Chapter # 4
Control Volume Analysis
Using Energy




OBJECTIVES

Learn to distinguish between mass flow rate and volume flow rate,
steady-state and transient analysis.

Apply mass balances to control volumes.

Develop appropriate engineering models for commonly encountered
components in practice.

Apply the first law of thermodynamics to control volume.




A Closed System An Open System
(Control Mass) (Control Volume)




Mass and Volume Flow Rates

All intensive properties are uniform with position over each inlet or exit area (A)
through which matter flows

m = J pV, dA
A

m= pAV = AV where V=V,
v

The product AV is the volumetric flow rate (V).
It is expressed in units of m3/s.
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Conservation of Mass Principle

Conservation of mass: Mass, like energy, is a conserved property, and it cannot be
created or destroyed during a process.

The conservation of mass principle for a control volume:

time rate of change of time rate of flow of time rate of flow
mass contained within the | = mass 72 across — | of mass out across
control volume at time t inlet i af time t exit e at time t
dmcv — 1. —m Dashed line defines
— " out the control volume

dt

For multiple inlets and outlets:

dm, - _
dt _Zmin Zmout

in out

boundary

For steady-state control volume

Z min = Z mout
in

out

For single stream:
min — mout — p inAin\/in — p outAoutvout




Conservation of Mass Principle

For a process involving an incompressible substance,

Vin :Vout =V or pin :pout :IO
Therefore,
m n m — 7/ Am in % Aoutvout — V V

mn out

For multiple inlets and outlets:

Zminzzmout — Z . Z out
in

out n out

During a steady-flow process, volume flow rates are not necessarily conserved
although mass flow rates are always conserved.

Steady-flow process: A process Mass and energy content of the control
during which a fluid flows through = 4jume remain constant. Properties are

a control volume steadily. constant at a particular location.




Energy Balance

The law of conservation of energy for a control volume:
(steady-state)

E,-E, = dE_Jdi =0
\ J \ J
| |
Rate of net energy transfer Rate of change in internal,
by heat, work and mass kinetic, potential etc. energies
2 2

S v, \Y
Qin +Wn + min (uin + é’l + gZin) Qout out + mout (uout + ;W + gZout)

The expression for work is

Energy transfers can occur

- ! r . by heat and work
— () 7
W=W_+m(pv) .

W

Where Inlet 1

WCV = work associated with rotating shafts, i \—"/ T
displacement of the boundary, and L——-—\\ Control ~ —HE=——7ie]
electrical effects. v? orite u

(pv) = is the flow work. Required to push # ° 2

mass infout of control volume. = — ARSI,
) .. . 1e control volume boundary
Needed for maintaining a continuous

P —
flow through the control volume.




Energy Balance

V2 V2
Q + M/CV in + m (u + (pv) + zlfn + me) Qlelt CV out + mOl/tt (uout + (pv)ol/lt + ;ut + gZOMt)

| V2 2
Q +“/cv in + min (hzn + é’l + me) Qout cv out out( out ;W + gZout)
For multiple inlets and outlets:
2 V2
CV ln Z m (h + ln + ngn) QOMI CV out Z out OLtZ Sut + gZOLtt)
out
Energy balance relations with sign conventions (i.e., V. v Ake
heat input and work output are positive):
P 52 P ) ) (mls) (mls) (kJ/kg)
Q W Zmout( out 2 out in O 45 1
500 502 1

V2 _V?2
O-W = m{(hom h,,) +[ o j+ g(z,, — Z,-n)} At very high velocities,
2 even small changes in
vV —V2 velocities can cause
q—w= (hout _hm) ( OWZ j+ 8(Z = Zin) significant changes in
the fluid kinetic energy.
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Steady-flow Devices: Nozzle & Diffuser

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.

%-l_ ‘%ﬂ +¢mm (hm + m +g% % /cv out % out out OW + g%)

Vo<V, V,>V,
Pa=Py 2 | P2 <Py
: Energy balance for a nozzle =~

ﬁ'\* or diffuser: '

S

Ein — Euu[

Vi Vs
Ji?(/?l + l) = fi?(/?') I ‘)
2 i 2

. (since Q = 0, W = 0, and Ape = 0)
Diffuser

l-

Nozzle




Problem

Air, assumed as an ideal gas, is accelerated in an adiabatic nozzle with the conditions
shown in the figure. Assuming constant specific heat, determine the velocity at the exit.

System: , Air(ldeal+Const. sp. Heat), 1-in, 1-out, V,=7

2100 kPa\

P, =2100 kPa SSSF P, = 1750 kPa 2700 AIR 1750 kPa
> 370°C S 340°C

T, =370 °C adiabtic T, = 340 °C 25 nv's /

V,=25m/s m,=m,=m 1 2

Ein o Eout — Al.?ss‘ys — Eiﬂ =E

out

. : : 3 I
m(hy + 13*’12 [2)=m(hy + V_f 2y => Mh+V{ /12=hy +V5 /2

2 ay 0.5 [fg 5 ]D.ﬁ T, = 628 K
Vo=l +2(h—hy)| =W +2¢,(I1 -13) c, = 1.057 kJ/kg.K
(Table A-20)
1000m2/s2 ]
{(251115)2+2(l.05?kJ'kg-K)(3? _340K 1;1: H -[253.1m7s




Steady-flow Devices: Turbine & Compressor

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 shatt.
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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 attached
to the shaft resulting in its rotation and the
turbine produces work.

Heat transfer

1 IiJj'/Lur ine
[\ ——1o y
Turbine J Turbine l:i?—#
| \/ L\
3

%'ﬁ"“'%fz \f\

out ' : : -
mh’l — MMI + Qout + mh2

Win + I’}Th] — Qnul + ?52/?2

(since Ake = Ape = 0)

(since Ake = Ape = 0)




Steady-flow Devices: Turbine & Compressor
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Problem

Steam enters a turbine operating at steady state with a mass flow rate of 4600 kg/h.
The turbine develops a power output of 1000 kW. At the inlet, the pressure is 6 MPa,
the temperature is 400 °C, and the velocity is 10 m/s. At the exit, the pressure is 10
kPa, the quality is 90%, and the velocity is 30 m/s. Calculate the rate of heat transfer
between the turbine and surroundings, in kW.

System: . Steam, 1-in, 1-out, Q=? .

___in __out :"j ,
P, =6 MPa P, =10 kPa S, : \/ J W_, = 1000 kW
T,=400°C SSSF X, = 0.9 RSl

—> . : -

m, = 4600 kg/h m,=m;=m

V,=10m/s V, =30 m/s
. . V2 V-2
Q _W Zmout( out —2- + out) o min (hm + . + in)

out 2 in 2
_ _ V2 V2
Q—W="{(hz +72)—(h1 +71)} {(h h1)+( )}

h=31772kJ I kg ; h,=h, +x,h, =191.83+0.9(2392.8) = 2345.4 kJ / kg




Q-W = m{(h h1)+( )}

3600 2(1000)

2 102
01000 = 200 23454 -3177.2) + (2 —1Y )} {m_zki}
8

Q =1000+1.278 :(—831.8) + (0.4)]

0=-623kW

Note: For Ake=0, heat transfer would be -62.9 kW



Problem

Air enters a compressor operating at steady state at a pressure of 100 kPa, a
temperature of 290 K, and a velocity of 6 m/s through an inlet with an area of 0.1 m?.
At the exit, the pressure is 700 kPa, the temperature is 450 K, and the velocity is 2
m/s. Heat transfer from the compressor to its surroundings occurs at a rate of 180

kd/min. Employing the ideal gas model with variable specific heat, calculate the
power input to the compressor, in kW.

' W, =7
System: , Air, 1-in, 1-out, W=7 o o
___in____ __out T
P, =100 kPa P, = 700 kPa | COmMPpressor 3
T1 =290 K SSSF T2 =450 K --__:..____-.._-_-.‘."::'.‘:'::-.
A, =0.1m? g m,=m, =m e 0., =180 kJ/min
V,=6m/s V,=2mls

2

L \% \Y
Q _W — mout (hout + #M +/£out) - min (hm + éﬂ + in)

out

Q—W=m{<h2+v—;>—<h+%>} :W=Q+m[<h1—h2>+<vl—;vﬂ}




Problem

= AV AV _ 0.1(6) =0.72 kg / s
v, (RT,/P) (0.287(290)/100)

Using Tables A-22, we get
h (@290K)=290.16 kJ / kg ; h,(@450K)=451.8kJ / kg

| B 2 22 s ~ “'\,\ ?
Now, W = 180 +0.72| (290.16 —451.8) +( 6 ) R
0 2(1000) =3
_ NS Air e
W =-3+0.72[-161.64 +0.02] [ [ compressor — 15
. .-'7:'-'""':’::'::’.
=-119.4 kW __ i Q. = —180 kJ/min




Steady-flow Devices: Throttle valve

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 h, = h,
balance u, + P,v, = u, + P,v,

lu, = 94.79 ki/ke \ =889 kke |
1Py v, = 0.68 Kl/kg E P,v,=6.68 ki/kg |
(_ ((y =95.47 kikg) L f] (ny=95.47 KIikg) |

| 2
| During a throttling process, the enthalpy
The temperature of an ideal gas does of a fluid remains constant. But internal

not change during a throttling and flow energies may be converted to
(h = constant) process since h = h(T). each other.




Steady-flow Devices: Mixing Chamber

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

D nivh =) mh,

(since O = 0, W = 0, Ake = Ape = 0)

Write the energy balance for
the mixing process shown




Steady-flow Devices: Heat Exchanger

Heat exchangers are devices where two moving
fluid streams exchange heat without mixing.

Zmihi — Zmehe _,::'_?

(since O = 0, W = 0, Ake = Ape = 0)

- <

Alternative scenarios:

1. Heat loss/gain from surrounding is
taken into account

2. CVis one of the tubes (0 =Q, or Q )

Common heat exchanger names:
Boiler, Condenser, Evaporator

Cross-flow heat exchanger




Problems

A thin-walled double-pipe counter-flow heat exchanger is used to cool oil (c,,= 2.20
kJ/kg-°C) from 1350 to 40°C at a rate of 2 kg/s by water (c, ,= 4.18 kd/kg-°C) that enters

at 22°C at a rate of 1.5 kg/s. Determine the rate of heat transfer in the heat exchanger
and the exit temperature of water.

System: , Oil+Water, 1-in(each), 1-out(each), Q=7, T, =7
T,; =190 °C T, =40 °C
Tw,i =22 OC SSSF > rhw,i = r.nw,e = r.nw
rho,i = 2 kg/s adiabatic r'no,i = r'no,e = r'no Hot oil
rhw,i = 1.5 kgls 2 kgstSE] C
. . g
Taking the oil tube as the CV, L
. . Cold
Ein — Eout water _
| | — (] C 3>
mh,,=Q . +nih , (since Ake = Ape = 0) 1;;‘%“
Qout — mo (ho,i o ho,e) — nl/locp,o (T'o,i o 7-;,6) u

{ 10°C




Problems

O =2(2.2)(150 —40) =|484 kW

Now, taking the water tube as the CV,
Ein — Eout
Qin + mwhw,i — mwhw,e

Qin — mw(hw,e o hw,i) = m c (Tw,e _Tw,i)

wp,w
Tw e = Tw i + Qi i
: ’ 1 C Hot o1l
wop.W 2 kg/s1150°C
Noting that the heat lost by the oil is gained by the water, 1
e
484 -
Tw’e = 22 + — 992 C Cold
1.5(4.18) waier i
1.5 kg/s
22°¢

| 40°C




Steady-flow Devices: Pipe & Duct Flow

The transport of liquids or gases in pipes and
ducts is of great importance in many engineering
applications. Flow through a pipe or a duct usually
satisfies the steady-flow conditions.

Pipe or duct flow may involve more than one
form of work at the same time.

Heat losses from a hot fluid flowing through an
uninsulated pipe or duct to the cooler
environment may be very significant.

Qo =200W A
47 l_____/?
Energy balang_e for figure assuming ideal gas, A {
constant specific heat case } : . ——
| (Air) 18
r 3 I |
Ein — Eoul : e l : WE =12 B
. o | Py=100 kPa (|| |
. _ . | R
vve.in + }nhl - Qnut + Wlhz : 15
__________ 1B
= mc, (T, — T, . T .
{ in QOU[ P( - ]) Vi = 150 m"/min




Steady-flow Devices: System Integration

» Engineers creatively combine components to achieve some
overall objective, subject to constraints such as minimum
total cost. This engineering activity is called system
integration.

» The simple power plant '

of figure shown provides
an illustration. ” <> .

For a cycle (SSSF), ;

Ein = Eouz “““““ % --------- ‘

— Qin + Wn — Qout + ‘Alout

or Qnet,in T I I net,out




