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CHAPTER 5 -- Mass and Energy

Analysis of Control Volumes

OUTCOME:

» Develop and Apply the conservation of mass principle to
both steady and unsteady control volumes.

» Identify the energy carried by a fluid stream crossing a
control surface.

» Develop and Apply the conservation of energy principle to
control volumes

» Solve energy balance problems for steady flow devices.
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CONSERVATION OF MASS

® Mass Is conserved -- it cannot be
created or destroyed
»Relativistic effects are ignored since minute

changes in mass are beyond precision of
engineering measurements
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Conservation of Mass

dFor a control volume, the conservation of
mass principle can be expressed as:

(Total mass entering ) (Total mass lea\-'ing)

( Net change in mass )
the CV during Af the CV during At

within the CV during A7
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CONSERVATION OF MASS

® In mathematical form, the conservation of mass
principle for a control volume can be expressed as:

‘Amcv = M;, = Mgy,

» Am~, = Net change in mass within the control volume (kg)
»m.. = Total mass entering the system (kg)
»m,, = Total mass leaving the system (kg)
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Conservation of |

e——r.

e

mi, — My, — Amcv

Copyright Hany A. Al-Ansary and
S. I. Abdel-Khalik (2014) 7



CONSERVATION OF MASS

dControl Volume with multiple inlets and
outlets undergoing a process between initial
state “1” and final state “2"

HdAMey = (M, - My)y = zmy, - Zmout

dsummation sign “X" indicates that all inlets
“in” and outlets “out” are to be included
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CONSERVATION OF MASS

® Equation can expressed in a rate form:

My, — Moy = dmey/dt

Z Mip — Z Moyt = dmCV/dt

» (dmg,/dt) = rate of change of system (CV) mass (kg/s)
>m,, = inlet mass flow rate (kg/s)
> M, = exit mass flow rate (kg/s)
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Control Volume Mass

® For uniform density
Moy =p V

® For non-uniform density

»Mey = j p dVv
CV
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Mass Flow Rate

® For uniform Velocity (and density)
>m =p ¥, A (kg/s)
>V, = velocity component normal to A. (m/s)
»A. = Cross sectional area normal to flow direction
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Mass Flow Rate

d For Non-Uniform velocity:

om = pV, dA, Vave

m = J om = J pV, dA,
A, A,

For uniform density this can be written as
m = pVue A, (kg/s)

Where Va\,g is the average velocity
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Volumetric Flow Rate

® For uniform Velocity
>V=VA. (Mfs)=m/p=myv
® For non-uniform Velocity

>V = ac ¥ dA. (M3/s)

>\7 = [/avg AC
> V., (m/s) = Average fluid velocity normal to A
»A.(m?) = cross sectional area normal to flow

direction
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Total Energy of a Flowing
Fluid

® For a closed system: the energy per
unit mass: e = u + V2/2 + gz (kJ/kg)

® For an open system: mass crosses the

boundary
» Each unit mass crossing the boundary has total
energy: e =u+ V2/2 + gz (kJ/kqg)

» In addition, when mass crosses a system boundary,
work is done to move that mass across the boundary.
This is referred to as “Flow work”
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FLOW WORK

d Flow work, or flow energy is
the work (or energy) required to

“push” the mass into or out of A

the control volume.

A This work is necessary for

—- & P
2 Q]

maintaining a continuous flow m

through a control volume.

/<—L—>

Wﬂow = FL = PAL = PV Imaginary

Wilow — Pv

CV

piston

Flow Work per unit mass
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Total Energy of a Flowing
Fluid

d As the fluid crosses the boundary, the energy @ === ——
contained in it enters the system. Per unit

mass, this energy is: Wiiow —* i cv
Qe=u+V?%2+gz (ki/kg) |
Q Also, the “flow work”, i.e. work done by (on) (a) Before entering

the surroundings on (by) the system to “push” = ————
the fluid into (out of) the CV represents energy |
added to (removed from) the CV. Wiiow ——*

d Sum of energy per unit mass “e” and the : .
flow work per unit mass represents the | |
total energy added (removed) to (from)
the system per unit mass entering
(exiting) the open system.

(b) After entering
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Total Energy of a Flowing
Fluid

® Total energy of a flowing fluid per
unit mass:

®0 = e + flow work per unit mass [kJ/kg]
>0 =(Uu+V%2+qgz)+ (Pv) [Ki/kg
>0=(UuU+PVv)+V%2+qgz 'kJ/kg’
>0 =h +V2/2 + gz kI/kg"
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ENERGY TRANSPORT BY
MASS

d The total energy transferred by
mass is denoted by £, and is

equal to: |
2 " | CV
E .= ml= m(/z + — + g:) Azl b m.0
2 0.klkg | i
| (kW)
Q In rate form: |:
I
I

; o , V?
E .= ml= m(/z e = gf:)
as: = :
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The First Law of Thermodynamics
for Open Systems

[Qin + I/i/in +Zinm(h | v | gz)] -

2

[Qout T I/i/out + Yout™M (h | 2 | gZ)]

_dU dKE dPE

dt dt dt
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Mass Balance for Steady-
Flow Processes

® Steady flow = no change with

time

» (dmg, /dt) =0
® Conservation of mass reduces to:

2 m = E m

in

oul

® If there is only a single inlet and

single out

m; = m,

et

—

— — — —— — — —— — — — —— o— — — o— vl

my =2 kg/s m, = 3 kg/s

|
|
1
n
CV |
1
|
|
|

P ViA = p VLA,
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Mass Balance for Steady
Incompressible Flow Processes

Q Incompressible Flow: A flow in which the specific
volume (and density) remain constant.

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

Sv=>V (m'/s) Steady, incompressible Flow

n out

Vo= \.—=>VA = V.A Steady, incompressible Flow
] : e 2“*2 (Single Stream)
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Energy Balance for Steady-
Flow Processes

® Steady flow = no change with —
- Heat ;
t|me loss Oyt heating

) . W  clement
my = mj : L '

-_nNn @ e === W,
> (dE¢y/dt) = 0 T ;
. Hot =——i I
® Conservation of energy reduces to:  waer | .
out |
: : | Cv |
E in o Eoul | (Hot-water tank) : e
Rate of net energy transfer in Rate of net energy transfer out T Jl— Cold
by heat, work, and mass by heat, work, and mass water
in

. . V2 . . V2
O + W, + Em(fl + 5 + 82) = Qo ¥ Wou + 2?51(11 + o + 82)

in out

S — - _—
— —

for each inlet for each exit
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Some Steady-Flow
Engineering Devices

d Many engineering devices operate steadily for long periods of time --
Conditions at different points in the system are different but
they do not change with time.

d Examples: turbines, compressors, nozzles, heat exchangers, pumps.
d These devices can be conveniently analyzed as steady-flow devices.

A Application of the first law (energy balance) to some of these devices will
be presented:

» Turbines and compressors
> Throttling valves
> Heat exchangers
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Steady-Flow Engineering
Devices -- Example

LPC Bleed Combustor i-osv:/afg’fe%sure
5—Stage Air Collector Fuel System 2_S[age Turbine A
Low Pressure 14-Stage Manifolds High Pressure
Compressor High Pressure Turbine
(LPC) Compressor
Cold End HoEEn

Drive Flange &S5, Drive Flange

O A modern land-based gas turbine used for electric power production. This is a
General Electric LM5000 turbine. It produces 55.2 MW at 3600 rpm with
steam injection.

O Entire Device can be treated as a Steady-Flow System -- Conditions at
different points in the system are different but they do not change with time.
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Turbines

O Turbine drives the electric Fy=1MPs

. T, =400°C
generator In steam, gas, or x~,=?..n,f\

i z, =10
hydroelectric power plants. ! | o

d The working fluid passes
through the turbine. o !
Q Force acting on the blades, fubioe L;
which are attached to the '

shaft, exert a torque on the
shaft |

Q The shaft rotates, and the by
turbine produces work.

w

180 m/s

»
-

N«
'

~

-

—_

-
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Turbines -
Common Assumptions

[ Heat transfer is often neglected (well insulated)

A Changes in kinetic and potential energy of the entering and leaving
fluid are sometimes neglected (small compared to change in

enthalpy)
A No work input

/Q/ /+ En’z h

+//}/j /Q£t+Wom+2m h +

for each inlet

out

)

for each exit

rithy —

Wout = mh; |:> Wout = m(h,q

— h3)
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LECTURE # 14

Chapter 5 (Session #2):

Mass and Energy Analysis of
Control Volumes

Copyright Hany A. Al-Ansary and
S. I. Abdel-Khalik (2014)

27



Compressors

d Compressors are used to
increase the pressure of a
gas.

A Work is supplied from an
external source through a
rotating shaft.

O Pumps are similar to
compressors except that
they handle liquids instead of

120 kPa
gases. 20°C

10 L/s
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Compressors -
Common Assumptions

[ Heat transfer is often neglected (well insulated)

A Changes in kinetic and potential energy of the entering and leaving
fluid are sometimes neglected

A No work output

Q/-|— W, + Ern(h +/}/f %%"‘ Em(h Jy/%
1n out

for e‘](.ll inlet for e"l(.h exit

Wi + 1ithy = rith, ) | Win = m(hy — hy)
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Nozzles and Diffusers

 Nozzles increase the velocity
of a fluid while pressure
decreases.

= L
/
/
/
/
/
/
/
/
/
/
/

Y

Vi, —— Nozzle —l—» V, >V,
L Diffusers increase the | |
pressure of a fluid as the /
velocity decreases. === )
[ The cross-sectional area of a )
nozzle decreases in the flow 3 i
direction (incompressible; V== Diffiser —=Hhgl,

compressible subsonic flow); b
reverse is true for diffusers. e

/
/
P ST,

/
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Nozzles and Diffusers -
Common Assumptions

A Heat transfer is often neglected
d Changes in potential energy are neglected
@ No work input or output

V2
/Q//jLEm h++/gz/j/Q£%+Em h+2+/gz/j
n out

for e‘]Ch inlet for e’lch exit

. Vi _ . V3
m\ hy + — | =m| h, + —
2 2
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Throttling Valves

d Throttling valves are
devices restricting the flow,
causing significant pressure
drop in the fluid.

[ Pressure drop is often

accompanied by a large m
drop in temperature.

A Throttling devices are
commonly used in
refrigeration and air-
conditioning applications. (¢) A capillary tube
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Throttling Valves -

Common Assumptions

O heat transfer is often neglected

d Changes in kinetic and potential energy of the entering and leaving
fluid are usually neglected

A No work input or output

% . . V2
2 m\ h + 5 T+ 27 ) = Qu T Wour T E m\ h + A + o7
111 out

for each inlet for each exit

h, = h, Isenthalpic Process
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Mixing Chambers

Iy =140°F %
m
! =N
AR RS
‘\ \ \ y\ \ \-\ \\

\ ,\ \ \ \ \\\
I ——————————— 1 \ \
i | \A\!
_ o |
— Mixing !
| I
' chamber |
| | e
| | —
] = I O il
| P=20psia | { i
II_ __________ _! water
Ta= 50°F T2 = 110°F Hot T-elbow

. . Water

”12 17'13

In Engineering applications, the section where the mixing process of
two (or more) streams takes place is referred to as a mixing chamber
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Mixing Chambers -
Common Assumptions

 Heat transfer is often neglected
A Changes in kinetic and potential energy usually neglected
@ No work input or output

V 2
9//+2m h + /}/5 %+%+Em h+%k}/j
n out

for each inlet for each exit

I/;/l]h»] e I’;’lzhz —_— "i”l3h3
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Heat Exchangers

 Heat exchangers are
devices where two moving
fluid streams exchange

Water
15%C
300 kPa

0,
s

)

350

. - . R-134a
heat without mixing. ©
 Heat exchangers are 70°C
widely used in various P
industries. Q
O In refrigeration, the - ﬂ
condenser and evaporator ©
are heat exchangers. 25°C
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Heat Exchangers -
Common Assumptions

A Changes in kinetic and potential energy of the entering and leaving
fluid are usually neglected.

@ No work input or output

> What about heat transfer?

) V V2
0. + W, + 2 m| h + / }/5 Oou +%+ S| h+ ZA}/}
m out
? A

for e‘]Ch inlet for each exit
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Heat Exchangers -
Common Assumptions

Q If the entire heat exchanger is selected as the 3 Fl”i\:”i /CV B

control volume (case a); heat exchange with the S i
surroundings is negligible ‘ — & ! ‘
B “+— Fluid A
Thlhl + mghg — mzhz + Th4h4 :LHeatl\\J:
d In Case (b), the tube(s) alone is selected as the i SRR e,
control volume; heat exchange cannot be )
neglected; heat is transferred from (to) fluid B to s /CV HOLTiATY
(from) fluid A depending on which fluid is hotter \~ | ‘
Qin = m,(hy — hy) o W ruida
0 What is Q,, for fluid B? N @)

] (b) System: Fluid A (Qcy # 0)
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Pipe and Duct Flow

[ Transport of liquids or gases in pipes and ducts is important in
many engineering applications.

d Flow through a pipe or a duct usually satisfies the steady-flow
conditions. Changes in KE and PE can often be neglected

Surroundings 20°C Qoul + W, 1

Wsh
Heat loss from fluid flowing in an More than one form of work can
uninsulated pipe can be significant be involved at the same time
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Pipe and Duct Flow
Example

Mi_ H/m + 2”7 h/% Qout out 2777 h 7/%
m out

for e‘]Ch inlet for e’lch exit

Qoul = 200 W

[ Ty R e

W

e, in—

=15 kW

“/e in ~I ﬁ’lhl

=17°C
P, = 100 kPa

|

i

. ) i
Qout + ’nhZ :
i

|

|

u./(’.in - Qout — ’th(Tz - 7])

V, 150 m*/min
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CHAPTER 5 -- Mass and Energy
Analysis of Control Volumes

OUTCOME:

v Develop and Apply the conservation of mass principle to
both steady and unsteady control volumes.

v' Identify the energy carried by a fluid stream crossing a
control surface.

v Develop and Apply the conservation of energy principle
to control volumes

v Solve energy balance problems for steady flow devices.
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