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A piston—cylinder device contains 25 g of saturated water vapor that is maintained at a constant
pressure of 300 kPa. A resistance heater within the cylinder is turned on and passes a current of 0.2
A for 5 min from a 120-V source. At the same time, a heat loss of 3.7 kJ occurs. (a) Show that for a
closed system the boundary work Wb and the change in internal energy AU in the first-law relation
can be combined into one term, AH, for a constant-pressure process. (b) Determine the final
temperature of the steam.? (15 Points) (Lecture 3)

O,n=37K

SOLUTION

Saturated water vapor in a piston—cylinder device expands at constant pressure as a result of

heating. It is to be shown that AU + Wb = AH, and the final temperature is to be determined.
P, kPa A

300

= 4

Assumptions

1 The cylinder is stationary and thus the kinetic and potential energy changes are zero, AKE = APE =
0. Therefore, AE = AU, and internal energy is the only form of energy of the system that may
change during this process.

2 Electrical wires constitute a very small part of the system, and thus the energy change of the
wires can be neglected.



Analysis

We take the contents of the cylinder, including the resistance wires, as the system. This is a closed
system since no mass crosses the system boundary during the process. We observe that a piston—
cylinder device typically involves a moving boundary and thus boundary work Wb. The pressure
remains constant during the process and thus P2 = P1. Also, heat is lost from the system and
electrical work We is done on the system.

(a) This part of the solution involves a general analysis for a closed system undergoing a quasi-
equilibrium constant-pressure process, and thus we consider a general closed system. We take the
direction of heat transfer Q to be to the system and the work W to be done by the system. We also
express the work as the sum of boundary and other forms of work (such as electrical and shaft).
Then, the energy balance can be expressed as:

Ein —Eout = AEsystem

Q —W =AU + AKE + APE

Q —Wother =Wy =U, — Uy
For a constant-pressure process, the boundary work is given as W, = Py(V, — V;). Substituting this
into the preceding relation gives

Q—Wotn —Po(Vo—V)=U; - U,
However,
Po=P, =P - Q Wy, = (Uy+P,V;)+ Uy +PiVy)
Also H = U + PV, and thus
Q — Wother = H — Hy (k])

which is the desired relation (Fig. 4—14). This equation is very convenient to use in the analysis of
closed systems undergoing a constant-pressure quasi-equilibrium process since the boundary work
is automatically taken care of by the enthalpy terms, and one no longer needs to determine it
separately.
(b) The only other form of work in this case is the electrical work, which can be determined from

W, = VIAt
Sa%’uati’gg ii;or} h1 = g @300 kpa (Table A = 5)
The enthalpy at the final state can be determined directly from Eq. 4—18 by expressing heat
transfer from the system and work done on the system as negative quantities (since their
directions are opposite to the assumed directions). Alternately, we can use the general energy
balance relation with the simplification that the boundary work is considered automatically by
replacing AU with AH for a constant-pressure expansion or compression process:

state 1:

Ein — Eout = AEsystem
We,in — Qout — Wp = AU
We,in — Qour = AH = m(h, — hy) (since P = constant)
h, =?

Now the final state is completely specified since we know both the pressure and the enthalpy. The
temperature at this state is
P, =300 kPa

h, =?
A piston—cylinder device initially contains air at 150 kPa and 27°C. At this state, the piston is resting
on a pair of stops, as shown in Fig. 4-32, and the enclosed volume is 400 L. The mass of the piston
is such that a 350-kPa pressure is required to move it. The air is now heated until its volume has

state 2: } T, =? (Table A—6)



doubled. Determine (a) the final temperature, (b) the work done by the air, and (c) the total heat
transferred to the air. (10 Points) (Lecture 3)

SOLUTION
Air in a piston—cylinder device with a set of stops is heated until its volume is doubled. The final
temperature, work done, and the total heat transfer are to be determined.
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Assumptions

1 Air is an ideal gas since it is at a high temperature and low pressure relative to its critical-point
values.

2 The system is stationary and thus the kinetic and potential energy changes are zero, AKE = APE =
0 and AE = AU.

3 The volume remains constant until the piston starts moving, and the pressure remains constant
afterwards.

4 There are no electrical, shaft, or other forms of work involved.

Analysis

We take the contents of the cylinder as the system (Fig. 4-32). This is a closed system since no
mass crosses the system boundary during the process. We observe that a piston—cylinder device
typically involves a moving boundary and thus boundary work, Wb. Also, the boundary work is
done by the system, and heat is transferred to the system.

(a) The final temperature can be determined easily by using the ideal-gas relation between states 1

and 3 in the following form:

PV PV
SRR A N
T T3

(b) The work done could be determined by integration, but for this case it is much easier
to find it from the area under the process curve on a P-V diagram,

A= (V3 —=V)P, > W3 =?
The work is done by the system (to raise the piston and to push the atmospheric air



out of the way), and thus it is work output.

(c) Under the stated assumptions and observations, the energy balance on the system
between the initial and final states (process 1-3) can be expressed as
Ein —Eout = AEsystem
Qin — Wb,out =AU = m(u3 - ul)
The mass of the system can be determined from the ideal-gas relation:

PVy
m=——=1
RT,
The internal energies are determined from the air table (Table A-17) to be
?

Uy = U@ 300K =

U3z = U@ 1400k =7
Thus, according to the following equation, we get Q;,,

Qin — Wb,out =AU = m(u3 - ul)

Determine the enthalpy of liquid water at 100°C and 15 MPa (a) by using compressed liquid tables,
(b) by approximating it as a saturated liquid, and (c) by using the correction given by hgp 1 =
ht@r + vr@r(P — Psqr @ 7)- (15 Points) (Lecture 3)
SOLUTION
The enthalpy of liquid water is to be determined exactly and approximately.
Analysis
At 100°C, the saturation pressure of water is 101.42 kPa, and since P > Psat, the water exists as a
compressed liquid at the specified state.
(a) From compressed liquid tables, we read

P =15 MPa ., _
T=10000}_’h" (Table A —7)

This is the exact value.
(b) Approximating the compressed liquid as a saturated liquid at 100°C, as is commonly done, we

obtain

h = ht @100 0c =7

(c) From equation: hgpr = hf @1 + Vf @ 7(P — Psqr @ 7)-» We easily can calculate the hgp 7

A tank with an internal volume of 1 m3 contains air at 800 kPa and 25°C. A valve on the tank is
opened, allowing air to escape, and the pressure inside quickly drops to 150 kPa, at which point the
valve is closed. Assume there is negligible heat transfer from the tank to the air left in the tank.

(a) Using the approximation h, = constant = h, 4,5 = 0.5(hy + h3), calculate the mass
withdrawn during the process.

(b) Consider the same process but broken into two parts. That is, consider an intermediate state at
P, = 400kPa, calculate the mass removed during the process from P; = 800kPa to P, and then
the mass removed during the process from P, to P; = 150kPa, using the type of approximation
used in part (a), and add the two to get the total mass removed.

(c) Calculate the mass removed if the variation of he is accounted for. (15 Points) (Lecture 4)
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Solution
The air in a tank is released until the pressure in the tank reduces to a specified value. The mass
withdrawn from the tank is to be determined for three methods of analysis.
Assumptions
1 This is an unsteady process since the conditions within the device are changing during the
process, but it can be analyzed as a uniform-flow process.
2 Air is an ideal gas with constant specific heats.
3 Kinetic and potential energies are negligible.
4 There are no work or heat interactions involved.
Properties
The gas constant of air is 0.287 kPa-m3/kg-K (Table A-1). The specific heats of air at room
temperature are cp = 1.005 kJ/kg-K and cv = 0.718 ki/kg-K. Also k = 1.4 (Table A-2a).
Analysis
(a) We take the tank as the system, which is a control volume since mass crosses the boundary.
Noting that the microscopic energies of flowing and nonflowing fluids are represented by enthalpy
h and internal energy u, respectively, the mass and energy balances for this uniform-flow system
can be expressed as
Mass balance:
Mip — Moyt = AMgystem
—Mme—My —My
Energy balance:
Ein — Eout = AEsystem
—mMehe = myup; — myuy
—mecpTe =myc, T, —mqc, Ty
combine the two balances:
0 = myc, T, —myc, Ty + (my —my)cpT,
The initial and final mass are given by:

4 _
my = RT,
14 _
m, = RT,

The temperature of air leaving the tank changes from the initial temperature in the tank to the final
temperature during the discharging process. We assume that the temperature of the air leaving the
tank is the average of initial and final temperatures in the tank. Substituting into the energy
balance equation gives

0 = myc,T, —myc, Ty + (Mmy —my)c, T,
whose solution is T, =?



Substituting, the final mass is
BV,
m, = RT, =7
and the mass withdrawn is
Me =M, —My
(b) Considering the process in two parts, first from 800 kPa to 400 kPa and from 400 kPa to 150
kPa, the solution will be as follows:
From 800 kPa to 400 kPa:
14 _
m, = R_TZ =
0 = myc, T, —myc, Ty + (my —my)cpT,
Me,1 =M —My

From 400 kPa to 150 kPa:
P,V )
m, = —— =1
27 RT,
0 = myc, T, —myc, Ty + (my —my)cpT,
Mep =M1 —M;
The total mass withdrawn is
Me =Meq1 + Mgy
(c) The mass balance may be written as

dm
dc e
When this is combined with the ideal gas equation of state, it becomes
Vd(P/T) _
R dt e
since the tank volume remains constant during the process. An energy balance on the tank gives
d(mu) )
dt = —h,m,
d(mT) dm
C—— =T ——
dt dt
Vd(P) _ Vd(P/T)

“R7ar T PR dt

dpP (dP P dT)

“ar = P\at T Tar

When this result is integrated, it gives

(k-1)/k

T,=T (i) =7
2= 11 P, =
The final mass is
RV s
m, = R_TZ =
and the mass withdrawn is
Mme =My —My



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 Fig. 5-31. (a) Compare the magnitudes of 4h, 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. (20 Points) (Lecture 4)

P, =2MPa
T, =400°C
Vi, =50m/s
& = 10 m

Steam
turbine

P,=15kPa
x,=0.90
V, =180 m/s
Lo = 6 m

SOLUTION
The inlet and exit conditions of a steam turbine and its power output are given. The changes in
kinetic 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 AmCV =0
and AECV =0.
2 The system is adiabatic and thus there is no heat transfer.
Analysis
We take the turbine as the system. 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 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
%;foﬂg’;‘é} —h, =7 (TableA—6)

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

hz = hf + xzhfg =?
then

Ah = hy, — hy =7
V- V2
Ake = — =?

Ape = g(z; — z;) =?

(b) The energy balance for this steady-flow system can be expressed in the rate form as
Ep—Egye = dEsystem/dt = 0 (since it it a steady system)



) Vi : ) Vi
m h1+7+gzl =Wy +m h2+7+g22

Dividing by the mass flow rate rn  and substituting, the work done by the turbine per unit mass of

the steam is determined to be

Wour =7

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

w,
m=—L =9 kg/s
Wout

The turbocharger of an internal combustion engine consists of a turbine and a compressor. Hot
exhaust gases flow through the turbine to produce work, and the work output from the turbine is
used as the work input to the compressor. The pressure of ambient air is increased as it flows through
the compressor before it enters the engine cylinders. Thus, the purpose of a turbocharger is to
increase the pressure of air so that more air gets into the cylinder. Consequently, more fuel can be
burned, and more power can be produced by the engine. In a turbocharger, exhaust gases enter the
turbine at 400°C and 120 kPa at a rate of 0.02 kg/s and leave at 350°C. Air enters. the compressor at
50°C and 100 kPa and leaves at 130 kPa at a rate of 0.018 kg/s. The compressor increases the air
pressure with a side effect: It also increases the air temperature, which increases the possibility that
a gasoline engine will experience an engine knock. To avoid this, an aftercooler is placed after the
compressor to cool the warm air with cold ambient air before it enters the engine cylinders. It is
estimated that the aftercooler must decrease the air temperature below 80°C if knock is to be
avoided. The cold ambient air enters the aftercooler at 30°C and leaves at 40°C. Disregarding any
frictional losses in the turbine and the compressor and treating the exhaust gases as air, determine
(a) the temperature of the air at the compressor outlet and (b) the minimum volume flow rate of

ambient air required to avoid knock. (30 Points)
Air
100 kPa
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The turbocharger of an internal combustion engine consisting of a turbine, a compressor, and an
aftercooler is considered. The temperature of the air at the compressor outlet and the minimum
flow rate of ambient air are to be determined.

Assumptions:



1 All processes are steady since there is no change with time.
2 Kinetic and potential energy changes are negligible.
3 Air properties are used for exhaust gases.
4 Air is an ideal gas with constant specific heats.
5 The mechanical efficiency between the turbine and the compressor is 100%.
6 All devices are adiabatic.
7 The local atmospheric pressure is 100 kPa.
Properties:
The constant pressure specific heats of exhaust gases, warm air, and cold ambient air are taken to
be cp = 1.063, 1.008, and 1.005 kJ/kg-K, respectively (Table A-2b).
Analysis:
(a) An energy balance on turbine gives
WT = MexnCp,exh (Texh,l - Texh,Z) =?
This is also the power input to the compressor since the mechanical efficiency between the turbine
and the compressor is assumed to be 100%. An energy balance on the compressor gives the air
temperature at the compressor outlet
WT = WC = macp,a(Ta,Z - Ta,l) =?
(b) An energy balance on the aftercooler gives the mass flow rate of cold ambient air
macp,a (Ta,z - Ta,3) = mcacp,ca (Tca,z - Tca,l)
Mmeq =?
The volume flow rate may be determined if we first calculate specific volume of cold ambient air at

the inlet of aftercooler. That is,
RT

vca P

Vea = Mygq =7



