Chapter 5

Mass and Energy Analysis of Control Volumes




Conservation of Energy for Control volumes

The conservation of mass and the conservation of energy principles for open systems or
control volumes apply to systems having mass crossing the system boundary or control
surface. In addition to the heat transfer and work crossing the system boundaries, mass
carries energy with it as it crosses the system boundaries. Thus, the mass and energy
content of the open system may change when mass enters or leaves the control volume.

ner

Control surface

Zom

Reference plane

Typical control volume or open system

Thermodynamic processes involving control volumes can be considered in two groups:
steady-flow processes and unsteady-flow processes. During a steady-flow process, the fluid

flows through the control volume steadily, experiencing no change with time at a fixed
position.
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Let’s review the concepts of mass flow rate and energy transport by mass.
One should study the development of the general conservation of mass presented in the
text. Here we present an overview of the concepts important to successful problem solving

techniques.

Mass Flow Rate

Mass flow through a cross-sectional area per unit time is called the mass flow rate; . Note
the dot over the mass symbol indicates a time rate of change. It is expressed as

= pV,dA
A

where Vis the velocity normal to the cross-sectional flow area.
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If the fluid density and velocity are constant over the flow cross-sectional area, the mass flow
rate is

—_

I/ave A

V

m=pV A=

ave

where p is the density, kg/m3 ( = 1/v), A is the cross-sectional area, m?; and I7aveis the average
fluid velocity normal to the area, m/s.

Example 5-1

Refrigerant-134a at 200 kPa, 40% quality, flows through a 1.1-cm inside diameter, d, tube
with a velocity of 50 m/s. Find the mass flow rate of the refrigerant-134a.

At P =200 kPa, x = 0.4 we determine the specific volume from
V=V, +xv,

=0.0007533+0.4(0.0999 —0.0007533)

3

= 00404m— m — I7atve‘4 — Vave ﬂ-dz
kg v v 4

~ 50m/s  =(0.011 m)’
0.0404 m’ / kg 4

=O.117k—g
s
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The fluid volume flowing through a cross-section per unit time is called the volume flow rate
. The volute flow rate is given by integrating the product of the velocity normal to the flow
area and the differential flow area over the flow area. If the velocity over the flow area is a
constant, the volume flow rate is given by (note we are dropping the “ave” subscript on the
velocity)

V=VA  (m’/s)
The mass and volume flow rate are related by
.V
m=pV =— (kg/s)

v
Example 5-2

Air at 100 kPa, 500C, flows through a pipe with a volume flow rate of 40 m3/min. Find the
mass flow rate through the pipe, in kg/s.

Assume air to be an ideal gas, so

3
v:E: 0287 kJ (50+273)K m kPa
kg-K 100kPa kJ

3

- 092704
kg
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14 40m’ / min 1min

m = — = 3
v 09270m” / kg 60s
= 0.719k—g
S

Conservation of Mass for General Control Volume

The conservation of mass principle for the open system or control volume is expressed as

Sumof rate Sumof rate Time rate change
of mass flowing — | of mass flowing =| of massinside
into control volume from control volume control volume

or
Zmin - Zmout = A’/i/lsystem (kg /s )

Steady-State, Steady-Flow Processes

Most energy conversion devices operate steadily over long periods of time. The rates of heat
transfer and work crossing the control surface are constant with time. The states of the mass
streams crossing the control surface or boundary are constant with time. Under these
conditions the mass and energy content of the control volume are constant with time.
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dm.,

dt

Steady-state, Steady-Flow Conservation of Mass:

= Aritg, =0

Since the mass of the control volume is constant with time during the steady-state, steady-
flow process, the conservation of mass principle becomes

Sumof rate Sum of rate
of mass flowing = | of mass tlowing
into control volume from control volume

or

>, =Y, (kgls)

Special Case: Steady Flow of an Incompressible Fluid
The mass flow rate is related to volume flow rate and fluid density by
m= pV

For one entrance, one exit steady flow control volume, the mass flow rates are related by
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m_=m,. (kg/s)
p in I)im = IO out Vout

P = Poy 1DCOompressible assumption

I/in - Vout
I/in Ain - Vout out

Word of caution: This result applies only to incompressible fluids. Most thermodynamic
systems deal with processes involving compressible fluids such as ideal gases, steam, and the
refrigerants for which the above relation will not apply.

Example 5-3 Geometry Effects on Fluid Flow

An incompressible liquid flows through the pipe shown in the figure. The velocity at location

2is: l - l . .
N7 B Ih g2 D)

Incompressible MZF
D
AN

Liquid ——» 2D

A

/_
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Solution:

m=pV
Z min = Z mout
Inlets Outlets
PV = pV,
V1 = Vz
Al 1= Az 2
S T D?/4 -
V2 = A_lVl = & 12 Vl
5 7D, /4
D\ 2D Y
D, D
V, =4V,

Answer: D
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Flow work and the energy of a flowing fluid

Energy flows into and from the control volume with the mass. The energy required to push
the mass into or out of the control volume is known as the flow work or flow energy.

The fluid up steam of the control surface acts as a piston to push a unit of mass into or out of
the control volume. Consider the unit of mass entering the control volume shown below.

| |

| |

i :
; |

e P |

F } |

i | CV :

L—+1 I

| |

| |

Imaginary B B S U J
piston

As the fluid upstream pushes mass across the control surface, work done on that unit of
mass is

W _FL=FL2 = py = pmv
A

/4
W = —2o = Py

ow
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The term Pv is called the flow work done on the unit of mass as it crosses the control surface.

The total energy of flowing fluid

The total energy carried by a unit of mass as it crosses the control surface is the sum of the
internal energy, flow work, potential energy, and kinetic energy.

72
9=u+Pv+7+gZ

72
=h+—+gz
) g

Here we have used the definition of enthalpy, h = u + Pv.
Energy transport by mass

Amount of energy transport across a control surface:

mass

I}z
E =m9=m(h+2+gzj (kJ)
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Rate of energy transport across a control surface:

—

2

E =ml=m h+%+gz (kW)

mass

Conservation of Energy for General Control Volume

The conservation of energy principle for the control volume or open system has the same
word definition as the first law for the closed system. Expressing the energy transfers on a
rate basis, the control volume first law is

Sum of rate Sumof rate Timerate change
of energy flowing |—| of energy flowing |=| of energyinside
mnto control volume fromcontrol volume control volume
or
Ein B Eout = AEsystem (kW)
. ~ J
Rate of net energy transfer Rate change in internal, kinetic,
by heat, work, and mass potential, etc., energies

Considering that energy flows into and from the control volume with the mass, energy enters
because net heat is transferred to the control volume, and energy leaves because the control
volume does net work on its surroundings, the open system, or control volume, the first law

becomes
-]
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: _ : _ dE
Out2, M6, ~W, =3 mb, =—=r (&I

for each mlet for each exit

where 0 is the energy per unit mass flowing into or from the control volume. The energy per
unit mass, 0, flowing across the control surface that defines the control volume is composed
of four terms: the internal energy, the kinetic energy, the potential energy, and the flow
work.

The total energy carried by a unit of mass as it crosses the control surface is
72
O=u+Pv+—+gz

2
172

=h+—+gz
2

Eiﬂ _Eosz = AEo,CV
: V2 . 2 .
Qner +Z‘n‘1f[hi + é +ngj_W;e, _Zﬁie(he + 26 +gzej = AECV
for ea::il nlet for ea\cfh exit

Where the time rate change of the energy of the control volume has been written as
AE .,
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Steady-State, Steady-Flow Processes

Most energy conversion devices operate steadily over long periods of time. The rates of heat
transfer and work crossing the control surface are constant with time. The states of the mass
streams crossing the control surface or boundary are constant with time. Under these
conditions the mass and energy content of the control volume are constant with time.

dm, .
— & =Am,., =0
dE ., :
— Y =AE., =0

Steady-state, Steady-Flow Conservation of Mass:

>, =X, (kgls)

Steady-state, steady-flow conservation of energy

Since the energy of the control volume is constant with time during the steady-state, steady-
flow process, the conservation of energy principle becomes
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Sum of rate Sum of rate

of energy flowing |=| of energy flowing
mnto control volume from control volume
or
. . / 0
Fz’n - Eoug = AEysystem (kW)
v %K_J
Rate of net energy transfer Rate change in internal, kinetic,
by heat, work, and mass potential, etc., energies
or
) in T L out
. M LY
Rate of net energy transfer Rate of energy transfer
by heat, work, and mass by heat, work, and mass
mnto the system from the system

Considering that energy flows into and from the control volume with the mass, energy enters
because heat is transferred to the control volume, and energy leaves because the control
volume does work on its surroundings, the steady-state, steady-flow first law becomes

)

2

+Zm[ +V;+gz]= )+ 0m+2m[h

for each inlet for each exit
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Often this result is written as
%

O =W, = Zm{he + 2‘3

T A
for each exit for each inlet

Qnet = Z Qin o Z Qout
Vi/net = ZVVOW —ZVVM

Steady-state, steady-flow for one entrance and one exit

Vz
+gze]—2m{hi +?'+ng]

S ks S

where

A number of thermodynamic devices such as pumps, fans, compressors, turbines, nozzles,
diffusers, and heaters operate with one entrance and one exit. The steady-state, steady-flow
conservation of mass and first law of thermodynamics for these systems reduce to

m, = m, (kg /s)
lflAl = LI772‘42
Vi V)

72 72

Q_W:m hz_hl+¥+g(zz_zl) (kW)
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where the entrance to the control volume is state 1 and the exit is state 2 and is thggmass
flow rate through the device.

When can we neglect the kinetic and potential energy terms in the first law?

Consider the kinetic and potential energies per unit mass.

V2
ke = —
2
2
For V=452  fe= 4m/5) W/Zkg . M
S 2 1000m~ / s kg
2
T =140 ke:(140m/s) lk]/zkgzzloﬁ
S 2 1000m~ / s kg
pe =gz
1k | k K
Forz=100m pe=982-100m 58— 098
S 00m” /s kg
1k | k kJ
z=1000m pe=98-21000m S _—9g>~
S 1000m"~ / s kg
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When compared to the enthalpy of steam (h = 2000 to 3000 kl/kg) and the enthalpy of air (h
~ 200 to 6000 kJ/kg), the kinetic and potential energies are often neglected.

When the kinetic and potential energies can be neglected, the conservation of energy
equation becomes

Q_W:m(hz_hl) (kW)

We often write this last result per unit mass flow as

_ _ q—w=(h,—h) (kJ / kg)
where q:gand W:._W
i 1t

Some Steady-Flow Engineering Devices

Below are some engineering devices that operate essentially as steady-state, steady-flow
control volumes.

|
\ O :I—l N |
/ . chamber

| : —
- 42@
o Compressor |
t

- ] Throttling
valve

Heat exchanger l



Nozzles and Diffusers

I/
[/
[/
[/
/
[/
/
[/
/
]
/
/

~
I — —
171 —:—— Nozzle —:—— , >V
| J
| g
-
—=" |
= |
|
/ Diffuser —L— 7 << 4

S}

~
-
/i \

!

—~
—
o~

!

1
fpe s e

For flow through nozzles, the heat transfer, work, and potential energy are normally
neglected, and nozzles have one entrance and one exit. The conservation of energy
becomes

W, =1

m out

my, =M, =m

Ein = Eom
| (e | | P2
Q”e,+2mi h + é + gz, :Wne,Jere h, + 2"’ + gz,
for each inlet for each exit
AT
m| hy+—— |=m| h, + =

_ 2 2 _




Solving for

I72 = \/2(h1 —hy) + I712
Example 5-4

Steam at 0.4 MPa, 3000C, enters an adiabatic nozzle with a low velocity and leaves at 0.2
MPa with a quality of 90%. Find the exit velocity, in m/s.

Control Volume: The nozzle

Property Relation: Steam tables

Process: Assume adiabatic, steady-flow

Conservation Principles:

Conservation of mass:

For one entrance, one exit, the conservation of mass becomes

Z min = Z mout

m, = m, = m
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Conservation of energy:

According to the sketched control volume, mass crosses the control surface, but no work or
heat transfer crosses the control surface. Neglecting the potential energies, we have

Ein: out

72 72
L hl+V—1 = 1M h2+V—2

2 2

Neglecting the inlet kinetic energy, the exit velocity is

172 = \/2(h1 —hy)

Now, we need to find the enthalpies from the steam tables.

Superheated | ' Saturated Mix.
T, =300°C  h = 3067.1k— P,=02MPa ;h,
P =0.4MPa & =090

At 0.2 MPa h;=504.7 kJ/kg and h,, = 2201.6 kJ/kg.
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hy=h,+ x,h

Jg
= 504.7 +(0.90)(2201.6) = 2486.1 kﬂ
g
> kJ 1000 m” / s°
V, = .[2(3067.1-2486.1) me
kg kJ/kg
~1078.02
S
Turbines
Control
surface
min .r N S pf/out
1 —»
mOHf
2

Turbine control volume

If we neglect the changes in kinetic and potential energies as fluid flows through an adiabatic
turbine having one entrance and one exit, the conservation of mass and the steady-state,
steady-flow first law becomes
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S

m, =
Ein:E

, =M

out

72
m,-i—Zm[h +%+gz] M+Zm (

N
for each inlet for each exit

m,h, mh+W

out

= 1i(h, — h,)

(Jl!f

Example 5-5

High pressure air at 1300 K flows into an aircraft gas turbine and undergoes a
steady-state, steady-flow, adiabatic process to the turbine exit at 660 K. Calculate
the work done per unit mass of air flowing through the turbine when

(a) Temperature-dependent data are used.
(b) C,.ve at the average temperature is used.
(c) C,at300 Kis used.
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Control Volume: The turbine.

Property Relation: Assume air is an ideal gas and use ideal gas relations.

Process: Steady-state, steady-flow, adiabatic process

Conservation Principles:

Conservation of mass:
PRI

m, =1, = n
Conservation of energy:

72
Qm+2m h+V;+gz = m+2m

v vl

for each mlet for each exit

According to the sketched control volume, mass and work cross the control surface.
Neglecting kinetic and potential energies and noting the process is adiabatic, we have
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0+ m1h1 = Vi/out + mzhz

W, =m(h —h)
The work done by the air per unit mass flow is
W
wout — ?u — hl _h2
m

Notice that the work done by a fluid flowing through a turbine is equal to the enthalpy
decrease of the fluid.

(a) Using the air tables, Table A-17
at T, =1300 K, h,=1395.97 kd/kg
at T, = 660 K, h, = 670.47 kdJ/kg

Wout - hl o h2
= (139597 -670.47) ﬂ
kg
= 725.5£
kg
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(b) Using Table A-2(c) at T, = 980K, C

p, ave
Wout = hl _h2 = Cp,ave(]-{ - 7;)

kJ
=1138 —— (1300 -660)K
kg- K

= 728.3ﬁ

kg
(c) Using Table A-2(a) at T=300 K, Cp = 1.005 kJ/kg -K
Wout = hl _hZ = Cp(]—{ o ];)
kJ
= 1.005——(1300-660)K
kg-K

= 643.2 K

= 1.138 kJ/kg-K

Compressors and fans

m

out

(]

Steady-Flow Compressor
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Compressors and fans are essentially the same devices. However, compressors operate over
larger pressure ratios than fans. If we neglect the changes in kinetic and potential energies
as fluid flows through an adiabatic compressor having one entrance and one exit, the steady-
state, steady-flow first law or the conservation of energy equation becomes

—

: . V2 : . V2
Qnet+zmi hi+7+gzi :H/f?et—i_zme he—l_ 2 +gZe
for ea;:,h inlet for eagh exit

—W,,, =1(h, —h)
_(_I/Kn) — m(hz - hl)
W, = ti(h, —hy)
Example 5-6
Nitrogen gas is compressed in a steady-state, steady-flow, adiabatic process from 0.1 MPa,

250C. During the compression process the temperature becomes 1250C. If the mass flow
rate is 0.2 kg/s, determine the work done on the nitrogen, in kW.
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Control Volume: The compressor (see the compressor sketched above)

Property Relation: Assume nitrogen is an ideal gas and use ideal gas relations

Process: Adiabatic, steady-flow

Conservation Principles:

Conservation of mass:
Z min = Z mout
m, =nm, = m
Conservation of energy:

72

0. +Zm{hf + Vé +gz,.) =W +Zn‘1€(he +— 4 gze)

for each 1nlet for each exit

172
2

According to the sketched control volume, mass and work cross the control surface.
Neglecting kinetic and potential energies and noting the process is adiabatic, we have for

one entrance and one exit 0-+7i1,(h, +0+0) = (_Wl_n) + 111, (h, + 0+ 0)

Wiﬁ = ri(h, —h,)
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The work done on the nitrogen is related to the enthalpy rise of the nitrogen as it flows
through the compressor. The work done on the nitrogen per unit mass flow is

174
_"Tin
Win - .

m

:hZ_hl

Assuming constant specific heats at 300 K from Table A-2(a), we write the work as
w,, =C, (T, = T))

= 1.039i(125—25)1<

kg- K
1039
kg
W, o=mw, = 0.2k—g[103.9ﬂJ
| | s kg

= 20.78£ =20.78 kW

A)
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Throttling devices -

X

(a) An adjustable valve

(b) A porous plug

(¢) A capillary tube

Consider fluid flowing through a one-entrance, one-exit porous plug. The fluid experiences a
pressure drop as it flows through the plug. No net work is done by the fluid. Assume the
process is adiabatic and that the kinetic and potential energies are neglected; then the
conservation of mass and energy equations become

mi = me
. 12 _ 2
) _l - — ) e o
Qnet+zmi(hi+ 2 +g"i _W;rei—l_zme he+ 2 +g“e
for ea;:{h inlet for an:'h exit
mihi - mehe
h=h
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This process is called a throttling process. What happens when an ideal gas is throttled?
h=h
h—h =0

Jc,(nar=o

or
=T

e

When throttling an ideal gas, the temperature does not change. We will see later in Chapter
11 that the throttling process is an important process in the refrigeration cycle.

A throttling device may be used to determine the enthalpy of saturated steam. The steam is
throttled from the pressure in the pipe to ambient pressure in the calorimeter. The pressure
drop is sufficient to superheat the steam in the calorimeter. Thus, the temperature and
pressure in the calorimeter will specify the enthalpy of the steam in the pipe.
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Example 5-7

One way to determine the quality of saturated steam is to throttle the steam to a low
enough pressure that it exists as a superheated vapor. Saturated steam at 0.4 MPa is
throttled to 0.1 MPa, 100°C. Determine the quality of the steam at 0.4 MPa.

Throttling orifice

/

{ —» 2

Control
Surface

Control Volume: The throttle

Property Relation: The steam tables

Process: Steady-state, steady-flow, no work, no heat transfer, neglect kineticand  potential
energies, one entrance, one exit

Conservation Principles:

. m. =Y m
Conservation of mass: Z in Z out
m, =11, = n
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Conservation of energy:
Em - Eom
2

. 1% . y?
Qnet—i_zmi[hi—'_ é +gzi]:anef+zme(he+ 23 +gzej

V . V .
for each let for each exit

According to the sketched control volume, mass crosses the control surface. Neglecting
kinetic and potential energies and noting the process is adiabatic with no work, we have for
one entrance and one exit

0+, (h, +0+0)=0+17,(h, +0+0)

mlhl — mzhz
h, =h,
T, =100°
: =100°C h, =2675.8%
P, =0.1MPa kg
Therefore,

kJ

h =h, =2675.8—

kg

- (hf + xlhfg )@131:0.4MPa
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Xl = h
Jg
~ 2675.8-604.66
21334
=0.971

Mixing chambers

The mixing of two fluids occurs frequently in engineering applications. The section where
the mixing process takes place is called a mixing chamber. The ordinary shower is an

example of a mixing chamber.

— Cold
water

Hot T-elbow

water
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Example 5-8

Steam at 0.2 MPa, 3000C, enters a mixing chamber and is mixed with cold water at 200C, 0.2
MPa, to produce 20 kg/s of saturated liquid water at 0.2 MPa. What are the required steam
and cold water flow rates?

Steam 1 —15
: . Saturated water 3
Mixing

chamber

> Control

surface

Cold water 2

Control Volume: The mixing chamber

Property Relation: Steam tables

Process: Assume steady-flow, adiabatic mixing, with no work

Conservation Principles:

Conservation of mass:

Zmin = Zmout
m, +m, = m,

m, = m, —m,
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Conservation of energy:

Ein — Eonr

72
D Y LR R YA TR

v
for each mlet for each exit

J

According to the sketched control volume, mass crosses the control surface. Neglecting
kinetic and potential energies and noting the process is adiabatic with no work, we have for
two entrances and one exit

I’ifllh1 + m2h2 = 77'13h3
mlhl + (m3 - ml)hZ — m3h3
n'il(h —h ) = 11'13(}1 —hz)

: (h —h,))
m, = my ————
(h —h,)
Now, we use the steam tables to find the enthalpies:
T =300°C
: h, _3072.1%
P =0.2MPa kg
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T, =20°C
: hy~h, . _g3.91%
P, =0.2 MPa J@0c kg
P, =02 MPa J
—h = 504.7-=

Sat. liquid } P @odb kg
: . (h,—h
i, :m3( s —hy)

(h1 _hz)

_ kg (504.7-83.90k/ / kg
s (3072.1-83.91)kJ / ke

= (20-2.82) ke
S

:17.18k—g
s
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Heat exchangers

Heat exchangers are normally well-insulated devices that allow energy exchange between
hot and cold fluids without mixing the fluids. The pumps, fans, and blowers causing the
fluids to flow across the control surfara ara narmallv laratad gutside the control surface.

70°C
Heat &
o Fluid A
50°C -— - 20°C
‘ Heat _

)

35°C
Fhﬁ\d B CV boundary FIUi\d B CV boundary
. _% ﬂ
| |
| |
<—:— JI'— Fluid A ‘—'l- Heat +— Fluid A
T T
[ Heat :
DRSS o ) \
(a) System: Entire heatl (a) System: Fluid A (Qcy # 0)

exchanger (Ocy = 0)
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Example 5-9

Air is heated in a heat exchanger by hot water. The water enters the heat exchanger at 450C
and experiences a 200C drop in temperature. As the air passes through the heat exchanger,
its temperature is increased by 250C. Determine the ratio of mass flow rate of the air to
mass flow rate of the water.

—

1
Water inlet

Control
surface

— 2
Water exit

Air exit

Control Volume: The heat exchanger

Property Relation: Air: ideal gas relations
Water: steam tables or incompressible liquid results

Process: Assume adiabatic, steady-flow
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Conservation Principles:

Conservation of mass:
O(steady)

m. —m = Xm (kg/S)

n out System

For two entrances, two exits, the conservation of mass becomes

m,, = mout

124]

+m +I’I’l

azr 1 azr 2

For two fluid streams that exchange energy but do not mix, it is better to conserve the mass
for the fluid streams separately.

air,1 — ""Yair,2 mair

Conservation of energy:

According to the sketched control volume, mass crosses the control surface, but no work or
heat transfer crosses the control surface. Neglecting the kinetic and potential energies, we
have for steady-flo
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O(steady)

\Ein B Eoutj = AEﬁ'system (kW)
v %f_J
Rate of net energy transfer ~ Rate change in internal, kinetic,
by heat, work, and mass potential, etc., energies
E =E
mair lhair 1 + mw,lhw — mazr 2hazr,2 + mw,Zhw,2

azr (hazr,l _ hair,2) — m (hw 2 hw,l)

mair ( w2 wl)

m. (h

w air,1 air,Z)

We assume that the air has constant specific heats at 300 K, Table A-2(a) (we don't know the
actual temperatures, just the temperature difference). Because we know the initial and final
temperatures for the water, we can use either the incompressible fluid result or the steam
tables for its properties.

Using the incompressible fluid approach for the water, Table A-3,
Cp, w=4.18 ki/kg-K.
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mair . Cp,w(Tw,2 _Tw,l)

mw Cp,air (Tair,l _ air,2)

418 (L20k)
3 kg -K
1005 (25k)
kgair K
~33388 18
kg |s

A second solution to this problem is obtained by determining the heat transfer rate from the
hot water and noting that this is the heat transfer rate to the air. Considering each fluid
separately for steady-flow, one entrance, and one exit, and neglecting the kinetic and
potential energies, the first law, or conservation of energy, equations become

Ein — Eout
air . mair,lha,-r,l + Qin,air = mair,Zhair,Z

water . mw,lhw,l — Qout,w + mw,Zhw,Z
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Pipe and duct flow

The flow of fluids through pipes and ducts is often a steady-state, steady-flow process. We
normally neglect the kinetic and potential energies; however, depending on the flow
situation, the work and heat transfer may or may not be zero.

Example 5-10
In a simple steam power plant, steam leaves a boiler at 3 MPa, 6000C, and enters a turbine

at 2 MPa, 5000C. Determine the in-line heat transfer from the steam per kilogram mass
flowing in the pipe between the boiler and the turbine.

Qout Steam to
- turbine
1 - 5 / — 5 2
Steam from ¥
i T~ Control
boiler

surface

Control Volume: Pipe section in which the heat loss occurs.

Property Relation: Steam tables

Process: Steady-flow
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Conservation of mass:
O(steady)

min B mout = Msystem (kg /s )
For one entrance, one exit, the conservation of mass becomes
m,, =m,,
m,=m,=m
Conservation of energy:
According to the sketched control volume, heat transfer and mass cross the control surface,

but no work crosses the control surface. Neglecting the kinetic and potential energies, we
have for steady-flow

O(steady)
?in o EouE = system (kW)
g %/_J
Rate of net energy transfer ~ Rate change in internal, kinetic,
by heat, work, and mass potential, etc., energies

We determine the heat transfer rate per unit mass of flowing steam as: m1h1 = m2h2 + Q'Om
Qout — m(hl _h2)

Qout hl _ h2

qout — . —
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We use the steam tables to determine the enthalpies at the two states as

1y =600 C} B =3682.8%
P =3MPa kg
= SOOOC} h, = 34683
P, =2 MPa kg
qout - hl o h2
kJ
= (3682.8 —3468.3) —
kg
= 214.5£
kg

Example 5-11

Air at 1000C, 0.15 MPa, 40 m/s, flows through a converging duct with a mass flow rate of 0.2
kg/s. The air leaves the duct at 0.1 MPa, 113.6 m/s. The exit-to-inlet duct area ratio is 0.5.
Find the required rate of heat transfer to the air when no work is done by the air.

DR. HADI ALI MADKHALI 45



— L __ Airexit
1 ¥ — 2

Air inlet -
- Control
- surface

Control Volume: The converging duct

Property Relation: Assume air is an ideal gas and use ideal gas relations

Process: Steady-flow

Conservation Principles:

Conservation of mass: O(steady)
min - mout = A%.'/lsystem (kg / N )
For one entrance, one EXit, the conservation of mass becomes
mz’n = mout

m,=m, =m
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Conservation of energy:

According to the sketched control volume, heat transfer and mass cross the control surface,
but no work crosses the control surface. Here keep the kinetic energy and still neglect the
potential energies, we have for steady-state, steady-flow process

O(steady)

Ein Eout - Aﬁsystem (kW)
. ~ J
Rate of net energy transfer ~ Rate change in internal, kinetic,
by heat, work, and mass potential, etc., energies
—am —n
_ V. - _ Vy
ml{kI +——|+0, =m,| h, +—=
2 f i 2

32 72
Qn = ”{(hz _'3?1)4‘%}

In the first law equation, the following are known: P,, T, (and h,), 171 ,172 ,m,and A,/A,. The

unknowns areQ,,, and h, (or T,). We use the first law and the conservation of mass equation
to solve for the two unknowns.
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_VlAl = _VzAz
Vi V)
- P - P
V1A1 — = 2Az .
RT RT,
Solving for T, _
r_rBAT:
1 Al 1
—(100+273) 0.1 MPa ([}.5) 113.6m/s
015 MPa | A40m/ s |

=3531K o
Assuming C, = constant, h, - h; = C(T, - T;) 0, = ;j?{cp(}"z —T,)+-2 ;Vl J

_o27 (1.005‘{7—J(353.1 ~373)K
S kg-K
s (113.6* =40 m* /s> kJ kg
2 1000m° / s°
_ 287 og7mw
A
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Looks like we made the wrong assumption for the direction of the heat transfer. The heat is
really leaving the flow duct. (What type of device is this anyway?)

O =-0 =28TkW

Liquid pumps
Fluid exit F
2 Y
Pump
W Az
Fluid inlet

1 — 1
Ligumid flow through a pump

The work required when pumping an incompressible liquid in an adiabatic steady-state,
steady-flow process is given by

— —

2 2

O-W = H’;{hl —h, + £ ;Vl +g(z, - :I)} (kW)

The enthalpy difference can be written as

hy—h, =u,—u)+ (Pv),—(Pv),
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For incompressible liquids we assume that the density and specific volume are constant. The
pumping process for an incompressible liquid is essentially isothermal, and the internal
energy change is approximately zero (we will see this more clearly after introducing the
second law). Thus, the enthalpy difference reduces to the difference in the pressure-specific
volume products. Since v, = v, = v the work input to the pump becomes

72

—W =m| v(P,— B) +

+g(z,—z;) (kW)

)

Wis the net work done by the control volume, and it is noted that work is input to the pump;
If we neglect the changes in kinetic and potential energies, the pump work becomes
y=mv(PB,—B) (kW)

in. pump = M V(D = 1)

We use this result to calculate the work supplied to boiler feedwater pumps in steam power
plants.

—(-W,

in, pump

If we apply the above energy balance to a pipe section that has no pump (7 = (), we obtain.
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1;2—1;2
—W=m[v<Pz R)+ = +g<zz—zl)} (kW)
172—172

0=m{v(1’2 B)+- 5 —+g(z, Zl)}

1
V=—

o,

72 72
BV, B,
p 2g p 2g

This last equation is the famous Bernoulli’s equation for frictionless, incompressible fluid
flow through a pipe.

Uniform-State, Uniform-Flow Problems

During unsteady energy transfer to or from open systems or control volumes, the system
may have a change in the stored energy and mass. Several unsteady thermodynamic

problems may be treated as uniform-state, uniform-flow problems. The assumptions for
uniform-state, uniform-flow are
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*The process takes place over a specified time period.

*The state of the mass within the control volume is uniform at any instant of time but
may vary with time.

*The state of mass crossing the control surface is uniform and steady. The mass flow
may be different at different control surface locations.

To find the amount of mass crossing the control surface at a given location, we integrate the
mass flow rate over the time period.

¢ t
Inlets: m, = me dt  Exits: m, = Lme dt

The change in mass of the control volume in the time period is

rdU
(myuty, —myat,) oy = L —

The uniform-state, uniform-flow conservation of mass becomes

Zmi _Zme = (m, —m) ¢,

The change in internal energy for the control volume during the time period is

Q=J:er and W= J:Wdf

dt

v
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The energy crossing the control surface with the mass in the time period is

—

2

(T
Zmﬁj:_[nmj hj-l—?-l—gzj dt
where

j =i, for inlets
e, for exits

The first law for uniform-state, uniform-flow becomes
E —E _=AE

auit Cl
2
Q_WZIHQ[ , Ve ] Zm[

When the kinetic and potential energy changes associated with the control volume
and the fluid streams are negligible, it simplifies to

O-W = nghﬂ _sths +(myu, — mlul)ﬂ, (kJ)

] +(mye, —mye,) -
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Example 5-12

Consider an evacuated, insulated, rigid tank connected through a closed valve to a high-
pressure line. The valve is opened and the tank is filled with the fluid in the line. If the fluid
is an ideal gas, determine the final temperature in the tank when the tank pressure equals
that of the line.

— Supply line —

l |
l |
: Control :
: volume |
| /J|
| |
CV boundary

Control Volume: The tank

Property Relation: Ideal gas relations

Process: Assume uniform-state, uniform-flow
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Conservation Principles:

Conservation of mass:
Zmi _Zme =(m, —m,) ¢y

Or, for one entrance, no exit, and initial mass of zero, this becomes
m, = (m,) ¢y

Conservation of energy:

For an insulated tank Q is zero and for a rigid tank with no shaft work W is zero. For a one-
inlet mass stream and no-exit mass stream and neglecting changes in kinetic and potential
energies, the uniform-state, uniform-flow conservation of energy reduces to

O-W= Zmehe _meh:— 4—(1*1123,4!2 —mlul)cy (kJ)

0=—mh +(mu,).,

or mh, = (myu,) ¢,

hi = U,
u, + Pv, =u,
u, —u, = Pv,

C,(T,-T)= Py,
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C,(T,~T)=RT,

If the fluid is air, k = 1.4 and the absolute temperature in the tank at the final state is 40
percent higher than the fluid absolute temperature in the supply line. The internal energy in
the full tank differs from the internal energy of the supply line by the amount of flow work
done to push the fluid from the line into the tank.

Extra Assighment

Rework the above problem for a 10 m3 tank initially open to the atmosphere at 25C° and
being filled from an air supply line at 90 psig, 25 C?, until the pressure inside the tank is 70

psig.
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