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4—4C Show that 1 kPa-m* = 1 kl.

4-4C 1kPa-m’ =1 k(N.-"mE} m’ =1kN-m=1kJ

4-5 A piston—<cylinder device imitially contains 0.07 m’ of
nmitrogen gas at 130 kPa and 120°C. The nitrogen 15 now
expanded polytropically to a state of 100 kPa and 100°C
Determine the boundary work done dunng this process.



4-5 A piston-cylinder device contains nitrogen gas at a specified state. The boundary work is to be
determined for the polytropic expansion of nitrogen.

Properties The gas constant for nitrogen is 0.2968 kI/kg K (Table A-2).

Analysis The mass and volume of nitrogen at the initial state are

N2

E 3

= By _ (130kPa)(0.07m") ~0.07802ke 130 kPa
RT, (0.2968 kJ/kgK)(120+ 273K) 120°C

mRT, _(0.07802kg)(0.2968 kPa‘mjf'kg.K)(l 00+273K)
P, 100 kPa

v, = =0.08637 m’

The polytropic index is determined from
BV = P,V ——(130kPa)(0.07m>)" = (100 kPa)(0.08637 m’ )" ——n =1.249
The boundary work is determined from

_ BV, —AV, _ (100kPa)(0.08637 m’)—(130kPa)(0.07 m*) _ 1.86kJ

W
b 1-n 1-1.249

4-6 A piston—cylinder device with a set of stops nitially
contains 0.3 kg of steam at 1.0 MPa and 400°C. The location
of the stops comresponds to 60 percent of the imitial volume.
Now the steam i1s cooled. Determine the compression work if
the final state is (a) 1.0 MPa and 250°C and (b) 500 kPa.
(c) Also determine the temperature at the final state in part (b).

FIGURE P4-6



4-6 A piston-cylinder device with a set of stops contains steam at a specified state. Now. the steam is
cooled. The compression work for two cases and the final temperature are to be determined.

Analysis (a) The specific volumes for the initial and final states are (Table A-6)

B =1MPa ; P, =1MPa 5
v =0.30661m™ kg v, =0.23275m kg |
I; = 400°C I, = 250°C |
Noting that pressure is constant during the process. the boundary
work 1s determined from Steam
0.3 kg
Wy = mP(v; — vy) = (0.3kg)(1000 kPa)(0.30661— 0.23275)m’/kg = 22.16 kJ 1 MPa
400°C o

(b) The volume of the cylinder at the final state is 60% of initial
volume. Then. the boundary work becomes

W, = mP(v; — 0.60v;) = (0.3kg)(1000 kPa)(0.30661 - 0.60x 0.3066 Dm’/kg = 36.79 kJ

The temperature at the final state is
P, =0.5MPa }

; T, =151.8°C (Table A-5)
v, =(0.60x0.30661) m” kg

4-7 A piston—cylinder device imitially contains 0.07 m’ of
nitrogen gas at 130 kPa and 120°C. The nitrogen is now
expanded to a pressure of 100 kPa polytropically with a poly-
tropic exponent whose value is equal to the specific heat ratio
(called isentropic expansion). Determine the final temperature
and the boundary work done during this process.

4-7 A piston-cylinder device contains nitrogen gas at a specified state.
The final temperature and the boundary work are to be determined for the
isentropic expansion of nitrogen.

Properties The properties of nitrogen are R = 0.2968 kl/kg K . k=14
(Table A-2a). N
Analysis The mass and the final volume of nitrogen are 130 ﬁP a
PV, 3 120°C
n=t% _ (130KkPa)(0.07m") —0.07802 kg

RT; (0.2968kI/kgK)(120+273K)
PV = PV —5(130kPa)(0.07 m* ) = (100 kPa)l)* —— 1/, =0.08443m°
The final temperature and the boundary work are determined as

2 (100 kPa)(0.08443 m*) 2646 K
MR (0.07802 kg)(0.2968 kPa.m3 kg K) '

I,

PV, — P,  (100kPa)(0.08443m>) (130 kPa)(0.07 m?)
p=—ti—t= =y =1.64kJ




4-8 A mass of 5 kg of saturated water vapor at 300 kPa is
heated at constant pressure until the temperature reaches
200°C. Calculate the work done by the steam dunng this
process. Answer: 165.9 k)

4-8 Saturated water vapor in a cylinder is heated at constant pressure until its temperature rises to a
specified value. The boundary work done during this process is to be determined.

Assumption The process 1s quasi-equilibrium.

Properties Noting that the pressure remains constant during this process. the specific volumes at the initial
and the final states are (Tables A-4 through A-6)

P, =300 kPa
Sat. vapor
P, =300 kPa

_ 3
. 200°C }02 =0.71643 m" kg 300 + .ﬁ_T

Analysis The boundary work is determined from its definition to be |

> 37 P /]
"= Ug@Jm kPa = 0.60582 m :kg (kpa

-

2
Wy out = -[1 PdV = P(Vy —V)) =mP(v, —v;)

4 A

= (5 kg)(300 kPa)(0.71643—0.60582) m%kg[ LK 3
1kPa-m

5 S

=165.9 kJ

Discussion The positive sign indicates that work 1s done by the system (work output).



4-9 A fnctionless piston—cylinder device initially contains
200 L of saturated liquid refrigerant-134a. The piston is free
to move, and its mass 1s such that it maintains a pressure of
000 kPa on the refrigerant. The refrigerant is now heated
until its temperature nises to 70°C. Calculate the work done
duning this process. Answer: 5571 kJ

R-134a

P = const.

FIGURE P4-9

4-9 Refrigerant-134a in a cylinder is heated at constant pressure until its temperature rises to a
specified value. The boundary work done during this process is to be determined.

Assumption The process is quasi-equilibrium.

Properties Noting that the pressure remains constant during this process. the specific volumes at the initial
and the final states are (Tables A-11 through A-13)

f4 =900 kpa 0.0008580 m>/k P
vy =v =0. m
Sat. liquid A E (kPa) A
P, =900 kPa 5
z v, =0.027413 m” kg 1 2
I, =70°C . 900 T
Analysis The boundary work is determiuned from its definition to be
2 2m’
mz—lzo—mS:ZSB.lkg o v
V1 0.0008580 m~/kg
and
2
Woou = [ PAV = PV =) = mP(v, )
3, 1kJ )
=(233.1kg)(900 kPa)(0.027413 - 0.0008580)m" /kg| —3|
1 kPa-m

=557T1kJ

Discussion The positive sign indicates that work is done by the system (work output).



4-12 A mass of 2.4 kg of air at 150 kPa and 12°C is con-
tained in a gas-tight, frictionless piston—cylinder device. The
air 1s now compressed to a final pressure of 600 kPa. During
the process, heat is transferred from the air such that the tem-
perature inside the cylinder remains constant. Calculate the
work input during this process.  Answer: 272 k)

Solution Ay in a cylinder is compressed at constant temperature until its pressure rises to a specified value.

The boundary work done during this process is to be determined.
Assumptions 1 The process is quasi-equilibrium. 2 Air is an ideal gas.
Properties The gas constant of air is R = 0.287 kJ’kg K (Table A-1). p
Analysis The boundary work 1s determined from its definition to be

2
2
W5, out :L PdV :Eiul]_n% = n.rRThlg \ T=12°C
1 2
= (2.4 kg)(0.287 kl/kg - K)(285 K)lnm k. :
SR £ 600 kPa >

=-272 kJ

Discussion The negative sign indicates that work is done on the system (work input).

4-13 Nitrogen at an initial state of 300 K, 150 kPa, and
0.2 m?® is compressed slowly in an isothermal process to a
final pressure of 800 kPa. Determine the work done during

this process.

v



Solution Nitrogen gas in a cylinder is compressed at constant temperature until its pressure rises to a
specified value. The boundary work done during this process is to be determined.

Assumptions 1 The process is quasi-equilibrium. 2 Nitrogen is an ideal gas.

Analysis The boundary work is determined from its definition to be = A
2 V. A
Woow = [ PAV = BYIn > =AY In=L 2
S 2 P \
150 kPa 1kJ T=300K
= (150 kPa)(0.2 m*)| In
( s )[ 800 kPa ][1 kPa-m’ ] S
=-50.2kJ >

Discussion The negative sign indicates that work is done on the system (work input).

4-14 A gas is compressed from an initial volume of 042 m’
to a final volume of 0.12 m'. During the quasi-equilibrium

process, the pressure changes with volume according to the
relation P = aV + b, where a = —1200 kPa/m’ and b =
600 kPa. Calculate the work done dunng this process (a) by plot-
ting the process on a P-V/ diagram and finding the area under the
process curve and (b) by performing the necessary integrations.

FIGURE P4-14



Solution A gas in a cylinder is compressed to a specified volume in a process during which the pressure
changes linearly with volume. The boundary work done during this process is to be determined by plotting
the process on a P-{/diagram and also by integration.

Assumption The process is quasi-equilibrium.

Analysis (a) The pressure of the gas changes linearly with volume. and thus the process curve on a P-V/
diagram will be a straight line. The boundary work during this process is simply the area under the process
curve. which 1s a trapezoidal. Thus,

B, =aV, +b=(~1200 kPa/m?)(0.42 m?) + (600 kPa) = 96 kPa kg
a)m
Py =al/y +b=(~1200 kPa/m>)(0.12 m>) + (600 kPa) = 456 kPa (kPa) )

and P, | Y{H b
B +P
Wy ow = Area=—1"2 (1, —}) P+ !

2
96+ 456)kP, |
= %(0.12—0.42)1113[ 3 I I >
510 1kPa-m” ) 0.12 042 (m)

() The boundary work can also be determined by integration to be
2 2 v 2 _ ") 2
Wb__out =I1 Pdl/ =Il(al/+b)dv = ﬂ%i‘b(vz _Vl)

0.12° =0.42%)m*®

=(-1200 kPa/m>) +(600 kPa)(0.12—0.42)m>

=-82.8kJ

Discussion The negative sign indicates that work is done on the system (work input).



4-18 A fncuonless piston—cylinder device contains 2 kg of
nitrogen at 100 kPa and 300 K. Nitrogen is now compressed

slowly according to the relation PV'* = constant until it
reaches a final temperature of 360 K. Calculate the work

input during this process. Answer: 89 kJ

N3

PV = const.

FIGURE P4-18

S°|Uti°nNitrogen gas in a cylinder is compressed polytropically until the temperature rises to a specified

value. The boundary work done during this process is to be determined.
Assumptions 1 The process is quasi-equilibrium. 2 Nitrogen is an ideal gas.

Properties The gas constant for nitrogen is R = 0.2968 kl/kg K (Table A-2a).
Analysis The boundary work for this polytropic process can be p

determined from \ i
W out =I2PdV= Al R4 _mRT - %)
’ 1 I-n 1-n VA= C
_ (2 kg)(0.2968 kJ/kg - K)(360 — 300)K
- 1-14 S,
=-89.0kJ oy

Discussion The negative sign indicates that work is done on the system (work input).

4-21 Carbon dioxide contained in a piston—cylinder device
is compressed from 0.3 to 0.1 m’. During the process,
the pressure and volume are related by P = a2, where a =
8 kPa- m®. Calculate the work done on the carbon dioxide
during this process. Answer: 53.3 kJ



Solution CO5 gas in a cylinder is compressed until the volume drops to a specified value. The pressure

changes during the process with volume as P=al/ -2 The boundary work done during this process is to be
determined.

Assumption The process is quasi-equilibrium. P

Analysis The boundary work done during this process is determined from

B 2 a 1 1
Wyon =| PdV = ]di/z— —-——] 2
b out Il Il l V] ) G{ Vl {‘):] | \ P=alr
. O LY 1w \-1
=—(8kPa-m") T 3 3
 0.lm” 03m” ! 1kPa-m
=-533 kJ 0.1 0.3 (m?)

\

Discussion The negative sign indicates that work is done on the system (work input).



4-28 A 0.5-m’ ngid tank contains refrigerant-134a initially

at 160 kPa and 40 percent quality. Heat is now transferred to

the refrigerant until the pressure reaches 700 kPa. Determine

(a) the mass of the refrigerant in the tank and (b) the amount

of heat transferred. Also, show the process on a P-v diagram

with respect to saturation lines.

Solution A rigid tank is initially filled with superheated R-134a. Heat is transferred to the tank until the

pressure inside rises to a specified value. The mass of the refrigerant and the amount of heat transfer are to
be determined. and the process is to be shown on a P-v diagram.

Assumptions 1 The tank is stationary and thus the kinetic and potential energy changes are zero. 2 There
are no work interactions.

Analysis (a) We take the tank as the system. This is a closed system since no mass enters or leaves. Noting
that the volume of the system is constant and thus there is no boundary work. the energy balance for this
stationary closed system can be expressed as

Ep —Eon = AEsystml
Netenergy transfer  Change in internal, kinetic, R-134a
byheat, work. andmass potential. etc.energies 160 kPa

Oy =AU =m(uy —uy) (sinceW =KE =PE =0)

Using data from the refrigerant tables (Tables A-11 through A-
13). the properties of R-134a are determined to be

P =160kPa | vy =0.0007437. v, =0.12348 m” kg
x; =04 uy=31.09, u g5 =190.27kl/kg

Vi =Vy +xV e =0.0007437 +0.4(0.12348 - 0.0007437) = 0.04984 m>/kg
Uy =u g +x3U 5 =31.09+0.4(190.27) =107.19 ki/kg

P, =700 kPa
z iy =376.99 kl/kg (Superheated vapor)
(vy=vy)

Then the mass of the refrigerant is determined to be

3
m=lio 05M_ _40.03kg
vy 0.04984 m”/kg

(b) Then the heat transfer to the tank becomes
Oy =1y —11y)
=(10.03kg)(376.99 -107.19) kl/kg
=2707 kJ

A
<



4-56 A 3m’ ngid tank contains hydrogen at 250 kPa and
550 K. The gas is now cooled until its temperature drops to
350 K. Determine (a) the final pressure in the tank and

(b) the amount of heat transfer.

Solution The hydrogen gas in a rigid tank is cooled until its temperature drops to 300 K. The final pressure
in the tank and the amount of heat transfer are to be determined.

Assumptions 1 Hydrogen is an ideal gas since it is at a high temperature and low pressure relative to its
critical point values of —240°C and 1.30 MPa. 2 The tank is stationary. and thus the kinetic and potential
energy changes are negligible. Ake= Ape=0.
Properties The gas constant of hydrogen is R = 4.124 kPa.m’/kg K (Table A-1). The constant volume
specific heat of hydrogen at the average temperature of 450 K is ¢4, = 10.377 kJ/kg K (Table A-2).
Analysis (a) The final pressure of hydrogen can be determined from the ideal gas relation.

ARV PV I, 350K

— P =-%p (250 kPa) =159.1 kPa
n T T 550K

(b) We take the hydrogen in the tank as the system. This is a closed system since no mass enters or leaves.
The energy balance for this stationary closed system can be expressed as
En—Egu = AE system

.,
) —

Net energy transfer Change in internal, kinetic,
by heat, work. and mass potential, etc. energies u
—Oou =AU 250 kPa
Ooe =—AU =—m(uy —11) =mC, (T} —T5) SIOK N
A
where
\ Q
RV 25 .
m=hv _ (250 kPa)(3.0m") =0.3307 ke

RT, (4.124kPa-m’/kg-K)(550K)
Substituting into the energy balance,
Ouwe = (0.33307 kg)(10.377 kI/kg K)(550 — 350)K = 686.2 kJ



4-61 An mnsulated ngid tank 15 divided into two equal parts
by a partition. Initially, one part contains 4 kg of an ideal gas
at 800 kPa and 50°C, and the other part 1s evacuated. The par-
tition 1s now removed, and the gas expands into the entire
tank. Determine the final temperature and pressure in the tank.

IDEAL
GAS

200 kPa Evacuated

FIGURE P4-61

Solution One part of an insulated rigid tank contains an ideal gas while the other side is evacuated. The
final temperature and pressure in the tank are to be determined when the partition is removed.

Assumptions 1 The kinetic and potential energy changes are negligible, Ake = Ape=0. 2 The tank is
insulated and thus heat transfer is negligible.

Analysis We take the entire tank as the system. This is a closed svsfem since no mass crosses the
boundaries of the system. The energy balance for this system can be expressed as

Em _Etmr = AEsystem

Net energy transfer  Change in infernal, kinetic,
by heat, work, and mass potential etc. energies

0=AU = m(uy = 1y)

iy =14 Evacuated
Therefore.
T, =T, = 50°C
Since # = u(T) for an ideal gas. Then.
AW _ BV 1

, = p L (500 kPa) = 400 kPa
L o v, 172




