Open System

(Control Volume}
EXAMPLES



Steam at 0.4 MPa, 300 °C, .#1
enters an adiabatic nozzle with
a low velocity and leaves at
0.2MPa with a quality of 90%.

.Find the exit velocity, in m/s






Air at 10°C and 80 kpa enters the diffuser of a
jet engine steadily with a velocity of 200 m/s.
The inlet area of the diffuser is 0.4 m2. The
air leaves the diffuser with a velocity that is
very small compared to the inlet velocity.

Determine

(1) The mass flow rate of the air and
(2) The temperature of the air leaving
the diffuser.



Solution Air enters the diffuser of a jet engine steadily at a specified veloc-
ity. The mass flow rate of air and the temperature at the diffuser exit are to
be determined.

Assumptions 1 This is a steady-flow process since there is no change with
time at any point and thus Ampy = 0 and AEy = 0. 2 Air is an ideal gas
since it is at a high temperature and low pressure relative to its critical-point
values. 3 The potential energy change is zero, Ape = 0. 4 Heat transfer is
negligible. 5 Kinetic energy at the diffuser exit is negligible. 6 There are no
work interactions.

Analysis We take the diffuser as the system (Fig. 5-26). This is a control
volume since mass crosses the system boundary during the process. We
observe that there is only one inlet and one exit and thus iy, = m, = m.

(a) To determine the mass flow rate, we need to find the specific volume
of the air first. This is determined from the ideal-gas relation at the inlet
conditions:

RT, 0.287 kPa-m'/kg-K)(283 K)

= 1.015 m’/k
P, 80 kPa s

||.-"']=

Then,

o
— VA, = :
= T T o5 m

200 m/s) (0.4 m*) = 78.8 kg/s
g (200 m/5) (04 m?) /s
Since the flow is steady, the mass flow rate through the entire diffuser remains

constant at this value.

(b) Under stated assumptions and observations, the energy balance for this
steady-flow system can be expressed in the rate form as



0 (steady)

Ein T Enut = dEsyst:deIf) =0
= 5 - "l
Rate of net energy transfer Rate of change in internal. kinetic,
by heat, work, and mass poiential, eic., energies
Ein - E||:r|.1t
. Vi . V3 o :
m h|+T = m hg+T (since @ = 0, W = 0, and Ape = 0)
h =y — L2
2 — ' 2

The exit velocity of a diffuser is usually small compared with the inlet
velocity (V> <= Vp); thus, the kinetic energy at the exit can be neglected.
The enthalpy of air at the diffuser inlet is determined from the air table
(Table A-17) to be

h] = .h @ IRIK 283.14 k].l'rkg
Substituting, we get

h, = 283.14 kl/kg —

0 — (200 m.-'s)z( 1 kl/kg )
2 1000 m?/s

= 303.14 kl/kg
From Table A-17, the temperature corresponding to this enthalpy value is
T. =303 K

Discussion This result shows that the temperature of the air increases by
about 20°C as it is slowed down in the diffuser. The temperature rise of the

air is mainly due to the conversion of kinetic energy to internal energy.



Steam at 1.8Mpa and 350°C steadily enters a nozzle
whose inlet area is 0.02 m2. The mass flow rate of the
steam through the nozzle is 5.2 kg/s. Steam leaves the
nozzle at 1.2Mpa with a velocity of 300m/s. The heat
losses from the nozzle per unit mass of the steam are
estimated to be 2.8 K)/kg.

Determine:

(a) the inlet velocity and

(b) the exit temperature of the steam.

Answers: a) 40 m/s,
b) °C ;
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The power output of an adiabatic
steam turbine is 5 MW, and the
inlet and the exit conditions of
the steam are as indicated in the
figure on the right.

a) Compare the magnitude of Ah,
Ake, and Ape.

b) Determine the work done per
unit mass of the steam flowing
through the turbine.

c) Calculate the mass flow rate of
the steam.

Answers: a) Ah = -885.9 kj/kg,

Ake = 14.95 kJ/kg, Ape = -0.04
kj/kg,

Py=2 MPa
T, =400°C

V=50 m/s
z1=10m

I

I

STEAM :
TURBINE |
I

I

I

I

=5 MW

V=180 my/s
Z;=6m



Solution The inlet and exit conditions of a steam turbine and its power
output are given. The changes in Kkinetic energy, potential energy, and
enthalpy of steam, as well as the work done per unit mass and the mass flow

rate of steam are to be determined.
Assumptions 1 This is a steady-flow process since there is no change with

time at any point and thus Am., = 0 and AE,, = 0. 2 The system is adia-
batic and thus there is no heat transfer.

Analysis We take the turbine as the system. This is a confrol volume since
mass crosses the system boundary during the process. We observe that there
is only one inlet and one exit and thus m, = m, = m. Also, work is done by
the system. The inlet and exit velocities and elevations are given, and thus
the kinetic and potential energies are to be considered.

(a) At the inlet, steam is in a superheated vapor state, and its enthalpy is
P, =2 MPa
T, = 400°C

At the turbine exit, we obviously have a saturated liquid—vapor mixture at
15-kPa pressure. The enthalpy at this state is

h, = f.if+ xzfzfg = [225.94 + (0.9)(2372.3)] kJ/kg = 2361.01 kl/kg
Then
Ah = hy, — hy = (2361.01 — 3248.4) kJ/kg = —887.39 k] kg

} h, = 3248.4 kl/kg (Table A—6)



Vi— Vi 180 m/s)* — (50 m/s)? 1kJ/k
Ake — 7 1=|[ f) [ r‘(} ( !{,,g;.)=l4.‘l'5k,l;’kg
2 2 1000 m~/s~
Ape = = (9.81 m/s*)[(6 — 10 ( L kl/ke )— 0.04 kJ/k
pe = g(z2 = 1) = O31my)[(6 — 10) m]{ J5o=s ) = —0.04 kg

(b) The energy balance for this steady-flow system can be expressed in the
rate form as

0 (steady)

Ein - Enut - dEsyslcm;"}{ﬂ =0
Rate of net energy transfer Rate of change in internal, kinetic,
by heat, work, and mass potential, etc., energies

E,=E

1 ot
. Vi - . Vi o
m| hy + = + 82y | = Wou t it Iy + -+ g1y (since Q = 0)

—

Dividing by the mass flow rate m and substituting, the work done by the turbine
per unit mass of the steam is determined to be

2 2

Vi—V
Wy = _|:(.Ii:-iz —hy) + %‘—F g(z, — E])} = — (Ah + Ake + Ape)

—

= —[—887.30 + 14.95 — 0.04] kJ/kg = 872.48 k] /kg

11



(c) The required mass flow rate for a 5-MW power output is

Wo 5000 kJ/s
Wou 87248 kl/kg

Discussion Two observations can be made from these results. First, the
change in potential energy is insignificant in comparison to the changes in
enthalpy and kinetic energy. This is typical for most engineering devices.
Second, as a result of low pressure and thus high specific volume, the steam
velocity at the turbine exit can be very high. Yet the change in Kinetic energy
is a small fraction of the change in enthalpy (less than 2 percent in our
case) and is therefore often neglected.

m = = 5.73 kg/s

12



In a single-flash geothermal power plant, geothermal .#5
water enters the flash chamber (a throttling valve) at
230°C as

a saturated liquid at a rate of 50 kg/s. The steam
resulting from

the flashing process enters a turbine and leaves at 20kPa
with

a moisture content of 5 percent. Determine 1) the

- Separato
Flash "'!IL["' ACAiar

temperature of 1 chamber
. - | Steam
the steam after .~ 2 3L wbine | g jj) the power
sat. lig.
output from ] 420 kPa
x =10.95

the turbine if th Liquid at the exit of the
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In steam power plants, open feed-water heaters are .#6
frequently utilized to heat the feed-water by mixing it
with steam bled off the turbine at some intermediate
stage. Consider an open feed-water heater that
operates at a pressure of 1000kPa. Feed-water at 50°C
and 1000kPa is to be heated with superheated steam at
200°C and 1000kPa. In an ideal feed-water heater, the
mixture leaves the heater as saturated liquid at the

feed-water pressure. Determine the ratio of the mass

-
P

flow rates of the fee S

' -_H:() Sat.
for thIS case 2 -:P_z_l{}lltlk}‘u:- liquid

superheated vapor

16
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Example: Cooling of Refrigerant-134a by
Water

Refrigerant-134a is to be cooled
by water in a condenser. The i
refrigerant enters the )ll
condenser with a mass flow L( b @
rate of 6 kg/min at 1 MPa and b et
70°C and leaves at 34°C. The
cooling water enters at 300 kPa . cvin

and 15°C and leaves at 25°C. L
Neglecting any pressure drop, —* s

determine L____]iiai__ﬁ_il
}
(a) the mass flow rate of the
cooling water required and (b) s A
the heat transfer rate from the [
refrigerant to water. o Tl T T
—|\+

(b) System: Fluid A (Qy 2 0)

18



Solution Refrigerant-134a is cooled by water in a condenser. The mass flow
rate of the cooling water and the rate of heat transfer from the refrigerant to

the water are to be determined.
Assumptions 1 This is a steady-flow process since there is no change with

time at any point and thus Am., = 0 and AE,, = 0. 2 The kinetic and
potential energies are negligible, ke = pe = 0. 3 Heat losses from the system
are negligible and thus Q = 0. 4 There is no work interaction.

Analysis We take the entire heat exchanger as the system (Fig. 5-37). This
is a control volume since mass crosses the system boundary during the
process. In general, there are several possibilities for selecting the control
volume for multiple-stream steady-flow devices, and the proper choice
depends on the situation at hand. We observe that there are two fluid
streams (and thus two inlets and two exits) but no mixing.

(8) Under the stated assumptions and observations, the mass and energy
balances for this steady-flow system can be expressed in the rate form as
follows:

Mass balance: M., = Mg,
for each fluid stream since there is no mixing. Thus,
}’:FI| = f‘iig = Fﬁw

fh3=i’ﬁ4=mﬂ

) , 0 (steady)
Energy balance: E,, — E_, = Tl om—l =0
'\'\—H—l' i,
Rate of net enerpy transfer Rate of change i internal, kinetic,
by heat, work, and mass potential, etc., energies

Ein - Euut

19



mh, + mshy = myh, + myh, (since Q@ = 0, W = 0, ke = pe = 0)
Combining the mass and energy balances and rearranging give
m,(hy — hy) = mp(hy — hy)

Now we need to determine the enthalpies at all four states. Water exists as a
compressed liquid at both the inlet and the exit since the temperatures at
both locations are below the saturation temperature of water at 300 kPa
(133.52°C). Approximating the compressed liquid as a saturated liguid at
the given temperatures, we have

hy = g 150c = 62.982 kl/kg
(Table A—4)
f, = .Ii-'_lr'@ 5o = 104.83 l(.].l‘rl(g

The refrigerant enters the condenser as a superheated vapor and leaves as a
compressed liquid at 35°C. From refrigerant-134a tables,

P; = 1 MP:
3 "} hy = 303.85kl/kg  (Table A-13)
T; = 70°C

P,=1MPa

hy = he 200 = 100.87 kJ/k Table A-11
T, = 35°C } 4 = Npg s g ( )

20



substituting, we find
m,, (62.982 — 104.83) kl/kg = (6 kg/min)[({100.87 — 303.85) kl/kg]
i, = 29.1 kg/min

(b) To determine the heat transfer from the refrigerant to the water, we have
to choose a control volume whose boundary lies on the path of heat transfer.
We can choose the volume occupied by either fluid as our control volume.
For no particular reason, we choose the volume occupied by the water. All
the assumptions stated earlier apply, except that the heat transfer is no
longer zero. Then assuming heat to be transferred to water, the energy bal-
ance for this single-stream steady-flow system reduces to
0 (steady)

Bp— B =  dEggg/dt” =0
Rale of net energy transfer Raie of change in internal, kinefic,
by heat, work. and mass pofeniial. elc., energies

| E, = E,,
Qv in + myhyy = mhy
Rearranging and substituting,
Qo = Mmy(hy — hy) = (29.1 kg/min)[(104.83 — 62.982) kl/kg]
= 1218 KJ/min

Discussion Had we chosen the volume occupied by the refrigerant as the
control volume (Fig. 5-38), we would have obtained the same result for Qg g 21
since the heat gained by the water is equal to the heat lost by the refrigerant.



An adiabatic air compressor is to be .#8
powered by a direct-coupled adiabatic steam
turbine that is also driving a generator.
Steam enters the turbine at 12.5MPa and
500°C at a rate of 25 kg/s and exits at 10kPa
and a quality of 0.92. Air enters the
compressor at 98kPa and 295 K at a rate of

1 MPa 12.5 MPa

10 kg/s and exits at 1MPa ar e
2 Air Steam
Determine the net power de| cm e

.generator by the turbine 98 kP
205K

10 kPa
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