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FIGURE 3-1

Energy can cross the boundaries of
a closed system in the form

of heat and work.

surrounding air
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FIGURE 3-2
Heat is transferred from hot bodies
to colder ones by virtue of a

temperature difference.

Room air

259C
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FIGURE 3-3

Temperature difference is the driving
force for heat transfer. The larger the

temperature difference, the higher
is the rate of heat transfer.
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2kl /lnsulation 30K
thermal 0=30kJ
energy oW T el =2k AR hea
i ':l"l_—. 0=0 At=d3
| ADIABATIC !
| SYSTEM |
| ' :
| | 0 =6kW
N | q =15 kl/kg
FIGURE 34 FIGURE 3-5 FIGURE 3-6
Energy is recognized as heat transfer During an adiabatic process, a system s ! .
only as it crosses the system boundary. exchanges no heat with its surroundings. The relatlonshlps among ¢, Q, and 0.
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3-1. HEAT TRANSFER

Heat Transfer per unit mass

q= 2 (kJ/kg)
m

Heat Transfer rate is denoted Q

Q= Tddt (k)

Heat Transfer rate is denoted Q

QzQAt (kJ)
At=1t —t
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Historical Background on Heat

Contact
surface

FIGURE 3-7

In the early 19th century, heat was
thought to be an invisible fluid called
the caloric that flowed from warmer
bodies to the cooler ones.
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Energy transfer by Work

Work done per unit mass of system,w

\\Y
w=— (kJ/kg)

m

Work done per unit time is called power

W kJ/s, or kW

Path function have inexact differential
designated by the symbol 6

Exact differential designated by the
symbol d

W=30kJ 30 kJ
m =2 kg work
At=35s
W=6kW
w =15 kl/kg
FIGURE 3-8

The relationships among w, W, and W.

Surroundings
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FIGURE 3-9

Specifying the directions of
heat and work.




The volume change during a process
between states 1 and 2 is

Total work done during process 1-2

2
jéW =W_, (@mot AW)
1

AV,=3m% W, =8kl

AVg=3m’ Wy=12KkJ

<YV

FIGURE 3-10
Properties are point functions; but
heat and work are path functions

(their magnitudes depend on the

Department of Mechanical Enginee. ...

www.arc.rmuti.ac.th:Email:s

Dgmail.com




Electrical Work

W =VN N AadFanalwdneinuannile g Tnasinssua 1 wawnil
e wsaAaau 1 Taaslu 1 uiii

W_=VI  w)| |W,isthe electrical power

Taanalidusatraar waznszud Wl Il sRAINLIa

W, =[VIdt (k)

—

Vuazl aan W, = V{} R %
—2 b |

W =VI At (kJ ks

= (kJ)
FIGURE 3-15
S FEEUEY GEIA AR L @l Electrical power in terms of resistance
Department of Mechanic , .

™ R, current /, and potential difference V.
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MECHANICAL FROMS OF WORK

W =Fs (kJ)

F is not constant

2 = .
W =[Fds (k) S -
1 —

FIGURE 3-16

The work done is proportional to
the force applied (F) and the
distance traveled (s).
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Moving Boundary Work

NUNLARNNNNTLARDUNUDIUDLILAU G

F is not constant

SW_ = Fds = PAds = PdV

FIGURE 3-18
The work associated with a moving
boundary is called boundary work.

2
W, =[PdV
1

The total area A under the process
curve 1-2 is obtained by adding

-~ Process path

these differential area

2 2
Aera =A=[dA=[PdV @
1 1

FIGURE 3-20
The area under the process curve on
a P-V diagram represents the

boundary work.




W, =10kJ
! //WB=8kJ

I .
-

|
|
|
I
|
I
I
|
I
|
|
|

V, 7 V

FIGURE 3-21

The boundary work done

during a process depends on the

path followed as well as the end states.
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Moving Boundary Work

2
W, =[PdV
1

P.=Pressure is inner face of the piston
W, = represent the amount of energy
transferred from the system during an
expansion process

W =W +W__ +W

b friction

crank

2
= j( |:friction + I:)atm A + |:crank )dX
1

| >

V, V, V
FIGURE 3-22
The net work done during a cycle is the
difference between the work done by the
system and the work done on the system.
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EXAMPLE 3-5 A rigid tank contains air at 500 kPa and 150 °C . As a
result of heat transfer to the surroundings, the temperature and
pressure inside the tank drop to 65 °C and 400 kPa, respectively.
Determine the boundary work done during this process.

P, kPa 4
AIR Heat -0 ~~~="-- L
P, =500kPa P>
T; = 150°C !
P,=400kPa | = 40bk-——-—e————
A 400 ‘ FIGURE 3-23
i ~ Schematic and P-V diagram for
v Example 3-5.

Analysis: The boundary work can be determined from
eq. 3-11 to be

W, = f PV =0  (kJ), (dv = 0)

1




EXAMPLE 3-6 A frictionless piston-cylinder device contains 4.5
kg of water vapor at 0.4 MPa and 200 °C. Heat is now
transferred to the steam unit the temperature reaches 250
°C. If the piston is not attached to the shaft and its mass is
constant, determine to work done by the steam during this
process.

P, MPa4
| Po=0.4 MPa
0.4 - B =
H,0
- Area = w

m=4.5kg g SR :
P=0.4 MPa i i FIGURE 3-24

~ Schematic and P-v diagram for

v, =0.5342 v, =0.5951 v, m/kg Example 3-6.

W,

2 2
jPidV = Pojdv =Py (V,=Vy) or W, =mP,(V, -V,)
1 1

W, = (4.5kg )(400 kPa)[(0.5951 —0.5342 )m*® / kg] =109 .62kJ




EXAMPLE 3-6:
A piston-cylinder device initially contains 0.4 m3 of air at 100

kPa and 80 °C. The air is now compressed to 0.1 m3 in such a
way that the temperature inside the cylinder remains
constant. Determine the work done during this process.

I’P

T = 8{1°C = consl,

AlR
Vi=04m’
Fy= 100 kP :

T = BEC = const. I )

FIGURE 329
chematic and P-V diagram
for Example 3-7.




EAMPLE 3-7

Analysis  For an ideal gas at constant temperature T,

PFV=mRT,=C or P=g

where C 15 a consiant, Substituting this into Eq. 3-11, we have

2 Vs

W,=| Pdv= d'v’ C “——EIHU—PV Ny (3-18)
| | |

In the above equation, PV, can he replaced by P Vo or mRT,. Also, Vol can
be replaced by Pi/P; for this case since Py V) = PRV,
substituting the numerical values into the above equation yields

o1l 1w )
il|r= -I E r === | =
W, = (100 kPay0.4 m 1(|nm)[E T
= —5545Kk]
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PV "=C

Emmfora polytropic process can be expressed as

P=Cv™ (3-17)

lﬁrbstituting this relation into Eq. 3—11, we obtain

) o) v;n-i—l _— Vl—n+| ]32‘/2 s PIVI
W,=| Pav=| CV"dV=C— = (3-18)
| | —77 4 1 l —n
P
P V!=P,V1

FIGURE 3-26

~ Schematic and P-V diagram for a
v polytropic process.
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since C = P,V/" = P,V,". For an ideal gas (PV = mRT), this equation can
be written as

o mR(T2 _ Tl)
W, = n#1 (k) (3

| — n

For the special case of n = 1 the boundary work becomes

Vs
Vi

W,,zJ-PdV=fCV“'dV=PV1n
I |

For an ideal gas this result 1s equivalent to the 1sothermal process discusse
the previous example.

17



2 Shaft Work

Energy transmission with a rotating shaft is very common in engineering pi
tice (Fig. 3-27). Often the torque T applied to the shaft is constant, wh
means that the force F applied is also constant. For a specified const
torque, the work done during n revolutions is determined as follows: A fo
F acting through a moment arm r generates a torque T of

T=F —> F=$

W,=2xnT

This force acts through a distance s, which 1s related to th
Torgue = Fr

FIGURE 3-28

Then the shaft work is determined from Shaft work is proportional to the (orgue
applied and the number of revolutions of

W, = Fs = (%)(zﬂm) = 27nT (kJ) the shafi,

s =Qmrn

The power transmitted through the shaft is the shaft work done per unit tu
which can be expressed as

W, =2maT (kW) (3

where 1 is the number of revolutions per unit time.
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EXAMPLE 3-8 Power Transmission by the Shaft of a Car

Determine the power transmitted through the shaft of a car when the torque ap
plied is 200 N - m and the shaft rotates at a rate of 4000 revolutions per minut
(rpm).

SOLUTION The torque and the rpm for a car engine are given. The power trans
mitted is to be determined.

Analysis A sketch of the car is given in Fig. 3-29. The shaft power is deter
mined directly from

n =4000 rpm

. | 1 min 1kJ
=200 Nm Wy, =27aT = (217)(4000 —.)(200 N - m)( )( )
60 1000 N -
FIGURE 3-29 e ; -

= 83.8 kW (or 112.3 hp)
Schematic for Example 3-8.
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Spring Work
is common knowledge that when a force is applied on a spring, the length
the spring changes (Fig. 3-30). When the length of the spring changes by a
tferential amount dx under the influence of a force F, the work done is

oW = F dx (3-24)

spring
\determine the total spring work, we need to know a functional relationship
tween F and x. For linear elastic springs, the displacement x is proportional
the force applied (Fig. 3-31). That is,

F.=kx (kN) (3-25)

tere k 1s the spring constant and has the unit kN/m. The displacement x is
sasured from the undisturbed position of the spring (that is, x = 0 when
= (). Substituting Eq. 3-25 into Eq. 3-24 and integrating yield

W

spring

= (2= (kD) (3-26)

ere x, and x, are the initial and the final displacements of the spring,
pectively, measured from the undisturbed position of the spring.



Rest
position dx

X F
FIGURE 3-30
Elongation of a spring under

the influence of a force.

Syl Rest
X; = 1 min position
% Xy =2 mm
v
F, =300 N l
F, =600 N
FIGURE 3-31

The displacement of a linear spring
doubles when the force is doubled.

MPLE 3-9 Expansion of a Gas against a Spring

piston-cylinder device contains 0.05 m?3 of a gas initially at 200 kPa. At this
ate, a linear spring that has a spring constant of 150 kN/m is touching the pis-
n but exerting no force on it. Now heat is transferred to the gas, causing the
ston to rise and to compress the spring until the volume inside the cylinder
ubles. If the cross-sectional area of the piston is 0.25 m?, determine (a) the
al pressure inside the cylinder, (b) the total work done by the gas, and (c) the
ction of this work done against the spring to compress it.

LUTION A sketch of the system and the P-V diagram of the process are
own in Fig. 3-32.

k=150 kN/m
' P kPa %

320

|

200 -

2] .‘
A=0.25m*~

P, =200 kPa
V, = 0.05 m?

0.05 01 V.m




Assumptions: 1 The expansion process is quast-equilibrium. 2 The spring is |
linear in the range of interesl. |
Analysis (a) The enclosed volume at the final state is

Ve=32V, = (Zi0.05 m") =0, m’

Then the displaceiment of the piston (and of the spring) becomes

Ay {00 - 005 m'
A 0.25'm-

X (.2m

The force applied by the linear spring at the final state is
F= kv = {150 kN/m)}(0.2 m) = ) kN

The additional pressure applied by the spring on the gas at this state is

pE_ 30kN
A 0253w

= 120 kPa




Without the spring, the pressure of the gas would remain constant al 200 kPa
while the pistan 1s rising. Bul under the effect of the spring, the pressure rises
llnearly from 200 kPato

200 + 120 = 320 KPa

at the final stats.

(o) An easy way of finding the work dane is to plol the process on a P-V dia-
gram and find the area under the process curve. From Fig. 3-32 the area under
the process curve (a trapezoid) is determined to be

(200 - 320% kPa
2

W =ireiu =

| Kl -)=I.‘![-;.l

0.1 =005 m
I ' l(.] kPa - m’

23



Note that the work is done by the system.,

(¢) The work represented by the rectangular area (region ) is done against the
piston and the atmosphere, and the work represented by the triangular area
{region |1} is done against the spring. Thus,

Wi = 10320 — 200) k[’ﬂlfﬂ-ﬂﬁ"mij(l LF"’II ] o

This result could also be obtained from Eq. 3~26:

I

Wi = K = 591 = L0150 kN {02 — url(I b ®

3kl
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