Example 1 heating Ammonia at Constant pressure

A vertical piston—cylinder assembly containing 0.1 Ib of ammo-
nia, initially a saturated vapor, is placed on a hot plate. Due to the
weight of the piston and the surrounding atmospheric pressure,
the pressure of the ammonia is 20 1bf/in.2 Heating occurs slowly,
and the ammonia expands at constant pressure until the final tem-
perature is 77°F. Show the initial and final states on 7-v and p—v
diagrams, and determine

a. the volume occupied by the ammonia at each end state, in ft’.

b. the work for the process, in Btu.

Solution

Known Ammonia is heated at constant pressure in a vertical
piston—cylinder assembly from the saturated vapor state to a
known final temperature.

Find Show the initial and final states on T-v and p—v diagrams,
and determine the volume at each end state and the work for the
process.

Schematic and Given Data:

T

T1°F

-16.63°F —
/l NG

20 Ibf/in.2




Hot plate

Engineering Model

1. The ammonia is a closed system.

2. States 1 and 2 are equilibrium states.

3. The process occurs at constant pressure.

4. The piston is the only work mode.
Analysis The initial state is a saturated vapor condition at 20 Ibffin.2
Since the process occurs at constant pressure, the final state is in
the superheated vapor region and is fixed by p, = 20 Ibf/in.” and
T, = 77°F. The initial and final states are shown on the T—v and
p-U diagrams above.

a. The volumes occupied by the ammonia at states 1 and 2 are ob-
tained using the given mass and the respective specific volumes.
From Table A-15E at p, = 20 Ibffin.%, and corresponding to Sat.
in the temperature column, we get v, = v, = 13.497 ft'/lb. Thus,

V, = my; = (0.11b)(13.497 ft*/1b)
=135 ft°

Interpolating in Table A-15E at p, =20 Ibffin.? and T, = 77°F, we
get U, = 16.7 ft'/lb. Thus,

Vo = mu, = (0.1 1b)(16.7 ft¥/1b) = 1.67 ft’

b. In this case, the work can be evaluated using Eq. 2.17. Since
the pressure is constant

W—-'2 dv=p(V,-V)
v P (V. =V
Il'lSEl'til'lg values

144 in2
1 fi?

1 Btu

W = (20 1bf/in2)(1.67 - 1.35)f° —_—
o ( X ) 778 ft - Ibf

=1.18 Btu

€) Note the use of conversion factors in this calculation.



Interpolating in Table A-15E at p, =20 Ibffin.2 and T, = 77°F, we
get U, = 16.7 ft'/b. Thus,

V= mu, = (0.1 1b)(16.7 ft¥/Ib) = 1.67 ft*

b. In this case, the work can be evaluated using Eq. 2.17. Since
the pressure is constant

V2
W= ["pdv=pv,-V)
Inserting values

144 in?
1

1 Btu
778 ft - Ibf

© W =(201bf/in?)(1.67 — 1351’

=1.18 Btu

€ Note the use of conversion factors in this calculation.

Example 2 heating Water at Constant Volume

A closed, rigid container of volume 0.5 m® is placed on a hot
plate. Initially, the container holds a two-phase mixture of sat-
urated liquid water and saturated water vapor at p, = 1 bar with
a quality of 0.5. After heating, the pressure in the container is
p2= 1.5 bar. Indicate the initial and final states on a T-v diagram,
and determine

a. the temperature, in °C, at states 1 and 2.
b. the mass of vapor present at states 1 and 2, in kg.

c. If heating continues, determine the pressure, in bar, when the
container holds only saturated vapor.

Solution

Known A two-phase liquid—vapor mixture of water in a closed,
rigid container is heated on a hot plate. The initial pressure and
quality and the final pressure are known.

Find Indicate the initial and final states on a 7-v diagram and
determine at each state the temperature and the mass of water
vapor present. Also, if heating continues, determine the pressure
when the container holds only saturated vapor.



Schematic and Given Data:

P = 1 bar

X = 0.5

Py = 1.5 bar

x3=1.0 0.5 m?

Hot plate

T /\/
:
[ N\
:
1 YN
v
Engineering Model

1. The water in the container is a closed system.
2. States 1, 2, and 3 are equilibrium states.

3. The volume of the container remains constant.

Analysis Two independent properties are required to fix states 1
and 2. At the initial state, the pressure and quality are known. As
these are independent, the state is fixed. State 1 is shown on the
T-v diagram in the two-phase region. The specific volume at state
1 is found using the given quality and Eq. 3.2. That is,

U = gy + X (Vg — Upy)

From Table A-3 at p; = 1 bar, vy = 1.0432 % 107 m3/kg and vy =
1.694 m*/kg. Thus,

v = 1.0432 x 107 + 0.5(1.694 — 1.0432 % 107) = 0.8475 m*/kg

At state 2, the pressure is known. The other property required
to fix the state is the specific volume v,. Volume and mass are
each constant, so v, = v, = 0.8475 msfkg. For p, = 1.5 bar, Table
A-3 gives vy = 1.0582 x 107 m*/kg and Vg =1.59 m*/kg. Since

(1) Ur < 0y < U

e state 2 must be in the two-phase region as well. State 2 is also
shown on the T—v diagram above.



a. Since states 1 and 2 are in the two-phase liquid—vapor region,
the temperatures correspond to the saturation temperatures
for the given pressures. Table A-3 gives

T = 99.63°C and T, = 111.4°C

b. To find the mass of water vapor present, we first use the vol-
ume and the specific volume to find the total mass, m. That is,

3
m=Y o 09M 5ok

v 0.8475 m¥ke

Then, with Eq. 3.1 and the given value of quality, the mass of
vapor at state 1 is

mg =xm = 0.5(0.59 kg) = 0.295 kg

The mass of vapor at state 2 is found similarly using the quality x,.
To determine x,, solve Eq. 3.2 for quality and insert specific vol-
ume data from Table A-3 at a pressure of 1.5 bar, along with the
known value of v, as follows
X, = V— Vg
Vg2 — Vg2
_ 0.8475-1.0528 x 10
1.159 - 1.0528 x 10

Then, with Eq. 3.1

=0.731

mg = 0.731(0.59 kg) = 0.431 kg

c. If heating continued, state 3 would be on the saturated vapor
line, as shown on the T—v diagram of Fig. E3.2. Thus, the
pressure would be the corresponding saturation pressure.
Interpolating in Table A-3 at v, =0.8475 m’/kg, we get py =
2.11 bar.

€ The procedure for fixing state 2 is the same as illustrated in the
discussion of Fig. 3.8.

€ Since the process occurs at constant specific volume, the
states lie along a vertical line.

SKILLS DEVELOPED

Ability to...

e define a closed system and identify interactions on its boundary.
e sketch a T-v diagram and locate states on it.

e retrieve property data for water at liquid—vapor states, using
quality.

Quick Quiz
If heating continues at constant specific volume from state 3 to

a state where pressure is 3 bar, determine the temperature at
that state, in °C. Ans. 282°C

Example 3 Stirring Water at Constant Volume



A well-insulated rigid tank having a volume of 10 ft* contains sat-
urated water vapor at 212°F. The water is rapidly stirred until the
pressure is 20 1bf/in.” Determine the temperature at the final state,
in °F, and the work during the process, in Btu.

Solution
Known By rapid stirring, water vapor in a well-insulated rigid

tank is brought from the saturated vapor state at 212°F to a pres-
sure of 20 Ibf/in.?

Find Determine the temperature at the final state and the work.

Schematic and Given Data:

g
g
(@ =)
<P

Engineering Model

1. The water is a closed system.

2. The initial and final states are at equilibrium. There is no net
change in kinetic or potential energy.

3. There is no heat transfer with the surroundings.

4. The tank volume remains constant.

Analysis To determine the final equilibrium state, the values of
two independent intensive properties are required. One of these is
pressure, p, =20 1bffin.%, and the other is the specific volume: v, =v,.
The initial and final specific volumes are equal because the total
mass and total volume are unchanged in the process. The initial and
final states are located on the accompanying 7-v and p—v diagrams.

From Table A-2E, v, = 1,(212°F) = 26.80 ft*b, u, =
u,(212°F) = 1077.6 Bu/lb. By using v, = v; and interpolating in
Table A-4E at p, = 20 Ibf/in.

T, = 445°F,  u,=1161.6 Btu/lb

Next, with assumptions 2 and 3 an energy balance for the
system reduces to

0 0 0
AU+ AKE+ APE =@ - W
On rearrangement
W=—U, -U) =-mu; — up)

To evaluate W requires the system mass. This can be determined
from the volume and specific volume

3
m=" = _10% =03731b
vy 26.8 ft’/lb



Finally, by inserting values into the expression for W
W= —(0.373 1b)(1161.6 — 1077.6) Btu/lb = —31.3 Btu

where the minus sign signifies that the energy transfer by work is
to the system.

@ Although the initial and final states are equilibrium states,
the intervening states are not at equilibrium. To emphasize
this, the process has been indicated on the 7-v and p-v dia-
grams by a dashed line. Solid lines on property diagrams are
reserved for processes that pass through equilibrium states
only (quasiequilibrium processes). The analysis illustrates the
importance of carefully sketched property diagrams as an ad-
junct to problem solving.

SKILLS DEVELOPED

Ability to...

e define a closed system and identify interactions on its
boundary.

e apply the energy balance with steam table data.
e sketch 7-v and p—v diagrams and locate states on them.

Quick Quiz

If insulation were removed from the tank and the water
cooled at constant volume from T, = 445°F to T3 = 300°F while
no stirring occurs, determine the heat transfer, in Btu. Ans.
-19.5 Btu

EXAmPLE 3.4 Analyzing Two processes in Series

Water contained in a piston—cylinder assembly undergoes two
processes in series from an initial state where the pressure is
10 bar and the temperature is 400°C.

Process 1-2 The water is cooled as it is compressed at a
constant pressure of 10 bar to the saturated vapor state.

Process2-3 The water is cooled at constant volume to 150°C.

a. Sketch both processes on T—v and p—v diagrams.
b. For the overall process determine the work, in kl/kg.
¢. For the overall process determine the heat transfer, in kJ/kg.

Solution

Known Water contained in a piston—cylinder assembly under-
goes two processes: It is cooled and compressed, while keeping
the pressure constant, and then cooled at constant volume.

Find Sketch both processes on T-v and p—v diagrams. Deter-
mine the net work and the net heat transfer for the overall process
per unit of mass contained within the piston—cylinder assembly.

Schematic and Given Data:

N

: Water || =
|

L

Boundary



z e A
179.9°C
4758 bar 150°C
150°C
v v
Engineering Model

1. The water is a closed system.
2. The piston is the only work mode.
3. There are no changes in kinetic or potential energy.

Analysis
a. The accompanying T-v and p—v diagrams show the two
processes. Since the temperature at state 1, T} = 400°C, is
greater than the saturation temperature corresponding to p, =
10 bar: 179.9°C, state 1 is located in the superheat region.

b. Since the piston is the only work mechanism

W= fpdV: J.lzpdV+ij2)i€

The second integral vanishes because the volume is constant in
Process 2-3. Dividing by the mass and noting that the pressure is
constant for Process 1-2

w
— = p —vy)
m

The specific volume at state 1 is found from Table A-4 using p, =
10 bar and T, =400°C: v, = 0.3066 m*/kg. Also, u; =2957.3 kl/kg.
The specific volume at state 2 is the saturated vapor value at
10 bar: v, =0.1944 m3fkg, from Table A-3. Hence,

3
W 10 bar)0.1944 — 0.3066)(““—]
m

kg

10° N/fm”
1 bar

1K
10° N -m
= —112.2 kl/kg

The minus sign indicates that work is done on the water vapor by
the piston.
¢. An energy balance for the overall process reduces to
mus —up) = Q -W
By rearranging

2:('“3—141)"'E
m m



To evaluate the heat transfer requires us, the specific internal en-
ergy at state 3. Since T is given and v; = v,, two independent
intensive properties are known that together fix state 3. To find us,
first solve for the quality

_ _ -3
v = v _ 01944 -1.0905x107 o,
Vg3 — U 0.3928 - 1.0905 x 107

X3 =

where v and v,; are from Table A-2 at 150°C. Then

Uy = ugs + Xy (tg3 — g3) = 631.68 + 0.494(2559.5 — 631.68)
= 1584.0 kl/kg

where ug and ug; are from Table A-2 at 150°C.
Substituting values into the energy balance

Q = 1584.0 — 2957.3 + (-112.2) = —1485.5 kJ/kg
m

The minus sign shows that energy is transferred out by heat
transfer.

SKILLS DEVELOPED

Ability to...

o define a closed system and identify interactions on its
boundary.

o evaluate work using Eq. 2.17.

e apply the energy balance with steam table data.

e sketch 7-v and p—v diagrams and locate states on them.

Quick Quiz

If the two specified processes were followed by Process 3-4,
during which the water expands at a constant temperature of
150°C to saturated vapor, determine the work, in kJ/kg, for
the overall process from 1 to 4. Ans. W/m =—17.8 kJ/kg

Example 4 Measuring the Calorie Value of Cooking Oil

One-tenth milliliter of cooking oil is placed in the chamber of a
constant-volume calorimeter filled with sufficient oxygen for the
oil to be completely burned. The chamber is immersed in a wa-
ter bath. The mass of the water bath is 2.15 kg. For the purpose
of this analysis, the metal parts of the apparatus are modeled as
equivalent to an additional 0.5 kg of water. The calorimeter is
well-insulated, and initially the temperature throughout is 25°C.
The oil is ignited by a spark. When equilibrium is again attained,
the temperature throughout is 25.3°C. Determine the change in in-
ternal energy of the chamber contents, in kcal per mL of cooking
oil and in kcal per tablespoon of cooking oil.

Known Data are provided for a constant-volume calorimeter
testing cooking oil for calorie value.

Find Determine the change in internal energy of the contents of
the calorimeter chamber.



Schematic and Given Data:

| Thermometer

Engineering Model
1. The closed system is shown by the dashed line in the accom-
panying figure.
2. The total volume remains constant, including the chamber,
water bath, and the amount of water modeling the metal parts.

3. Water is modeled as incompressible with constant specific
heat c.

4. Heat transfer with the surroundings is negligible, and there is
no change in kinetic or potential energy.

Analysis With the assumptions listed, the closed system energy
balance reads

AU + AKE" + APE" = g° — W°

or

(AD)contenss + (AU ) yarer = 0

(AU)conrems = _(AU)waler (a)

The change in internal energy of the contents is equal and opposite
to the change in internal energy of the water.

Since water is modeled as incompressible, Eq. 3.20a is used
to evaluate the right side of Eq. (a), giving

oe (A)contenss = =y €,y (T = Th) (b)

With m,, = 2.15 kg + 0.5 kg = 2.65 kg, (T, - T)) = 0.3 K, and
¢, =4.18 kl/kg - K from Table A-19, Eq. (b) gives

(AU ) contenss = —(2.65 kg)(4.18 kJ/kg - K)(0.3 K) = -3.32 kJ

Converting to kcal, and expressing the result on a per milliliter
of oil basis using the oil volume, 0.1 mL, we get

A comens _ =3.32kJ| 1 keal

Vo 0.1mL [4.1868 kJ
= ~7.9 keal/mL




The calorie value of the cooking oil is the magnitude—that is,
7.9 kcal/mL. Labels on cooking oil containers usually give calorie
value for a serving size of 1 tablespoon (15 mL). Using the calcu-
lated value, we get 119 kcal per tablespoon.

€© The change in internal energy for water can be found alterna-

tively using Eq. 3.12 together with saturated liquid internal
energy data from Table A-2.

© The change in internal energy of the chamber contents can-
not be evaluated using a specific heat because specific heats
are defined (Sec. 3.9) only for pure substances—that is, sub-
stances that are unchanging in composition.

SKILLS DEVELOPED

Ability to...
o define a closed system and identify interactions within it and
on its boundary.

e apply the energy balance using the incompressible substance
model.

Quick Quiz

Using Eq. 3.12 together with saturated liquid internal energy
data from Table A-2, find the change in internal energy of the
water, in kJ, and compare with the value obtained assuming
water is incompressible. Ans. 3.32 kJ

Example 5 Applying the Mass rate Balance to a Feedwater heater at Steady State

A feedwater heater operating at steady state has two inlets and
one exit. At inlet 1, water vapor enters at p, = 7 bar, T} =200°C
with a mass flow rate of 40 kg/s. At inlet 2, liquid water at p, =
7 bar, T, = 40°C enters through an area A, = 25 cm’. Saturated

liquid at 7 bar exits at 3 with a volumetric flow rate of 0.06 m*/s.
Determine the mass flow rates at inlet 2 and at the exit, in kg/s, and
the velocity at inlet 2, in m/s.

Solution

Known A stream of water vapor mixes with a liquid water
stream to produce a saturated liquid stream at the exit. The states
at the inlets and exit are specified. Mass flow rate and volumetric
flow rate data are given at one inlet and at the exit, respectively.

Find Determine the mass flow rates at inlet 2 and at the exit, and
the velocity V.



Schematic and Given Data:

1
. I
Ay=25cm? | | T1=200°C
T,=40°C | | Py =7 bar
pr=Tbur | | iy =40 kels
|
! |

3 [ Control volume
boundary

Saturated liquid
py =1 bar
(AV); = 0.06 m*/s

Engineering Model The control volume shown on the accom-
panying figure is at steady state.

Analysis The principal relations to be employed are the mass
rate balance (Eq. 4.2) and the expression m = AV/v (Eq. 4.4b).
At steady state the mass rate balance becomes

o

Solving for 1,

dmf,
t

=my+ my —

n't2 = n'13 - rﬁ]
The mass flow rate 7, is given. The mass flow rate at the exit can be

evaluated from the given volumetric flow rate

_ (AV)

U3

s

where v; is the specific volume at the exit. In writing this ex-
pression, one-dimensional flow is assumed. From Table A-3, v; =
1.108 x 10~ m*/kg. Hence,

3= Lﬂ% = 54.15 kg/s
(1.108 x 107> m*/kg)
The mass flow rate at inlet 2 is then
my = my —my = 54.15 — 40 = 14.15 kg/s
For one-dimensional flow at 2, m, = A, V,/0,, so

v2 = mzvz/Az

State 2 is a compressed liquid. The specific volume at this state
can be approximated by v, = U((7,) (Eq. 3.11). From Table A-2 at
40°C, v, = 1.0078 x 10~ m*/kg. So,

10* cm?
2

_ (14.15 kg/s)(1.0078 x 107> m*/kg)

25 cm?

=5.7m/s

v,

Im



@ In accord with Eq. 4.6, the mass flow rate at the exit equals
the sum of the mass flow rates at the inlets. It is left as an
exercise to show that the volumetric flow rate at the exit
does not equal the sum of the volumetric flow rates at the
inlets.

SKILLS DEVELOPED

Ability to...

e apply the steady-state mass rate balance.

o apply the mass flow rate expression, Eq. 4.4b.
e retrieve property data for water.

Quick Quiz
Evaluate the volumetric flow rate, in m“ls, at each inlet. Ans.
(AV), = 12 m%/s, (AV), = 0.01 m*/s

Example 6 Calculating Exit Area of a Steam Nozzle

Steam enters a converging—diverging nozzle operating at
steady state with p, = 40 bar, T, = 400°C, and a velocity of
10 m/s. The steam flows through the nozzle with negligible
heat transfer and no significant change in potential energy.
At the exit, p, = 15 bar, and the velocity is 665 m/s. The
mass flow rate is 2 kg/s. Determine the exit area of the nozzle,
in m%.

Solution

Known Steam flows through a nozzle at steady state with known
properties at the inlet and exit, a known mass flow rate, and negli-
gible effects of heat transfer and potential energy.

Find Determine the exit area.

Schematic and Given Data:



Engineering Model
1. The control volume shown on the accompanying figure is at
steady state.
2. Heat transfer is negligible and W, = 0.
3. The change in potential energy from inlet to exit can be
neglected.

Analysis The exit area can be determined from the mass flow
rate m and Eq. 4.4b, which can be arranged to read

mo,
A

A, =

To evaluate A, from this equation requires the specific volume v,
at the exit, and this requires that the exit state be fixed.

The state at the exit is fixed by the values of two independent
intensive properties. One is the pressure p,, which is known. The
other is the specific enthalpy A, determined from the steady-state
energy rate balance Eq. 4.20a, as follows

.0 .0 2 _y?
0=Q’cv_Mv+m|:(hl_h2)+mfw+g(zl_ Zz):|

The terms ch and Ww are deleted by assumption 2. The change in
specific potential energy drops out in accordance with assumption
3 and m cancels, leaving

2 42
o (hl_,w[w]

From Table A-4, h; = 3213.6 kl/kg. The velocities V; and V, are
given. Inserting values and converting the units of the kinetic
energy terms to kJ/kg results in

2 2 2
hy= 32136 kl/kg + | 19— (663 |fm” || IN LK
2 s* J|1kg -m/s*|[10° N - m

= 3213.6 — 221.1 = 2992.5 kl/kg

Finally, referring to Table A-4 at p, = 15 bar with h, =2992.5 kl/kg,
the specific volume at the exit is v, = 0.1627 m3/kg. The exit area
is then

_ (2kg/s)(0.1627 m’/kg)
665 m/s

A, =489 x 107 m*




€ Although equilibrium property relations apply at the inlet and
exit of the control volume, the intervening states of the steam
are not necessarily equilibrium states. Accordingly, the ex-
pansion through the nozzle is represented on the T-v diagram
as a dashed line.

€ Care must be taken in converting the units for specific kinetic
energy to kl/kg.

SKILLS DEVELOPED

Ability to...

o apply the steady-state energy rate balance to a control volume.
o apply the mass flow rate expression, Eq. 4.4b.
¢ develop an engineering model.

e retrieve property data for water.

Quick Quiz

Evaluate the nozzle inlet area, in m?. Ans. 1.47 x 1072 m?

Example 7 Calculating heat transfer from a Steam turbine

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 60 bar, the temperature is 400°C, and
the velocity is 10 m/s. At the exit, the pressure is 0.1 bar, the qual-
ity is 0.9 (90%), and the velocity is 30 m/s. Calculate the rate of
heat transfer between the turbine and surroundings, in kW,

Solution

Known A steam turbine operates at steady state. The mass flow rate,
power output, and states of the steam at the inlet and exit are known.

Find Calculate the rate of heat transfer.

Schematic and Given Data:

i, = 4600 kg/h
P = 60 bar
T, = 400°C
V;=10m/s

Py =0.1 bar

V, =30 m/s




Engineering Model
1. The control volume shown on the accompanying figure is at
steady state.

2. The change in potential energy from inlet to exit can be
neglected.

Analysis To calculate the heat transfer rate, begin with the
one-inlet, one-exit form of the energy rate balance for a control

volume at steady state, Eq. 4.20a. That is,

(Vi-V)

0=0Qu— W+ rh[(fn - hy) + +g(z - zg}

where m is the mass flow rate. Solving for Q., and dropping the
potential energy change from inlet to exit

2 2
Oy = W, + n{chz —h)+ [%H @

To compare the magnitudes of the enthalpy and kinetic energy
terms, and stress the unit conversions needed, each of these terms
is evaluated separately.

First, the specific enthalpy difference h,— h, is found. Using
Table A-4, h; = 3177.2 kl/kg. State 2 is a two-phase liquid—vapor
mixture, so with data from Table A-3 and the given quality

hy=hey + % (hyy — o)
= 191.83 + (0.9)(2392.8) = 2345.4 kI/kg
Hence,

hy—hy = 23454 - 3177.2 = —831.8 kl/kg

Consider next the specific kinetic energy difference. Using the
given values for the velocities,

) Vi-Vi|_| @0’ -0y [m®| 1IN | 1kJ
2 2 st ]kg-rn/52|103N'm

= 0.4 ki/kg

Calculating Q.n. from Eq. (a),

Qe = (1000 kW) + [4600 1;—‘%'](—33 1.8 + 0.4)[%}
g

1h
3600 s

1Kkl/s

1kw‘

=—-623 kW

o The magnitude of the change in specific kinetic energy from
inlet to exit is much smaller than the specific enthalpy change.
Note the use of unit conversion factors here and in the calcu-
lation of Q'c\, to follow.

9 The negative value of ch means that there is heat transfer
from the turbine to its surroundings, as would be expected.
The magnitude of Q. is small relative to the power developed.

SKILLS DEVELOPED

Ability to...
e apply the steady-state energy rate balance to a control volume.
e develop an engineering model.

e retrieve property data for water.




Quick Quiz
If the change in kinetic energy from inlet to exit were neglected,

evaluate the heat transfer rate, in kW, keeping all other data
unchanged. Comment. Ans. —62.9 kW.

Example 8 Calculating Compressor power

Air enters a compressor operating at steady state at a pressure of
1 bar, 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 7 bar, 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 kJ/min.
Employing the ideal gas model, calculate the power input to the
compressor, in kW.

Solution

Known An air compressor operates at steady state with known
inlet and exit states and a known heat transfer rate.

Find Calculate the power required by the compressor.

Schematic and Given Data:

I ?
|
Lbar |
pp =1bar
T,=290K 1! 2 pp =7bar
V]=6mfs T T2=450K
Ay=00m? | Vy=2mis
|
[
= 0., =180 kJ/min
Engineering Model

1. The control volume shown on the accompanying figure is at
steady state.

2. The change in potential energy from inlet to exit can be
neglected.

o 3. The ideal gas model applies for the air.

Analysis To calculate the power input to the compressor, begin
with the one-inlet, one-exit form of the energy rate balance for a
control volume at steady state, Eq. 4.20a. That is,

(Vi-V3)

0= ch - ch+ m|:(hl - hZ) + + S(Zl - Zz):|

Solving

2 2
ch = ch + m{(kl - hl} + [Lz\]z]]

The change in potential energy from inlet to exit drops out by
assumption 2.



The mass flow rate m can be evaluated with given data at the
inlet and the ideal gas equation of state.

o AV AVip (01 m*)(6 m/s)(10° N/m?)

v, (RIMT, (8314 N-m
2897 kg - K

= 0.72 kg/s
J(zgo K)

The specific enthalpies A, and A, can be found from Table A-22.
At 290 K, h; =290.16 kl/kg. At450 K, h, = 451.8 kl/kg. Substi-
tuting values into the expression for W, and applying appropriate
unit conversion factors, we get

W,, = —180XL
min /| 60 s

+[(6)2— (Z)IJ{m_Z}
2 s*

= 732 + 0.72k—g(7161.64 + 0.()2)E
s s kg

1 min

+ U.TZE[(ZQD.IG - 451.8)?

s £
IN
1kg - m/s?

1kJ
10°N*m

0 --1194"

S

1 kW
1kl/s

=—119.4 kW

@ The applicability of the ideal gas model can be checked by
reference to the generalized compressibility chart.

© In this example Q., and W,, have negative values, indicating
that the direction of the heat transfer is from the compressor and
work is done on the air passing through the compressor. The
magnitude of the power input to the compressor is 119.4 kW.
The change in kinetic energy does not contribute significantly.

SKILLS DEVELOPED

Ability to...

e apply the steady-state energy rate balance to a control volume.

apply the mass flow rate expression, Eq. 4.4b.
¢ develop an engineering model.

e retrieve property data of air modeled as an ideal gas.

Quick Quiz

If the change in kinetic energy from inlet to exit were neglected,
evaluate the compressor power, in kW, keeping all other data
unchanged. Comment. Ans. —119.4 kW,

Example 9 Analyzing a pump System

A pump steadily draws water from a pond at a volumetric flow
rate of 220 gal/min through a pipe having a 5 in. diameter inlet.
The water is delivered through a hose terminated by a converging
nozzle. The nozzle exit has a diameter of 1 in. and is located 35 ft

above the pipe inlet. Water enters at 70°F, 14.7 Ibf/in.? and exits
with no significant change in temperature or pressure. The magni-
tude of the rate of heat transfer from the pump ro the surroundings
is 5% of the power input. The acceleration of gravity is 32.2 ft/s”,



Determine (a) the velocity of the water at the inlet and exit, each
in ft/s, and (b) the power required by the pump, in hp.
Solution

Known A pump system operates at steady state with known
inlet and exit conditions. The rate of heat transfer from the pump
is specified as a percentage of the power input.

Find Determine the velocities of the water at the inlet and exit
of the pump system and the power required.

Schematic and Given Data:

known
e pump

[

Dy=1in.

T, = 70°F
py = 14.7 Ibffin2
D, =5in.

(AV), =220 gal/min

Engineering Model
1. A control volume encloses the pump, inlet pipe, and delivery
hose.
2. The control volume is at steady state.

3. The magnitude of the heat transfer from the control volume
is 5% of the power input.

4. There is no significant change in temperature or pressure.

5. For liquid water, v = V(T) (Eq. 3.11) and Eq. 3.13 is used to
evaluate specific enthalpy.

6. g=32.2fts%

Analysis
a. A mass rate balance reduces at steady state to read n, = m.
The common mass flow rate at the inlet and exit, m, can
be evaluated using Eq. 4.4b together with v = V(70°F) =
0.01605 ft*/Ib from Table A-2E. That is,

0.13368 ft’
1 gal

oAV _[ 220 gal/min ]‘lmin
v 0.01605 ft*/1b )| 60 s
= 30.54 Ib/s

Thus, the inlet and exit velocities are, respectively,

o V- Mo (30.54 1b/s)(0.01605 ft*/1b) (144 in.? | 3.59 fi/s
L =3,
A, (5 in.)*/4 11t
. 3 i 2
v, = _ (30.54 1b/5)(0.01605 ft*/1b) 144 in? | _ o0 oo o
A, (1 in.)*/4 1t




b. To calculate the power input, begin with the one-inlet, one-
exit form of the energy rate balance for a control volume at
steady state, Eq. 4.20a. That is,

2 2
0= Q0 — W +m[(h1— hy) +[¥]+g(zl - Zz)]

o Introducing ch = (0.05)W,,, and solving for W,

. 2/ %72
Wy 2T [(hl—hz)+[—v‘ V2]+g(zl—z2>} @
0.95 2

Using Eq. 3.13, the enthalpy term is expressed as

hy = hy = [h(Ty) + ¢ (T)[ ) — P (TD]]
= [he(T2) + V(T P2 — Pear (TD]] ®)

Since there is no significant change in temperature, Eq. (b) re-
duces to

hy = hy = v(T)(p; — p2)

As there is also no significant change in pressure, the enthalpy
term drops out of the present analysis. Next, evaluating the kinetic
energy term

2
[(3.59)* — (89.87)2](E]
~ s)| 1Bw

5 2 778 ft - Ibf
1 Ibf

Finally, the potential energy term is

1B
g(z1— 7o) = (322 /s?)(0 — 35)ft|— 0
778 ft - Ibf
I 0450 Bu/ib
32.174 Ib - ft/s?

Inserting values into Eq. (a)
W, = 30.54 Ibls [0 — 0.1614 — 0.0450] Bu
0.95 Ib
=—06.64 Btu/s

Converting to horsepower

W, = [—6.64 B_w] _1lhp
S /254580
h

3600 s

= 94h
1h P

where the minus sign indicates that power is provided to the
pump.

© Alternatively, V, can be evaluated from the volumetric flow
rate at 1. This is left as an exercise.

@ Since power is required to operate the pump, W,, is negative in
accord with our sign convention. The energy transfer by heat
is from the control volume to the surroundings, and thus Q.
is negative as well. Using the value of W., found in part (b),
0., = (0.05) W,, = —0.332 Btu/s (—0.47 hp).



SKILLS DEVELOPED

Ability to...

e apply the steady-state energy rate balance to a control
volume.

e apply the mass flow rate expression, Eq. 4.4b.
¢ develop an engineering model.

e retrieve properties of liquid water.

Quick Quiz
If the nozzle were removed and water exited directly from the
hose, whose diameter is 2 in., determine the velocity at the exit,

in ft/s, and the power required, in hp, keeping all other data
unchanged. Ans. 22.47 ft/s, —2.5 hp.

Example 10 Evaluating performance of a power plant Condenser

Steam enters the condenser of a vapor power plant at 0.1 bar with
a quality of 0.95 and condensate exits at 0.1 bar and 45°C. Cool-
ing water enters the condenser in a separate stream as a liquid at
20°C and exits as a liquid at 35°C with no change in pressure.
Heat transfer from the outside of the condenser and changes in
the kinetic and potential energies of the flowing streams can be
ignored. For steady-state operation, determine

a. the ratio of the mass flow rate of the cooling water to the
mass flow rate of the condensing steam.

b. the energy transfer from the condensing steam to the cooling
water, in kJ per kg of steam passing through the condenser.

Solution

Known Steam is condensed at steady state by interacting with a
separate liquid water stream.

Find Determine the ratio of the mass flow rate of the cooling
water to the mass flow rate of the steam and the energy trans-
fer from the steam to the cooling water per kg of steam passing
through the condenser.



Schematic and Given Data:

Condensate Steam
Olbar 2 ———-—-————___ 1 0.1bar

45°C : Ex_= 0.95
' |

=

Cooling I Cooling
water 33— - - '4 water
20°C 35°C

Control volume for part (a)

y —1

Condensate | I Steam
<:]-E | < I:gB—

__________ [
% Energy transfer to
cooling water

Control volume for part (b)

Engineering Model
1. Each of the two control volumes shown on the accompany-
ing sketch is at steady state.

2. There is no significant heat transfer between the overall con-
denser and its surroundings. W, = 0.



3. Changes in the kinetic and potential energies of the flowing
streams from inlet to exit can be ignored.

4. Atstates 2, 3, and 4, h = hy(T') (see Eq. 3.14).

Analysis The steam and the cooling water streams do not mix.
Thus, the mass rate balances for each of the two streams reduce at
steady state to give

T?_Q| = .".32 and m] = riu

a. The ratio of the mass flow rate of the cooling water to the mass
flow rate of the condensing steam, 15 /mh;, can be found from
the steady-state form of the energy rate balance, Eq. 4.18,
applied to the overall condenser as follows:

2 2
0=ch_%+ml[hl+\;l+SZIJ+m3{h3+\;3+ 323]

. Vi ) Vi
mz[hz+ 22+gzsz4{h4+ 24+gz4]

The underlined terms drop out by assumptions 2 and 3. With these
simplifications, together with the above mass flow rate relations,
the energy rate balance becomes simply

0 = my(hy = hy) + ms(hs — hy)

Solving, we get
ﬁ _ hl - h2

iy ha— hy

The specific enthalpy h, can be determined using the
given quality and data from Table A-3. From Table A-3
at 0.1 bar, hyy = 191.83 kl/kg and h,; = 2584.7 kl/kg, so

hy=191.83 + 0.95(2584.7 — 191.83) = 2465.1 kl/kg
€© Using assumption 4, the specific enthalpy at 2
is given by h, = hy(T,) = 188.45 kl/kg. Simi-

larly, hg, = hf(T‘_l,) and h4 = hf(T4), glVlIlg h4 - k‘_:, =
62.7 kJ/kg. Thus,

vy _ 2465.1 - 188.45
hy 62.7

=363

b. For a control volume enclosing the steam side of the con-
denser only, begin with the steady-state form of energy rate
balance, Eq. 4.20a.

(Vi - Vi)

O 0=0.-W,+ri|(n—h)+ + 8(z1 - 22)




The underlined terms drop out by assumptions 2 and 3. The
following expression for the rate of energy transfer between the
condensing steam and the cooling water results:

Qo= mi(hy— hy)

Dividing by the mass flow rate of the steam, m, and inserting
values

% = hy— h;=188.45 — 2465.1 = -2276.7 kl/kg

m

where the minus sign signifies that energy is transferred from the
condensing steam fo the cooling water.

© Alternatively, (A, — hs) can be evaluated using the incompress-
ible liquid model via Eq. 3.20b.

o Depending on where the boundary of the control volume is
located, two different formulations of the energy rate balance

are obtained. In part (a), both streams are included in the con-
trol volume. Energy transfer between them occurs internally
and not across the boundary of the control volume, so the term
Q.. drops out of the energy rate balance. With the control
volume of part (b), however, the term ch must be included.

SKILLS DEVELOPED

Ability to...

e apply the steady-state mass and energy rate balances to a
control volume.

e develop an engineering model.

e retrieve property data for water.

Quick Quiz
If the mass flow rate of the condensing steam is 125 kg/s,

determine the mass flow rate of the cooling water, in kg/s.
Ans. 4538 kg/s.

Example 10 Cooling Computer Components

The electronic components of a computer are cooled by air flow-
ing through a fan mounted at the inlet of the electronics enclosure.
At steady state, air enters at 20°C, 1 atm. For noise control, the
velocity of the entering air cannot exceed 1.3 m/s. For temperature
control, the temperature of the air at the exit cannot exceed 32°C.
The electronic components and fan receive, respectively, 80 W
and 18 W of electric power. Determine the smallest fan inlet area,
in cm?, for which the limits on the entering air velocity and exit
air temperature are met.

Solution

Known The electronic components of a computer are cooled by
air flowing through a fan mounted at the inlet of the electronics
enclosure. Conditions are specified for the air at the inlet and exit.
The power required by the electronics and the fan is also specified.

Find Determine the smallest fan area for which the specified
limits are met.



Schematic and Given Data: +

Engineering Model

1. The control volume shown on the accompanying figure is at
steady state.

2. Heat transfer from the outer surface of the electronics enclo-
sure to the surroundings is negligible. Thus, Q. = 0.

@ 3. Changes in kinetic and potential energies can be ignored.
@ 4. Air is modeled as an ideal gas with ¢, =1.005 kl/kg - K.

Analysis The inlet area A, can be determined from the mass
flow rate m and Eq. 4.4b, which can be rearranged to read

A== (@)
Vi

The mass flow rate can be evaluated, in turn, from the steady-
state energy rate balance, Eq. 4.20a.

2 2
0=0u - Wi+ m[(hl )+ [ﬁ;—"i] + 8z Zz)]

The underlined terms drop out by assumptions 2 and 3, leaving
0 = =Wy + m(hy = hy)

where W,, accounts for the rotal electric power provided to
the electronic components and the fan: ch =(-80 W)+
(—18 W) = —98 W. Solving for m, and using assumption 4 with
Eq. 3.51 to evaluate (h; — hy)

(_ch)
Cp(T2 = Tl)




Introducing this into the expression for A, Eq. (a), and using
the ideal gas model to evaluate the specific volume v,

1 () [RT,]
A] =\ —
Vil ep(T, = T7) P1
From this expression we see that A; increases when V| and/or

T, decrease. Accordingly, since V, < 1.3 m/s and T, < 305 K
(32°C), the inlet area must satisfy

R 1 98 W 1k |1 75
s 10s
1.3 m/ lliw
11005 X | 305 - 203k 107
kg K
$34N-m | o
2897 kg K 10* em?|
101325 x10° Nim® J| 1m? |
> 52 cm?

For the specified conditions, the smallest fan area is 52 cm?>.

€@ Cooling air typically enters and exits electronic enclosures at
low velocities, and thus kinetic energy effects are insignificant.

€ The applicability of the ideal gas model can be checked by
reference to the generalized compressibility chart. Since the
temperature of the air increases by no more than 12°C, the
specific heat ¢, is nearly constant (Table A-20).

SKILLS DEVELOPED

Ability to...

e apply the steady-state energy rate balance to a control volume.
e apply the mass flow rate expression, Eq. 4.4b.

e develop an engineering model.

e retrieve property data of air modeled as an ideal gas.

Quick Quiz

If heat transfer occurs at a rate of 11 W from the outer surface
of the computer case to the surroundings, determine the small-
est fan inlet area for which the limits on entering air velocity
and exit air temperature are met if the total power input re-
mains at 98 W. Ans. 46 cm’.

Example 11 Evaluating performance of a Waste heat recovery System

An industrial process discharges 2 x 10° ft*/min of gaseous com-
bustion products at 400°F, 1 atm. As shown in Fig. E4.10, a pro-
posed system for utilizing the combustion products combines a
heat-recovery steam generator with a turbine. At steady state,
combustion products exit the steam generator at 260°F, 1 atm and
a separate stream of water enters at 40 1bf/in.%, 102°F with a mass
flow rate of 275 Ib/min. At the exit of the turbine, the pressure is
1 Ibffin.? and the quality is 93%. Heat transfer from the outer sur-
faces of the steam generator and turbine can be ignored, as can the
changes in kinetic and potential energies of the flowing streams.
There is no significant pressure drop for the water flowing through
the steam generator. The combustion products can be modeled as
air as an ideal gas.



a. Determine the power developed by the turbine, in Btu/min.
b. Determine the turbine inlet temperature, in °F.

c. Evaluating the work developed by the turbine at $0.115 per
kW * h, determine the value, in $/year, for 8000 hours of oper-
ation annually.

Solution

Known Steady-state operating data are provided for a system
consisting of a heat-recovery steam generator and a turbine.

Find Determine the power developed by the turbine and the turbine
inlet temperature. Evaluate the annual value of the power developed.

Schematic and Given Data:

‘Combustion products in
py=1am
Ty = 400°F
(AV); =2 10° ¥/min| |
f

5 Power
= - out
Combustion products out | Ceam
- 1| pSteam | -
T, =260°F | senecator T
P1=latm i
1 | 3
: J
31 water in R waterout
p3=401blin? ps= 1 Ibffin.?
T3 = 102°F x5 =93%
Fic.Ee.10] 17 =275 Ibfin

Engineering Model
1. The control volume shown on the accompanying figure is at
steady state.

2. Heat transfer is negligible, and changes in kinetic and poten-
tial energy can be ignored.

3. There is no pressure drop for water flowing through the
steam generator.

4. The combustion products are modeled as air as an ideal gas.
Analysis:

a. The power developed by the turbine is determined from a
control volume enclosing both the steam generator and the
turbine. Since the gas and water streams do not mix, mass rate
balances for each of the streams reduce, respectively, to give

=y, HE = s

For this control volume, the appropriate form of the steady-state
energy rate balance is Eq. 4.18, which reads

: . Vi , vi
0=%—ch+ml h1+?+gz1 + ny h3+7'+gz3

_ Vi . V2
—mz[h2+ ?2"'822]_’”5 [k5+ 75+ gsz



The underlined terms drop out by assumption 2. With these sim-
plifications, together with the above mass flow rate relations, the
energy rate balance becomes

Wey = tin(hy — hy) + ms(hs — hs)
The mass flow rate m; can be evaluated with given data at
inlet 1 and the ideal gas equation of state
. (AV),  (AV),p, (2 x10° £’ /min)(14.7 1bffin.2)|144 in.2
1y = == =
RIM)T, - 2
v (RIM)T, [1545ﬂ 1bf](8600R) | 18
28971b-°R
= 9230.6 Ib/min

The specific enthalpies &, and h, can be found from Table A-22E:
At 860°R, h) =206.46 Btu/lb, and at 720°R h, = 172.39 Btu/lb. At
state 3, water is a liquid. Using Eq. 3.14 and saturated liquid data
from Table A-2E, h; = h{T3) = 70 But/lb. State 5 is a two-phase
liquid—vapor mixture. With data from Table A-3E and the given
quality
hs= his + x5(hgs — hys)
= 69.74 + 0.93(1036.0) = 1033.2 Btu/Ib

Substituting values into the expression for W,,

W, = 9230.6£ (206.46 — 172.39)B—m
min Ib

+ (275 i](m ~10332) %”

min

- 496102

min

b. To determine T}, it is necessary to fix the state at 4. This re-
quires two independent property values. With assumption 3,

one of these properties is pressure, p, = 40 Ibf/in.” The other is
the specific enthalpy k4, which can be found from an energy
rate balance for a control volume enclosing just the steam
generator. Mass rate balances for each of the two streams
give my = my and ny = my. With assumption 2 and these
mass flow rate relations, the steady-state form of the energy
rate balance reduces to

0 = my(hy — hy) + mz(hs — hy)
Solving for A,

o h4=h3+ﬂ(hl_h’l)

mi3
% + 9230.6 1b/min
Ib 275 Ib/min

=170 ](206.46 - 172.39)]‘%rll

= 1213620
Ib

Interpolating in Table A-4E at p, = 40 Ibffin.* with h,, we get
T, =354°F.



Interpolating in Table A-4E at p, = 40 Ibffin.? with h,, we get
Ty =354°F.

¢. Using the result of part (a), together with the given economic
data and appropriate conversion factors, the value of the
power developed for 8000 hours of operation annually is

annual value = [49610 B_tu
min

x[somLJ(o.us 3 )
year kW +h
$

(2] = 802,000 —
year

1 kW ’
1h [|3413 Brwh

@ Alternatively, to determine h, a control volume enclosing just
the turbine can be considered.

e The decision about implementing this solution to the prob-
lem of utilizing the hot combustion products discharged from
an industrial process would necessarily rest on the outcome
of a detailed economic evaluation, including the cost of pur-
chasing and operating the steam generator, turbine, and aux-

iliary equipment.

SKILLS DEVELOPED

Ability to...

e apply the steady-state mass and energy rate balances to a
control volume.

e apply the mass flow rate expression, Eq. 4.4b.

e develop an engineering model.

e retrieve property data for water and for air modeled as an ideal gas.

e conduct an elementary economic evaluation.

Quick Quiz
Taking a control volume enclosing just the turbine, evaluate
the turbine inlet temperature, in °F. Ans. 354°F.

Example 12 Evaluating heat transfer for a partially Emptying tank

A tank having a volume of 0.85 m? initially contains water as a
two-phase liquid—vapor mixture at 260°C and a quality of 0.7.
Saturated water vapor at 260°C is slowly withdrawn through
a pressure-regulating valve at the top of the tank as energy is

transferred by heat to maintain constant pressure in the tank. This
continues until the tank is filled with saturated vapor at 260°C.
Determine the amount of heat transfer, in kJ. Neglect all kinetic
and potential energy effects.

Solution

Known A tank initially holding a two-phase liquid—vapor mix-
ture is heated while saturated water vapor is slowly removed. This
continues at constant pressure until the tank is filled only with
saturated vapor.



Schematic and Given Data:

T

- 260°C

Pressure-

_Z7 3y regulating valve /—\
le e
— D

]
| Saturated water
: vapor removed,

I while the tank
! is heated

\
N E 2
S~ —Z

Initial: two-phase Final: saturated vapor
liquid—vapor mixture

Engineering Model
1

The control volume is defined by the dashed line on the ac-
companying diagram.

2. For the control volume, W,, = 0 and kinetic and potential
energy effects can be neglected.

3. At the exit the state remains constant.

@ 4. The initial and final states of the mass within the vessel are
equilibrium states.

Analysis  Since there is a single exit and no inlet, the mass rate
balance Eq. 4.2 takes the form
dmg,

dt

With assumption 2, the energy rate balance Eq. 4.15 reduces to
d(j—cv = ch - rilche
dt

Combining the mass and energy rate balances results in

du., . dm,,
—= = ch + he -
dt dt

By assumption 3, the specific enthalpy at the exit is constant.
Accordingly, integration of the last equation gives

AU, = Q. + h, Am,,

(3



Solving for the heat transfer Q.,
ch = AUcv o he A’”cv

or
o O = (myuy — myuy) — h,(my — my)

where m, and m, denote, respectively, the initial and final amounts
of mass within the tank.

The terms u; and m, of the foregoing equation can be evalu-
ated with property values from Table A-2 at 260°C and the given
value for quality. Thus,

U= ugy + x1(ug — ug)
=1128.4 + (0.7)(2599.0 — 1128.4) = 2157.8 ki/kg
Also,
V= Vg + X (Vg — Vpp)
=1.2755 x 107 + (0.7)(0.04221 — 1.2755 x 107%)
=29.93 x 10~ m®*/kg

Using the specific volume v, the mass initially contained in the
tank is

3
M= DO s

v (29.93% 107 m¥kg)

The final state of the mass in the tank is saturated vapor at 260°C
so Table A-2 gives

1y = 1,(260°C) = 2599.0 kl/kg,
1y = ,(260°C) = 42.21 x 10~ m*/kg
The mass contained within the tank at the end of the process is

14 0.85 m’

m=—=———
v, (4221 x 107 m*/kg)
Table A-2 also gives h, = h, (260°C) = 2796.6 kl/kg.

Substituting values into the expression for the heat transfer
yields

=20.14 kg

Q. = (20.14)(2599.0) — (28.4)(2157.8) — 2796.6(20.14 — 28.4)
=14,162 kJ

€ In this case, idealizations are made about the state of the vapor
exiting and the initial and final states of the mass contained
within the tank.

© This expression for O, can be obtained by applying Eqs. 4.23,
4.25, and 4.27. The details are left as an exercise.

SKILLS DEVELOPED

Ability to...

e apply the time-dependent mass and energy rate balances to a
control volume.

e develop an engineering model.

e retrieve property data for water.

Quick Quiz

If the initial quality were 90%, determine the heat transfer,
in kJ, keeping all other data unchanged. Ans. 3707 kJ.

Example 13 Using Steam for Emergency power Generation



Steam at a pressure of 15 bar and a temperature of 320°C is con-
tained in a large vessel. Connected to the vessel through a valve is a
turbine followed by a small initially evacuated tank with a volume
of 0.6 m’. When emergency power is required, the valve is opened
and the tank fills with steam until the pressure is 15 bar. The tem-
perature in the tank is then 400°C. The filling process takes place
adiabatically and kinetic and potential energy effects are negligi-
ble. Determine the amount of work developed by the turbine, in kJ.

Solution

Known Steam contained in a large vessel at a known state flows
from the vessel through a turbine into a small tank of known vol-
ume until a specified final condition is attained in the tank.

Find Determine the work developed by the turbine.

Schematic and Given Data:

Valve fContml volume boundary

P Skt bl

Initially
evacuated
tank

Engineering Model
1. The control volume is defined by the dashed line on the ac-
companying diagram.
2. For the control volume, ch = 0 and kinetic and potential en-
ergy effects are negligible.

€ 3. The state of the steam within the large vessel remains con-
stant. The final state of the steam in the smaller tank is an
equilibrium state.

4. The amount of mass stored within the turbine and the intercon-
necting piping at the end of the filling process is negligible.

Analysis  Since the control volume has a single inlet and no exits,
the mass rate balance, Eq. 4.2, reduces to

a‘mcv
dt
The energy rate balance, Eq. 4.15, reduces with assumption 2 to
% = 7ch + mihi
dt
Combining the mass and energy rate balances gives
Vs _ W, +h, dmey
dt dt

Integrating
AU, = =We + hi Amgy



In accordance with assumption 3, the specific enthalpy of the
steam entering the control volume is constant at the value corre-
sponding to the state in the large vessel.

Solving for W,

ch = hiAmcv - AUcv

AU, and Am_, denote, respectively, the changes in internal energy
and mass of the control volume. With assumption 4, these terms
can be identified with the small tank only.

Since the tank is initially evacuated, the terms AU,, and Am,,
reduce to the internal energy and mass within the tank at the end
of the process. That is,

0 0
AUcv= (m’lu'}.)_(m'fﬁrlj s Amcv=n1’2 _}ﬁl
where 1 and 2 denote the initial and final states within the tank,

respectively.
Collecting results yields
ea ch = m2(h( - uZ) (a)

The mass within the tank at the end of the process can be evalu-
ated from the known volume and the specific volume of steam at
15 bar and 400°C from Table A-4

3
m=V o= 08M 506k

v (0203 m¥/kg)

The specific internal energy of steam at 15 bar and 400°C from Ta-
ble A-4is 2951.3 kJ/kg. Also, at 15 bar and 320°C, h;=3081.9 kl/kg.
Substituting values into Eq. (a)

W, = 2.96 kg (3081.9 — 2951 .3)kl/kg = 386.6 kJ

€ In this case idealizations are made about the state of the steam
entering the tank and the final state of the steam in the tank.
These idealizations make the transient analysis manageable.

© A significant aspect of this example is the energy transfer into
the control volume by flow work, incorporated in the pv term
of the specific enthalpy at the inlet.

€© This result can also be obtained by reducing Eq. 4.28. The
details are left as an exercise.

SKILLS DEVELOPED

Ability to...

e apply the time-dependent mass and energy rate balances to a
control volume.

e develop an engineering model.

e retrieve property data for water.

Quick Quiz
If the turbine were removed, and the steam allowed to flow
adiabatically into the small tank until the pressure in the tank

is 15 bar, determine the final steam temperature in the tank,
in °C. Ans. 477°C.

Example 14 Storing Compressed Air in a Tank



An air compressor rapidly fills a 10-ft® tank, initially containing
air at 70°F, 1 atm, with air drawn from the atmosphere at 70°F,
1 atm. During filling, the relationship between the pressure and
specific volume of the air in the tank is pv™* = constant. The ideal
gas model applies for the air, and kinetic and potential energy
effects are negligible. Plot the pressure, in atm, and the tempera-
ture, in °F, of the air within the tank, each versus the ratio m/m,
where m, is the initial mass in the tank and m is the mass in the
tank at time ¢ > 0. Also, plot the compressor work input, in Btu,
versus m/m,. Let m/m, vary from 1 to 3.

Solution

Known An air compressor rapidly fills a tank having a known
volume. The initial state of the air in the tank and the state of the
entering air are known.

Find Plot the pressure and temperature of the air within the
tank, and plot the air compressor work input, each versus m/m,
ranging from 1 to 3.

Schematic and Given Data:

| 7,=70°F
:p,-=latm

I
I
I
I
I
I
I
: Tank
I
I
I
I
I
I
I

I
I
I
|
I
Air compressor :
|
I
—tVv=10f !
T,=70°F D
py=1atm
___________ pv't =constant~- =~~~ """~~~ - P
Engineering Model

1. The control volume is defined by the dashed line on the ac-
companying diagram.

2. Because the tank is filled rapidly, Q., is ignored.

3. Kinetic and potential energy effects are negligible.

4. The state of the air entering the control volume remains
constant.
5. The air stored within the air compressor and interconnecting
pipes can be ignored.
© 6. The relationship between pressure and specific volume for
the air in the tank is p’l)l'4 = constant.

7. The ideal gas model applies for the air.
Analysis The required plots are developed using Interactive
Thermodynamics: IT. The IT program is based on the following

analysis. The pressure p in the tank at time 7 > 0 is determined
from

po't = pot*



where the corresponding specific volume v is obtained using
the known tank volume V and the mass m in the tank at that
time. That is, v = V/m. The specific volume of the air in the
tank initially, v,, is calculated from the ideal gas equation of
state and the known initial temperature, 7,, and pressure, p,.
That is,

RT; {218515’." f1tb.-lz)lfa](Swm| 112 | il
= —L = 2 =1335—
P (147 bffin?) 144 in?| Ib

Once the pressure p is known, the corresponding temperature T’
can be found from the ideal gas equation of state, 7= pv/R.
To determine the work, begin with the mass rate balance

Eq. 4.2, which reduces for the single-inlet control volume to
dmcv
dt

i

Then, with assumptions 2 and 3, the energy rate balance Eq. 4.15
reduces to
du.,

= Wiy + rih;
dt

Combining the mass and energy rate balances and integrating
using assumption 4 give

AU, = =W, + hiAm,



Denoting the work input to the compressor by W, = -W,, and
using assumption 5, this becomes

e Win = mu — mu; — (m — my)h; (a)

where m; is the initial amount of air in the tank, determined
from

3
m=~= 0 g5

v 1335fb

As a sample calculation to validate the IT program below,
consider the case m = 1.5 Ib, which corresponds to m/m, = 2. The
specific volume of the air in the tank at that time is

Vo 10f

3
6.67 —
m 151b b

The corresponding pressure of the air is

a 1335 b )
p= pl{ﬂ] = atm)['—]
v 6.67 f'/1b
= 2.64 atm

and the corresponding temperature of the air is

7= PV _ [ (264 am)(6.67 ft'/1b) |(14.7 Ibfin.? |[144 in?
R ( 1545 ft - Ibf ] lam || 162
28.971b-°R
= 699°R (239°F)

Evaluating u;, u, and h; at the appropriate temperatures from
Table A-22E, u, = 90.3 Bu/Ib, u = 119.4 Buw/lb, b, = 126.7 Btu/lb.
Using Eq. (a), the required work input is

Win= mu — muy — (m — mph;

=(.5 1b)[119.4 EJ - (0.75 1b)[90.3@}
Ib Ib

~(0.75 lb)[126.7 E:;“J

=164 Btu

IT Program Choosing English units from the Units menu, and
selecting Air from the Properties menu, the /T program for solv-
ing the problem is

//Given Data

pl = 1//atm
T1 = 70//°F
Ti = 70//°F
vV = 10//ft?

n=1.4



// Determine the pressure and temperature
for t > 0

vl = v_TP(*Air”, T1, pl)
v =V/m
p*vAn=pl*vlAn

v = v_TP(*Air”, T, p)

*

// Specify the mass and mass ratio r

vl = V/ml
r = m/ml
r =2

// Calculate the work using Eq. (a)
Win=m*u-mL*ul - hi* (m-m1)
ul = u_T(“Air”, T1)

u = u_T(“Air”, T)

hi = h.T(“Air”?, Ti)

Using the Solve button, obtain a solution for the sample case r =
m/m, =2 considered above to validate the program. Good agree-
ment is obtained, as can be verified. Once the program is vali-
dated, use the Explore button to vary the ratio m/m; from 1 to
3 in steps of 0.01. Then, use the Graph button to construct the
required plots. The results follow:

60

50

40

30+

W, B

0 NN
1 L5 2 25 3

mim

We conclude from the first two plots that the pressure and tem-
perature each increase as the tank fills. The work required to fill
the tank increases as well. These results are as expected.

€ This pressure-specific volume relationship is in accord with
what might be measured. The relationship is also consistent with
the uniform state idealization, embodied by Egs. 4.26 and 4.27.

o This expression can also be obtained by reducing Eq. 4.28.
The details are left as an exercise.

SKILLS DEVELOPED

Ability to...

e apply the time-dependent mass and energy rate balances to a
control volume.

e develop an engineering model.

e retrieve property data for air modeled as an ideal gas.

¢ solve iteratively and plot the results using IT.

Quick Quiz
As a sample calculation, for the case m = 2.25 Ib, evaluate p, in

atm. Compare with the value read from the plot of Fig. E4.13b.
Ans. 4.67 atm.

Example 15 Determining temperature-time Variation in a Well-Stirred tank



A tank containing 45 kg of liquid water initially at 45°C has one
inlet and one exit with equal mass flow rates. Liquid water enters
at 45°C and a mass flow rate of 270 kg/h. A cooling coil immersed
in the water removes energy at a rate of 7.6 kW. The water is well
mixed by a paddle wheel so that the water temperature is uniform
throughout. The power input to the water from the paddle wheel is
0.6 kW. The pressures at the inlet and exit are equal and all kinetic
and potential energy effects can be ignored. Plot the variation of
water temperature with time.

Solution

Known Liquid water flows into and out of a well-stirred tank
with equal mass flow rates as the water in the tank is cooled by a
cooling coil.

Find Plot the variation of water temperature with time.

Schematic and Given Data:

2 +—
Mixing —C- D ’hl =270 kg/h
rotor
T, =318 K (45°C)
Constant —
liquid level | |
— Tank
Boundary —
— Cooling coil
m, =270 kg/h
318
¥4
]
2
o
3
=9
g
&
s
)
2
296
T l |
0 0.5 1.0
Time, h
Engineering Model

1. The control volume is defined by the dashed line on the ac-
companying diagram.

2. For the control volume, the only significant heat transfer is
with the cooling coil. Kinetic and potential energy effects
can be neglected.

o 3. The water temperature is uniform with position throughout
and varies only with time: T'= 7(r).
4. The water in the tank is incompressible, and there is no
change in pressure between inlet and exit.



Analysis The energy rate balance, Eq. 4.15, reduces with as-
sumption 2 to

Wer _ 3, — Wiy + risChy — h)
dt

where m denotes the mass flow rate.

The mass contained within the control volume remains con-
stant with time, so the term on the left side of the energy rate
balance can be expressed as

We _ dne) _ - d

dt dt dt

Since the water is assumed incompressible, the specific internal
energy depends on temperature only. Hence, the chain rule can
be used to write

du _ dudl dar
dt  dT drt dt

where c is the specific heat. Collecting results

du, ar
LU L

dt dt

With Eq. 3.20b the enthalpy term of the energy rate balance
can be expressed as

0
by = by = e(T) = T,) + 0(p—P, )

where the pressure term is dropped by assumption 4. Since the wa-
ter is well mixed, the temperature at the exit equals the temperature
of the overall quantity of liquid in the tank, so

hy=hy= el = T)

where T represents the uniform water temperature at time .
With the foregoing considerations the energy rate balance
becomes
dr . . ,
mcvcz = ch - ‘ch + mC(TI - T)

"

As can be verified by direct substitution, the solution of this
first-order, ordinary differential equation is

T = C,exp SLLIPY Qo= Weu + T
Mgy e

The constant C, is evaluated using the initial condition: at £ = 0,
T=T,. Finally,

me My

Substituting given numerical values together with the specific
heat ¢ for liquid water from Table A-19

N B = X e X)L N exp(_ 270 kgn'hlJ
270 ke |(,, W 45kg
3600 s )| kg-K

= 318 — 22[1 — exp(—61)]

where ¢ is in hours. Using this expression, we construct the ac-
companying plot showing the variation of temperature with time.



@ In this case idealizations are made about the state of the mass
contained within the system and the states of the liquid enter-
ing and exiting. These idealizations make the transient analy-
sis manageable.

SKILLS DEVELOPED

Ability to...

e apply the time-dependent mass and energy rate balances to a
control volume.

e develop an engineering model.

e apply the incompressible substance model for water.

e solve an ordinary differential equation and plot the solution.

Quick Quiz

What is the water temperature, in °C, when steady state is
achieved? Ans. 23°C.



