Chapter 5
MASS AND ENERGY
ANALYSIS OF CONTROL
VOLUMES



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.
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Mass is conserved even during chemical reactions.



Mass and Volume Flow Rates
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The average velocity V,,, is
defined as the average speed
through a cross section.
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Volume flow rate
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Cross section
The volume flow rate is the

volume of fluid flowing through a
Cross section per unit time. 3



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.

(Total mass entering) B (Total mass leaving)
the CV during Ar

( Net change in mass )

the CV during Ar within the CV during Af

Min = Moy — AI’”CV (kg)

z Mmin — z Moyt = ATnCV

My, — Moy = dmey/dt (kg/s)

z Min — Z Moue = dmcy/dt




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 equals the total amount of mass leaving it.

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

msy =my +m, =135 kg/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

. _ 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-

inlet—one-outlet steady-flow system.



Special Case: Incompressible Flow

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

» The conservation of mass relations can be simplified even
further when the fluid is incompressible, which is usually the

case for liquids.

V=22V (ms) Stead

on incompressible
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v, =\, > V,A, = V,A, incompressible
) -~ flow (single stream)



FLOW WORK AND THE
ENERGY OF A FLOWING FLUID

Flow work, or flow energy: The work (or energy)
required to push the mass into or out of the control
volume. This work is necessary for maintaining a
continuous flow through a control volume.

F = PA
Wflow = FL=PAL =PV (kJ)
Wiow — Pv (I&J/kg)
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Schematic for flow work.

applied on a fluid by a piston is equal to the
force applied on the piston by the fluid. ,



Total Energy of a Flowing Fluid
2 The flow energy is
e=u+ ke +pe=u-+ S + ¢z (kJ/kg)  automatically taken
— care of by enthalpy.
0 =Pv+e=Pvu+ (u+ke+pe) h=u+Ppy Infactthisisthe
main reason for
V2 defining the
O =h+ke+pe=~hnh-+ Y + ¢z (kJ/kg)  property enthalpy.

Kinetic Kinetic
energy energy energy

Flowin
& 9=Pv+u+ —+ gz

Nonflowing o =y _|. -— .|. gz fluid
Internal Potential
energy energy

fluid
Internal Potential
energy energy

The total energy consists of three parts for a nonflowing fluid and four parts for a
flowing fluid. 8




Energy Transport by Mass

V2
Amount of energy transport:  E .. = ml = 131(/‘1 Tt &z ) (kJ)
A : S V?
Rate of energy transport: E ... = ml = m(/'z + -t g:) (kW)
If ___________ When the kinetic and potential energies
) : CV of a fluid stream are Qegligible

mi’kg/s | ‘ m 0 Emass = mh Emass = mh
9,,kJ/kg gk

(kW)

The product M& is the energy
transported into control volume by
mass per unit time.



ENERGY ANALYSIS OF STEADY-FLOW
SYSTEMS [
N\ | :

T T Control

volume

mcy = constant
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Under steady-flow conditions, the mass
and energy contents of a control volume
remain constant.

Many engineering systems such . —I:_ e /1}2
as power plants operate under M I /:’—’ h
steady conditions. h, _\]I\‘ | :
| Control :
Under steady-flow conditions, : volume :
the fluid properties at an inlet : —
or exit remain constant (do not , el I
change with time). [ P — hs




Mass and Energy balances Heat Blectric

heating

for a steady-flow process 0% Qougy  clement

my = mj

_II Win
R— |
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2m=2m (kg/s) waer |
in out - : |
. | Y |
ny, = ms, Mass A water | (Hot-water tank) :_ #
heater in | N ——
prlAl — p2V2A2 balance Steady I ———— | COt]d
water
operation. in

0 (steady)
Energy E. —E., — AE oo/ dt e =0
balance :

J

o
Rate of net energy transfer Rate of change in internal, kinetic,
by heat, work, and mass potential, etc., energies
Ein o Eoul_ (k W )
Rate of net energy transfer in Rate of net energy transfer out
by heat, work, and mass by heat, work, and mass
V2 V 2
0y, + Wiy + Em(h + gz) = Qo + Wou + Em(h t gz)
in : out :
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for each inlet for each exit



SOME STEADY-FLOW ENGINEERING DEVICES

Many engineering devices operate essentially under the same conditions

for long periods of time. The components of a steam power plant (turbines,
compressors, heat exchangers, and pumps), for example, operate nonstop for
months before the system is shut down for maintenance. Therefore, these
devices can be conveniently analyzed as steady-flow devices.

5-Stage

Combustor
5-Stag LI-)C Sl Low Pressure
J-Stage Air Collector Fuel System [ 2_gtage Turbine
0y eI 14-Stage Manifolds High Pressure
Compressor e ] Turbine
(LPC) High Pressure

Compressor

Cold End - Hot End
Drive Flange R i, Drive Flange

A modern land-based gas turbine used for electric power
production. This is a General Electric LM5000 turbine. It
has a length of 6.2 m, it weighs 12.5 tons, and produces
55.2 MW at 3600 rpm with steam injection.
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Nozzles and Diffusers
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Nozzles and diffusers are
shaped so that they cause large
changes in fluid velocities and
thus Kkinetic energies.

Nozzles and diffusers are commonly
utilized in jet engines, rockets,
spacecraft, and even garden hoses.

A nozzle is a device that increases
the velocity of a fluid at the expense
of pressure.

A diffuser is a device that increases
the pressure of a fluid by slowing it

down.

The cross-sectional area of a nozzle
decreases in the flow direction for
subsonic flows and increases for
supersonic flows. The reverse is true
for diffusers.

Energy
balance for
a nozzle or

diffuser:

(since Q = 0, W = 0, and Ape = 0)
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Turbines and
Compressors

Gour = 16 KI/kg
.y P, = 600 kPa
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P, =100 kPa
T,=280 K
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Energy balance for the
compressor in this figure:

Ein — Eout

o+ mh, = Q,, + mh,

(since Ake = Ape = 0)

Turbine drives the electric generator In
steam, gas, or hydroelectric power plants.

As the fluid passes through the turbine,
work is done against the blades, which are
attached to the shaft. As a result, the shatft
rotates, and the turbine produces work.

Compressors, as well as pumps and
fans, are devices used to increase the
pressure of a fluid. Work is supplied to
these devices from an external source
through a rotating shatft.

A fan increases the pressure of a gas
slightly and is mainly used to mobilize a
gas.

A compressor is capable of compressing
the gas to very high pressures.

Pumps work very much like compressors
except that they handle liquids instead of
gases.
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Throttling valves

-
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(a) An adjustable valve

A

(b) A porous plug

(c) A capillary tube

Throttling valves are any kind of flow-restricting devices
that cause a significant pressure drop in the fluid.

What is the difference between a turbine and a
throttling valve?

The pressure drop in the fluid is often accompanied by a
large drop in temperature, and for that reason throttling
devices are commonly used in refrigeration and air-
conditioning applications.

Energy
balance

h, = h,

u, + Pv, = u, + P,v,

Internal energy + Flow energy = Constant

Throttling Throttling
valve valve
uyp =94.79 kJ/kg u, = 88.79 kl/kg
IDEAL T| T, T| Pl V] =0.68 kJ/kg P2 Vz = 6.68 kJ/kg

GAS h

| hzzhl

(hy =95.47 kl/kg) (hy =95.47 kl/kg
During a throttling process, the enthalpy

The temperature of an ideal gas does

not change during a throttling

(h = constant) process since h = h(T).

of a fluid remains constant. But internal
and flow energies may be converted to

each other.
15



Mixing chambers

In engineering applications, the section
where the mixing process takes place is
commonly referred to as a mixing

chamber.
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\
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— Cold
water
Hot T-elbow
Water

The T-elbow of an ordinary shower
serves as the mixing chamber for the
hot- and the cold-water streams.

T,=60°C

m,

\ mll 1
K |
e Mixing :_

! chamber |
| |
— p=140kPa [~
/ e
T,=10°C Ty= 43°C
s

Energy balance for the
adiabatic mixing chamber in
the figure is:

Ein — Eout

(since Q = 0, W = 0, ke = pe = 0)
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H eat eX C h an g e r S Flui\d Ii /CV boundary Flui\d ]T /CV boundary

Heat exchangers are

e e oo e o F e S e e

de_wces where two moving | u . C Wi, - [
fluid streams exchange heat : " o
e o o ca
without mixing. Heat e i \
exchangers are widely used | |
In various industries, and (a) System: Entire heat (b) System: Fluid A (Qcy # 0)
; . haneer =0
they come in various il O ) _ _
designs The heat transfer associated with a heat
exchanger may be zero or nonzero depending on
F‘%g‘CB how the control volume is selected.
| Water
\ Mass and energy 150
Heat balances for the adiabatic 30%1’11
¥ Hiuid A heat exchanger inthe e
50°C <— o : . R-134a /
A 20°C figure is: oF
Heat

A heat exchanger
can be as simple as
two concentric pipes.

1\

35°C

ms — nmy — Mp

S 70°C
My = My = Myl vp, :—J>

: : e 35°C
Ein — Eout _I |
I’hlh] + 7’;13]13 — 7’;12]12 + n;l4h4 29(:




Pipe and duct fow b |

The transport of liquids or gases in S B I e
pipes and ducts is of great importance : o
In many engineering applications. F_IO\_N R T e |
through a pipe or a duct usually satisfies L 1

the steady-flow conditions.

Wsh
Surroundings 20°C Oou Pipe or duct flow may involve more than
| one form of work at the same time.
ISt . T |
| 70°C | _
_:_> Hot fluid _:_> Qou = 2?—0—\)! ————— .
e e ! Energy balance Wl . _, |
Heat losses from for the pipe flow o i «
a hot fluid shown in the : |
flowing through : : figure is | [ v, =15kw
an uninsulated E.=E, T—
pipe or ductto | . . , . | P' - iatee T
the cooler We,in + mh, = Q. + mh, 5 .
environment '—————T—-——J
may_ t_)e e em Qout — me(T2 - T]) \/1 150 m*/min
significant.
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ENERGY ANALYSIS OF — Supply line —
UNSTEADY-FLOW PROCESSES

Many processes of interest,

Charging of a rigid

the control volume with dme, {80k from a supply | ;
Such processes are called | ine Is an unsteady- | Control |
P p S flow process since it | volume |
unsteady-flow, or transient-flow, involves changes | /
ProCESSes. within the control ============ :
Most unsteady-flow processes volume. CV boundary

can be represented reasonably
well by the uniform-flow process.

Uniform-flow process: The fluid CV boundary

flow at any inlet or exit is uniform

entire process. unsteady-flow
process.

and steady, and thus the fluid The shape \L
properties do not change with ) e @1 E k
time or position over the cross control | :
section of an inlet or exit. If they volume may ' Control |
do, they are averaged and change : = :
treated as constants for the during an , :
l |
|




Mass balance

My — Mgy — AI?ISYStem Am = Mgpa — My

system initial

m; —m, = (my, — m;)cy [ = inlet, ¢ = exit, | = initial state, and 2 = final state

Energy Ein o Eout — AEsystem
[N — :
Net energy transfer Change in internal, kinetic,
balance by heat, wozﬁc. and mass potgntial. etc., energies
( + W, + 2 1119) (Qout + W, + 2 1119) = (m,e, mlel)system
in out
0 = /?+ke+pe€:L£—|—ke—|—pe
A uniform-
0 v flow system
il 4 i ol
R i i may involve
| 4 electrical,
{ Closed [ Closed shaft, and
| system l boundary
I
I
3 0—W=AU | work all at
\ | once.
e I
Closed e — ————

The energy equation of a uniform-flow system
reduces to that of a closed system when all the
inlets and exits are closed.




