
HGL and EGL » p
/ | Positive ¥ Negative 7

S —
—
—— —
—

T —
—
T —
—




EXAMPLE 1.6

EGL and HGL

A pump draws water (10° C) from a reservoir., where the

water-surface elevation is 160 m, and forces the water Pump head (in m)
through a pipe 1525 m long and 0.3 m in diameter. This : :
pipe then discharges the water into a reservoir with water- Power (In kW) supplied to the flow
surface elevation of 190 m. the flow rate is 0.2 m3/s, and Draw HGL and EGL

the head loss in the pipe is given by

2
h, = 0.01[5)(1/—)
D) 2g
Determine the head supplied by the pump, h;, and the
power supplied to the flow, and draw the HGL and EGL for

We are looking for?

Water (10°C )= y = 9810 N/m’

the system. Assume that the pipe is horizontal and is 155 A @ o
m in elevation. = “2
2 =160m (1) == pump 202 m/s
{{ Pipe, D=0.3 m

b—L=1525m ——



EXAMPLE 1.6

EGL and HGL for a system

- {(3):,=19m

2. Calculate terms in the energy equation:
Vi=V,=0 (Why?)

=160 m () ﬁlﬁ pump 2= 02ms p=p,=0 (Why ?)

PlpeD 0.3 m —
D03 h=0

hp =z,—z,th,

Plan
1. Apply the energy equation (7.29) between sections 1 and . .
section 2. Calculate V using the flow rate equation:
2. Calculate terms in the energy equation. 5
3. Find the power by applying the power equation (7.30a). 0 02m’ /s
) Y === =2.83m/s
4. Draw the HGL and EGL by using the tips given on p. 270. A (75/4)(0 3 )2

1. Apply the energy equation between
sections 1 and 2:

ﬁ+a12V—+zl+h

&+a22V—+zz+h +h,



EXAMPLE 7.6
EGL and HGL for a system

2 2
L Y_1(5):,-190m hL=O.01£ v 0.0 1525m ) (2.83m/s)
D ) 2g 0.3m | 2x(9.81m/s")
=2.75m
z;=160m (1) pump 202 m¥/s
Pipe, D=03m h,=(z,—z)+h, =(190m—160m)+20.75m

P——L=1525m—— —50.75m

Plan

1. Apply the energy equation (7.29) between sections 1 and
section 2.

2. Calculate terms in the energy equation.
3. Find the power by applying the power equation (7.30a).
4. Draw the HGL and EGL by using the tips given on p. 270.

The pump provides:

1.The energy to lift the fluid to a higher
elevation

2.The energy to overcome head loss



EXAMPLE 7.6

EGL and HGL for a system

1. Apply the energy equation between

sections1and2 _,
b Ny _
| Zl+hp—
Y
)2
&+a2—2+zz+ht+hL
4

190m (1)

2. Calculate terms in the energy equation

n=V=0 h,=2.75m
= zo
S h,=50.75 m
h =0
EGL

h =50.75 \ e
P HGL T

ik

ik

3. Power

W =yOh = (9810%j(o.zﬁ)(Sovsm)(ﬂ
m

) N.m

=99.5kW

4. HGL and EGL

From Tip 1 on p. 233, locate the HGL and EGL along the
reservoir surfaces.

From Tip 2, sketch in a head rise of 50.75 m
corresponding to the pump.

From Tip 3, sketch the EGL from the pump outlet to the
reservoir surface. Use the fact that the head loss is
20.75 m. Also, sketch EGL from the reservoir on the left

to the pump inlet. Show a small head loss.

From Tip 4, sketch the HGL below the EGL by a
distance of V*/2g=0.5m

From Tip 5, check the sketches to ensure that EGL and
HGL are decreasing in the direction of flow (except at
the pump).

|



