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Objectives |«

Examine the moving boundary work or P dV work commonly
encountered in reciprocating devices such as automotive engines and
COMmpressors.

|dentify the first law of thermodynamics as simply a statement of the
conservation of energy principle for closed (fixed mass) systems.

Develop the general energy balance applied to closed systems.

Define the specific heat at constant volume and the specific heat at
constant pressure.

Relate the specific heats to the calculation of the changes in internal
energy and enthalpy of ideal gases.

Describe incompressible substances and determine the changes in
their internal energy and enthalpy.

Solve energy balance problems for closed (fixed mass) systems that
iInvolve heat and work interactions for general pure substances, ideal
gases, and incompressible substances.
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4-1. MOVING BOUNDARY WORK @

Moving boundary work (P dV work): Quasi-equilibrium process:
The expansion and compression work A process during which the system
In a piston-cylinder device. remains nearly in equilibrium at all

(SW,[;. = Fds=PAds = Pdl times.

W, is positive — for expansion
2 W, is negative — for compression
W, = J PdV (kJ)
1

FIGURE 4-1
The work associated with a moving R

‘ s 1€ moving
boundary i1s called boundary work. hoindury
FIGURE 4-2

A gas does a differential amount of
work 6W, as it forces the piston to
move by a differential amount ds.
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4-1. MOVING BOUNDARY WORK @g

Process path

e

!
!
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!
!
vV
1

I
|
| ] U, v
I
| FIGURE 4-4
The boundary work done during a
FIGURE 4-3 process depends on the path followed
The area under the process curve as well as the end states.
on a P-V diagram represents the
boundary work. The area under the process curve on a P-V
2 2 diagram is equal, in magnitude, to the work
Area=A = J dA = J PdV done during a quasi-equilibrium expansion or
1 1 compression process of a closed system.
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4-1. MOVING BOUNDARY WORK @x

Generalized boundary
work relation

A 1
|
| P, is the pressure at the
B inner face of the piston.
| 1
i :
|
! ' > In a car engine, the boundary work
v, v, v . .
done by the expanding hot gases is
FIGURE 4-5 used to overcome friction between
The net work done during a cycle is the pISt?]n ‘?nd_the Cyl;nger’ to pUSz
the difference between the work done atmospheric air out of the way, an
by the system and the work done on to rotate the crankshatt.
the system. 2
Wh — H’ friction 1H/alm + H/crank — [ (Ffriclion + P’mnA + F rmk) (‘h‘
J1
" Nat. Gslo.
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4-1. MOVING BOUNDARY WORK @x

Boundary Work for a Constant-Pressure Process

i 3§ 2 2
H,O Heat W, = J PdV = P, J dV = PV, — V)
5 kg 1 1
400 kPa (4-6)
W, = mPyv, — v,)
P, A
kPa
1 2
400 +--¢ o
| |
: Area=W, :
: |
| |
I I >
v, m¥kg
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4-1. MOVING BOUNDARY WORK

Boundary Work for a Constant-Volume Process

Air

P; = 500 kPa

T, = 150°C
P, = 400 kPa

T, = 65°C

P, kPa 4

50 F——————— o

400 F———————= 2

» Heat

<Y

e 0
w,= | Pdi=0
1

: =
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4-1. MOVING BOUNDARY WORK @

Boundary Work for an Isothermal Compression Process

2 2
V,
m m;:JPdV:J CV1dV =PV In| -2
B 1 1 Ul
Air 9
Vi=04m’ C
i PV=mRT,=C or P=-—
T, = 80°C = const. U
2 2 2

PA 1/1’},=[de’=[CduzC[aW,-Clnu—PU’]nU2
I 1V 1V V, V,

2

| Ty = 80°C = const. #7)
|
|
} 1
| I
| |
| | .
0.1 04  VUm
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4-1. MOVING BOUNDARY WORK 0

Boundary Work for a Polytropic Process
PU"=C, P=cU™
2 VEH-I—I . Vl—n+l P2U2 _ PIU]

W, =J PdU:J cUndV=cC = (4-9)
1 1 —n+ 1 | —n

_ mR(T, —T))

n#1 (kJ) Forideal gas
| —n

W,

I
) 3
Gas

2Y"” = C = const

Soanelon Nat.Uoky. 9
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4-1. MOVING BOUNDARY WORK @

Expansion of a Gas against a Spring

k=150 kN/m P, kPaA

320 |
[ 200 |
1
/
A=0.25m?
P, =200 kPa
V, = 0.05 m’ - >
0.05 0.1 V,m’

Heat

3 Sosnelon Nat. Uslv. 10
# Boeb & Propebaion lab,



4-2. ENERGY BALANCE for CLOSED SYSTEMS &g

Epn—Eo = AE sysem  (KJ) Energy balance for any system
Net energy transfer Change in internal, kinetic, undergoing any process
by heat, work, and mass potential, etc., energies
E' - Emlt — Sy -'\’nem/'diF (]\‘u‘ ) Energy balance
Rate of net energy “L‘”Hfﬂf Rate of change in ||1leuml. In the rate form
by heat, work, and mass kinetic, potential, etc., energies

The total quantities are related to the quantities per unit time

O=0At, W=WAs, and AE=(dE/d)Ar  (KJ)

Energy balance per
Cin — Cout = Ae. kJ/ kg . .
1n out .}.It"lll ( / ) Unlt maSS baSIS
Energy balance in
oFk. — oFE,, = dE . or de, — e, = de,,. : .
n out Sy tem in out Sy em dlﬁ:erentlal fOI'm
: Energy balance
l]t"f Jout Q net.in or Ilt"f out Q net.in

for a cycle

3 Soscaeliovs Nat. Ueoky, 11
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4-2. ENERGY BALANCE for CLOSED SYSTEMS &g

m:l out Qn otin  OF LV etout an[‘in (for ElC}"Cle)
P A
>
V
FIGURE 4-11

For a cycle AE = 0, thus Q =

3 Sosvseliows Nab. Usolv, 12
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4-2. ENERGY BALANCE for CLOSED SYSTEMS [ «'@i

Energy balance when sign convention is used:

- heat input and work output are positive % B4l
- heat output and work input are negative General Q- W=AE
T . Stationary systems Q- W =AU
QI‘JE‘LiI] ‘1 netoout AESFS-[CHI :
Per unit mass g—w = Ae
O — W = AE Differential form &g —éw = de

Q — Qnet,in - Qin o Qout
14 Wnet._out =W o Win

out

FIGURE 4-12
Various forms of the first-law relation
for closed systems.

The first law cannot be proven mathematically, but no process in nature is known
to have violated the first law, and this should be taken as sufficient proof.

' Ssnechon Nat. Unlkv. 13
# Boeb & Propebaion lab,
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Energy balance for a constant-pressure expansion or
compression process
General analysis for a closed system

undergoing a quasi-equilibrium For a constant-pressure expansion

constant-pressure process. Q is to - :
; Or compression process:
the system and W is from the system. P P

E. = AE AU -|-Wb=AH

Ein — Lout T — = gystem
Net energy transfer Change in internal, kinetic,

by heat, work, and mass potential, etc., energies
0
O — W= AU + AKE + APE
Q - WD[hEI‘ - Wb = DTZ - U]

0

W, = Py(V, — V)

Q — Woper — Po(V, = V) =U, - U,

Py=P,=P = Q= Wy = (U, + P,V,) = (U, + P,V,)
H=U+PV Q= Wy =H,—H (&I) @19

SoacseBoc Nab, Ueabv,
m Gouy, & Poopebgion lat, 14
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4-2. ENERGY BALANCE for CLOSED SYSTEMS &

An example of constant-pressure process

P, kPa A
H-,0O
1 2
m=25 g 300
‘o = P 7 = 300 kPa
Sat. vapor
Qout =37kl >
v
Ein o Eout — AE&}'stem
e s —_— —
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, etc., energies

We.in o Qout o Wb - AU
W

e.in

— Qo = AH = m(h, — h;)  (since P = constant)

SeacseBow Nak, Uealy, 15
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4-2. ENERGY BALANCE for CLOSED SYSTEMS &

Vacuum
P=0
W=0

Heat
Q- Wother =AH

FIGURE 4-14

For a closed system undergoing a

quasi-equilibrium, P = constant FIGURE 4-16
process, AU + W, = AH. Note that _ _ .

this relation 1s NOT wvalid for closed EXP&I’]SIOII agall‘lst a vacuum involves
systems processes during which no work and thus no energy transfer.
pressure DOES NOT remain

constant.

Ssnechon Nat. Unkv. 16
ol & Poopeadsion Lal,



mycom
하이라이트


mycom
선


mycom
선


mycom
선


mycom
선


mycom
선



4-2. ENERGY BALANCE for CLOSED SYSTEMS @

Unrestrained Expansion of Water

E in E out - AE system
Net energy transfer Change in internal, kinetic,
by heat, work, and mass potential, efc., energies

Q., = AU = m(u, — u,)

. q A
System boundary P, kPa

r— 7

I I

| |

| Evacuated :

| space | Dartits

I Space lfP;ulllmn 200
| i

| H,0 |

| m=5ks | 3.17
| P, =200 kPa ‘ '

| I Q

: T, =25°C : n

L | 1:"-

3 Sosnehon Nat. Uk, 17
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4-3. SPECIFIC HEATS T

Specific heat at constant volume, c,: The energy required to raise
the temperature of the unit mass of a substance by one degree as the
volume is maintained constant.

Specific heat at constant pressure, c,: The energy required to
raise the temperature of the unit mass of a substance by one degree
as the pressure is maintained constant.

m=1kg
| I{g ] kg AT =1°C
Iron Water . _
Specific heat = 5 klJ/kg-°C
20 — 30°C 20 — 30°C ’
- -
- 5KJ
4.5kl 41.8kl
FIGURE 4-18
FIGURE 4-17 Specific heat is the energy required
[t takes different amounts of energy to raise the temperature of a unit
to raise the temperature of different mass of a substance by one degree
substances by the same amount. in a specified way.
: Soanelon Nat. oy, 18
# Boeb & Propebaion lab,
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4-3. SPECIFIC HEATS T

_______ (2)
1 (1)
I/ = constant P = constant
m=1kg m=1kg
AT =1°C AT =1°C
kJ kJ
L — 30 kg°C CP_S'lgkg-DC

3.12kJ 5.19kJ

FIGURE 4-19

Constant-volume and constant-pressure
specific heats ¢, and ¢, (values given
are for helium gas).

SeacseBow Nak, Uealv, 19
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4-3. SPECIFIC HEATS T

Consider a fixed mass in a stationary closed system

undergoing a constant-volume process

oe,, — oe,, = du

c,dT = du at constant volume

6u)
Cy = (c}T (4-19)

v

Consider a constant-pressure
expansion or compression process

( oh )
C, —\ T~ 4-20
P d T » (: )

The equations are valid for any substance
undergoing any process.

c, Is related to the changes in internal
energy and c, to the changes in enthalpy.

o= (22
v \atl /y

= the change in internal energy
with temperature at
constant volume

= (3
CP = \aT P
= the change in enthalpy with

temperature at constant
pressure

FIGURE 4-20
Formal definitions of ¢, and c,,.

Sounchon Nat.Usnlv. 20

ol & Poopeadsion Lal,



4-3. SPECIFIC HEATS T

Air Air True or False:
C, Is always greater than c,
m=1kg m=1kg
300 — 301 K 1000 — 1001 K
| |
0.718 kJ 0.855 kI
FIGURE 4-21

The specific heat of a substance
changes with temperature.

¢, and c, are properties.
The specific heats of a substance depend on the state.

The energy required to raise the temperature of a substance by
one degree is different at different temperatures and pressures.

A common unit for specific heats is kJ/kg-°C or kJ/kg-K.
Are these units identical?

' Soanchon Nat. Unly. 21
# Boeb & Propebaion lab,



4-4. INTERNAL ENERGY, ENTHALPY,

AND SPECIFIC HEATS OF IDEAL GASES

Thermometer

Water

Air
(high pressure) Evacuated

FIGURE 4-22

Schematic of the experimental
apparatus used by Joule.

Joule showed using this experimental
apparatus that u=u(T)

h:u—l-Pu} .
PU — RT h=u+ RT
u=u(T) h=hn(T)

du = c (T)dT (4-23)
dh = {:-P(T}dT (4-24)

Internal energy and enthalpy
change of an ideal gas

g

Au=u,—u,= [HCU{T) dT

1

(kJ/kg)

)
-

Ah=h,—h,= L ¢ (T) dT

(kJ/kg)

-

Ssnchon Nat. Unlv. 22
ol & Poopeadsion Lal,



4-4. INTERNAL ENERGY, ENTHALPY,
AND SPECIFIC HEATS OF IDEAL GASES

FIGURE 4-23
For ideal gases, u, h, ¢, and ¢, vary
with temperature only.

: Sosnchon Nat.Unly. 23
# Boeb & Propebaion lab,
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4-4. INTERNAL ENERGY, ENTHALPY, i

AND SPECIFIC HEATS OF IDEAL GASES

Cpo
El/kmol-K
A

60

50

30

Ar. He, Ne, Kr, Xe. En

L.

| 1 |
1000 2000 3000
Temperature, K

FIGURE 4—24

Ideal-gas constant-pressure specific
heats for some gases (see Table A—2c¢
for ¢, equations).

Sosnchon Nat.Unly. 24
ol & Poopeadsion Lal,



4-4. INTERNAL ENERGY, ENTHALPY,

AND SPECIFIC HEATS OF IDEAL GASES

At low pressures, all real gases approach
ideal-gas behavior, and therefore their
specific heats depend on temperature only.

Air
The specific heats of real gases at low TK ulke  h Kike
pressures are called ideal-gas specific 0 0 0
heats, or zero-pressure specific heats, and j j j
are often denoted c, and c,,. 300 21407 300.19

310 221.25 310.24

uand h data for a number of gases have

been tabulated.

Thgse tables are obta_lned by choosw_lg an FIGURE 4-25

arbitrary reference point and performing the In the preparation of ideal-gas

integrations by treating state 1 as the tables, 0 K is chosen as the reference

reference State. temperu.ture.

' Soaaelioen Nat. Wpaby,
m ol & Poopeadsion Lal, 25
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4-4. INTERNAL ENERGY, ENTHALPY,

AND SPECIFIC HEATS OF IDEAL GASES

Internal energy and enthalpy change when specific heat is taken
constant at an average value

Ury— U, =Cy oLy —T) (kJ/kg)

2 v, avg'™ 2
hy — hy = ¢, . (T, — T))  (kl/kg)

Cp A g

( p.avg

I 111

Approximation

Air

Cp.ave I/ = constant P = constant

T, = 20°C

Au = c,AT Au = c, AT
F = 7.18 kl/kg = 7.18 kl/kg
FIGURE 4—26 FIGURE 4-27
For small temperature intervals. the The relation Au = ¢, AT is valid for any
specific heats may be assumed to vary kind of process, constant-volume or not.

linearly with temperature.

: Soanchon Nak. Unly. 26
# Boeb & Propebaion lab,




: =

Three ways of calculating Au and Ah
1. By using the tabulated u and h data. This
IS the easiest and most accurate way

when tables are readily available.

2. By using the c, or c, relations (Table A- |
2¢) as a function of temperature and
performing the integrations. This is very
inconvenient for hand calculations but
quite desirable for computerized
calculations. The results obtained are
very accurate.

Au = u, — u, (table)

2

Au = f-cU(T) dT
1

3. By using average specific heats. This is o~ b b
very simple and certainly very convenient o
when property tables are not available.
The results obtained are reasonably & s
accurate if the temperature interval is not
very large.

' Sosnchon Nat.Unky. 27
# Boeb & Propebaion lab,

Three ways of calculating Au.
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4-4. INTERNAL ENERGY, ENTHALPY, @
AND SPECIFIC HEATS OF IDEAL GASES
Specific Heat Relations of Ideal Gases

The relationship between

C,, C, and R
h=u + RT. ’ c=c,+R  (K/kgK) @
dh = du + RdT | — |
dh=c,dT and du=c,dT | On a molar basis

c,=c,+R, (kJ/kmol-K) (4-30)

k = r Specific heat ratio (4-31)
{'.‘U
The specific ratio varies with temperature, vul uiis variation is mild.

For monatomic gases (helium, argon, etc.), its value is essentially
constant at 1.667.

Many diatomic gases, including air, have a specific heat ratio of about
1.4 at room temperature.

' Sosnchon Nat. Unly. 28
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4-4. INTERNAL ENERGY, ENTHALPY,

AND SPECIFIC HEATS OF IDEAL GASES

Air at 300 K

c —0718 kl/kg-K
= 0.287 kl/kg-K

}( = 1.005 kJ/kg-K

or

= 20.80 kJ/kmol- K}

— 8314 KJ/kmol-K = 29.114 kJ/kmol-K

o

FIGURE 4-29

The ¢, of an ideal gas can be
determined from a knowledge of ¢,
and R.

' Sosnchon Nat.Unly. 29
# Boeb & Propebaion lab,



4-4. INTERNAL ENERGY, ENTHALPY,

AND SPECIFIC HEATS OF IDEAL GASES
Heating of a Gas in a Tank by Stirring

_Ein B Enul = _igsy'fstmn
Net encrg:y transfer Change in internal. Kinetic,
by heat, work, and mass potential, etc., energies
Wain = AU = m(uy, — uy) = me,,, (T, — T))
p A
kPa
I
| _________ ® )
I He
: 27°C A
I 350 kPa
| W
| 8 — 350 f-——————- ¢l
/I_ ______ —F 1
, N/ |

<Y

Va=V,

Ssnchon Nat.Unlkv. 30
[ W Bowy & Propebsion lab,
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4-4. INTERNAL ENERGY, ENTHALPY,

AND SPECIFIC HEATS OF IDEAL GASES

Heating of a Gas by a Resistance Heater

Ein Eout - AE&}'Rtem
Net energy transfer Change in internal, Kinetic,
by heat. work, and mass potential, etc., energies

wlﬂin - Qout o H:-rbzom = AU

Wein = Qo = AH = m(ly — y) = mc,(T, — 1)

P, kPa A
F
= 1 2
400 -———9 > 5
____________ | |
| |
| N, | 28007 | |
2A J P = const. j I |
o % | |
V=05 m : | |
120V P|=400kPa: | |
T,=21°C | | |
| | | .
2 0.5 V, m?
: Sosnehon Nat. Uk, 31
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mycom
선



4-4. INTERNAL ENERGY, ENTHALPY,

AND SPECIFIC HEATS OF IDEAL GASES

Heating of a Gas at Constant Pressure

Eln - El:rut_ — ‘:\Es}fstem
Net energy transfer Change in internal, Kinetic,
by heat, work, and mass potential, etc., energies
OQin = Wyou = AU = m(uy — u,)
P, kPa#%
2 3
350F———-9 = *
A
A
P, = 150 kPa 150 ot
B 7 S ECa |
Q | >
0.4 08 V,m’

Sounchon Nat. Usnly. 32
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4-5. INTERNAL ENERGY, ENTHALPY, AND

SPECIFIC HEATS OF SOLIDS AND LIQUIDS

Incompressible substance: A substance whose specific
volume (or density) is constant.

Solids and liquids are incompressible substances.

T

N

Liquid
U; = constant

Iron
25°C

c=cy=¢,

e =0.45 kl/kg-K

Solid
U, = constant

e . ———— —— — — —

FIGURE 4-33 FIGURE 4-34
The specific volumes of The ¢, and ¢, values of
incompressible substances remain incompressible substances are
constant during a process. identical and are denoted by c.
ﬁ Ssunchon Nat. sl 33
# ol & Poopeadsion Lal,



4-5. INTERNAL ENERGY, ENTHALPY, AND

SPECIFIC HEATS OF SOLIDS AND LIQUIDS

Internal Energy Changes

du = c,dT = c(T) dT

2
Au=u, —u, = J c(T)dT (kJ/kg)
|

Auzc, (T,—T) (kl/kg)  (4-35)

' Ssunchon Nk, Uadv. 34
# Boeb & Propebaion lab,
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4-5. INTERNAL ENERGY, ENTHALPY, AND

SPECIFIC HEATS OF SOLIDS AND LIQUIDS

Enthalpy Changes
h=u+ PV

0
dh—=du+UdP +Pdl =du+ UdP

Ah=Au+VAP=x~c_ AT+ VAP (kJ/kg)
For solids, the term U AP is insignificant, and thus Ah = Au = ¢, ,AT. For
liguids, two special cases are commonly encountered:

1. Constant-pressure processes, as in heaters (AP =0): Ah = Au = ¢, , AT

2. Constant-temperature processes, as in pumps (AT =10): Ah=U AP
The enthalpy of a compressed liquid

hepr=hiar+ Vie P —Pyar)

Usually amore accurate relation than

he pr = Ny e

3 Ssnchon Nat. Unlkv. 35
# Boeb & Propebaion lab,




4-5. INTERNAL ENERGY, ENTHALPY, AND

SPECIFIC HEATS OF SOLIDS AND LIQUIDS

Cooling of an Iron Block by Water

E,— En = AE

in — “out system
. \ _
Net energy transfer Change in internal, Kinetic,
by heat, work, and mass potential, etc., energies
0 =AU
AUH}‘& - ‘A[":J'I’DH + istLI\J»-'ﬂm:r — 0
["”['{TE B Tl”imn + [?”(?(TE - Tl}]wmcr =0

Water
25°C

@

m =50 kg

80°C
0.5 m’

Ssnchon Nat. Unlkv. 36
[ W Bowy & Propebsion lab,




4-5. INTERNAL ENERGY, ENTHALPY, AND

SPECIFIC HEATS OF SOLIDS AND LIQUIDS

Heating of Aluminum Rods in a Furnace
E,—E, = AE

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

Q., = AU,y = m(u, — uy)
Q., = nu(Tg — 1))

Qin = Qin"fﬁ”f

Oven

J00°C

1 | | 8 m/min

td S—>
A 11 [1

‘Aluminum
20°C

Sosnehon Nat. Uk, 37
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Summary 4T

Moving boundary work
Energy balance for closed systems
Specific heats

Internal energy, enthalpy, and specific heats of
Ideal gases

Internal energy, enthalpy, and specific heats of
Incompressible substances (solids and liquids)

m Souschon Nat.Unly. 38
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