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Introduction

mass,out) — AEsystem

Ein - Eout — (Qin _ Qout) + (VVLn - Wout) + (Emass,i
|_'_l | ' ]\
= 0 if adiabatic =0if po = 0 if closed

work transfer system

W =Wy + Wother
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Introduction

Ein — Eour = Qnet,in — Wnet,out — AEsystem

Convention from the reference book:
* heat is transferred into the system (heat input) in the amount of Q
« work is done by the system (work output) in the amount of W

In other words:
« Q>0 if the heat is provided to the system
 W>0 is work is provided by the system

Adapted from: Y.A. Cengel, M. A. Boles, Thermodynamics — An
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Moving boundary work

o In a piston-cylinder devide, during the expansion or the compression, part of the
boundary (the inner face of the piston) moves back and forth. Therefore, the
expansion and compression work is often called moving boundary work

o Example: work produced by an internal combustion engine

o In the case of a quasi-static process, we can compute the path of the
transformation and thus the work (which is maximum in that case).

Adapted from: Y.A. Cengel, M. A. Boles, Thermodynamics — An
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Moving boundary work

o A guantity of gas is enclosed in a piston-cylinder system
o Initial state: pressure P, Volume V
o Cross-sectional area of the piston: A

o If the piston is allowed to move a distance ds in a quasi-equilibrium manner, the
differential work is given by:

oW, =F.ds =P.A.ds =P.dV

o The work over the complete evolution is given by:

2
Wi, =J P.dV
1
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Moving boundary work

o This integral can be evaluated only if we know the functional relationship between
P and V during the process.

o The area under the process curve on a P-V diagram is equal, in magnitude, to the
work done during a quasi-equilibrium expansion or compression process of a
closed system.

2 2
Area=A=jdA=deV
1 1
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Moving boundary work

Constant volume process

Example 4-1:
< Rigid tank with air at 500 kPa and 150°C
<> Cooling down the the following state: 400 kPa, 65°C

<> What is the moving boundary work in this case?

P, kPa |
) AIR Heat M0 [f——==—- |
W, = | Pdv =0 P =500k 78
b " Ty = 150°C
Plzdl]ﬂl:]}a 4[]] _______ 2
The tank is rigid => dV=0 T, =65°C
Work is zero v
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Moving boundary work
Constant pressure process

Example 4-2:

< Initially: vapor at 60 psia and 320°F.

<> Heating up at constant pressure to reach 400°F.

<> The piston is not connected to a shaft (free expansion).
<> What is the work produced by the system?

2 2
szfPdv=POJdV:m.P0.(v2_v1)
1 1

P psia ¢
I By = 60 psia 2
R T
| |
| |
I Area = wy, I
| |
| |
| |
vy = 7.4863 v, =8.3548 v fi’lbm
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Moving boundary work
Isothermal process (case of an ideal gas)
Example 4-3:
< Initially: 0.4 m3 air at 100 kPa and 80°C

<> The volume is reduced down to 0.1 m? while maintaining the air temperature
constant

< What is the work produced by the system?

PV =mRT, =C
2 ’c v, v,

W, = J pPdv =j —dV =Cln— =P, V;.In— = —55.5kJ
1 1

|74 |4 4}
Py

L
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Energy balance of closed systems

Reminder:

For closed systems:

Ein - Eout = (Qin - Qout) + (Win — Wout) + (Emas

I I J \

ass,out) — AEsystem
J

= 0O if adiabatic =0ifno if clos
work transfer system
. . . . . . . . dEsystem
Ein - Eout = (Qin — Qout) + (VVm _ Wout) ;I' (Emas — ass,ous) — dt
\ ]
= 0 if adiabatic =0if no if close
work transfer system
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Energy balance of closed systems

o The variation of total energy is equal the variation of the internal energy plus the
variation of kinetic and potential energy

AE = AU + AKE + APE

AU = m(u, — uy)

1
AKE = Em(sz —V7)

APE = mg(z, — z;,)
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Energy balance of closed systems
Electric heating at constant pressure

Example 4.5:
o 25 g of saturated vapor at a constant pressure of 300 kPa

o Aresistance heater within the cylinder is turned on and passes a current of 0.2 A
for 5 min from a 120-V source.

o At the same time, a heat loss of 3.7 kJ occurs.

o Determine the final temperature of the steam.

P, kPa

300 -
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Energy balance of closed systems
Electric heating at constant pressure
Solution:

» System: the cylinder, including electric resistances.
» Closed systems (no mass transfer)

» Kinetic and potential energy changes are null => E = U. The energy balance is written:

0—W =AU
S Q= Wother — Wy = U, — Uy

» The moving boundary work is:

Wi =PO(V2 _V1) = PV, = Pl
» And the energy balance becomes:

Q _ Wother — (UZ + PZVZ) o (Ul + P1V1) — HZ _ Hl

The boundary work is directly accounted for by using the enthalpy!
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Energy balance of closed systems
Electric heating at constant pressure

Solution:

» The only other form of work is electrical work:
Wein =7.2k]
» Enthalpy at the state 2 can then be calculated by:
—Qout + Wein = m(h; — hy)
With:

Qour = 3.7 k]

» Enthalpy and pressure are known for state 2 => T, can be calculated (state
postulate)

Adapted from: Y.A. Cengel, M. A. Boles, Thermodynamics — An
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Energy balance of closed systems
Unrestrained Expansion of Water

Example 4-6:

©)

©)

Arigid tank is divided into two equal parts by a partition.

Initially, one side of the tank contains 5 kg of water at 200 kPa and 25°C, and the
other side is evacuated

The partition is then removed, and the water expands into the entire tank.

The water is allowed to exchange heat with its surroundings until the temperature
in the tank returns to the initial value of 25°C.

Determine (a) the volume of the tank, (b) the final pressure, and (c) the heat
transfer for this process. P, kPa)

System boundary

P Partition 200

Adapted from: Y.A. Cengel, M. A. Boles, Thermodynamics — An
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Energy balance of closed systems
Unrestrained Expansion of Water

Solution

» Kinetic and potential energy changes are null
> Rigid tank => no boundary work

» Considered system: the inside of the tank

» Closed system (no mass exchange)

Qin = AU = m(u, — uy)

Adapted from: Y.A. Cengel, M. A. Boles, Thermodynamics — An
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Specific heat

o We know from experience that it takes different amounts of energy to raise the temperature of
iIdentical masses of different substances by one degree.

o ex. 4.5 kJ to raise the temperature of 1 kg of iron from 20 to 30°C
41.8 kJ to raise the temperature of 1 kg of water from 20 to 30°C

o Itis desirable to have a property that will enable us to compare the energy storage capabilities
of various substances.

o The specific heat is defined as the energy required to raise the temperature of a unit mass of
a substance by one

o two kinds of specific heats:

» At constat volume: c,
\/ = constant

m=1kg
AT =1°C

c,= 3112 l:g_“'[.‘

» At constant pressure: Co

3.02Ek]
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Specific heat

o Let's express the specific heats in terms of other thermodynamic properties.

o The conservation of energy for a constant-volume process system can be written

in its differential form:

o The left side of the equation is the energy transferred to the system at constant
volume. According to the definition c, it is equal to ¢, dT

o And thus:

o Similarly:

Adapted from: Y.A. Cengel, M. A. Boles, Thermodynamics — An
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Specific heat

o Cp can be defined as the change in the enthalpy of a substance per unit change in
temperature at constant pressure.

o Cv can be defined as the change in the internal energy of a substance per unit
change in temperature at constant volume

Adapted from: Y.A. Cengel, M. A. Boles, Thermodynamics — An
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Internal Energy, Enthalpy and Specific heat

Case of ideal gases

o Reminder: an ideal gas is a gas whose temperature, pressure, and specific
volume are related by:

Pv =1T

o It has been demonstrated mathematically and experimentally (Joule, 1843) that
for an ideal gas the internal energy is a function of the temperature only:

u =u(T)

o By combining the two previous equations, we can show that the enthalpy of an
ideal gas is a function of the temperature only:

h=u+Pv=u+r1rT

Adapted from: Y.A. Cengel, M. A. Boles, Thermodynamics — An

Engineering Approach (5th Edition)

KU LEUVEN




Internal Energy, Enthalpy and Specific heat

Case of ideal gases

o For anideal gas, internal energy and enthalpy only depend on the temperature
=> specific heat at constant volume and pressure only depend on the temperature

> Partial derivatives become ordinary derivatives:

du = c,(T)aT (kJ/kg)
dh = c,(T)dT (K] /kg)

» The change in internal energy or enthalpy for an ideal gas during a process from
state 1 to state 2 is determined by integrating these equations:

Adapted from: Y.A. Cengel, M. A. Boles, Thermodynamics — An
Engineering Approach (5th Edition)
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Internal Energy, Enthalpy and Specific heat

Case of ideal gases

o To carry out these integrations, we need to have relations for cv and cp as
functions of temperature.

o Polynomial equations (3" order) are available in the literature to express the
specific heat as a function of temperature

o uand h can also be calculated using tables

>
-
Il
=
N
I
>
=
Il
=y
ﬂ

Ar, He, Ne, Kr, Xe, Bn

1 | |
1000 2000 3000
Temperature, K
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Internal Energy, Enthalpy and Specific heat

Case of ideal gases

NB:

o specific heats of monatomic gases such as argon, neon, and helium remain
constant over the entire temperature range.

C
: .. po
o Complex molecules have higher specific heat (non-constant) kJfkmol - K
. . . 60
o Ifc, (orc,) varie almos linearly with the temperature, an average
value can be used
S0
Cpn
Approximation
40
2
I
Cpavg [T—— 7 | :
1 | | 30
| | |
| | |
|
| | | Ar, He, Ne, Kr, Xe, Rn
I | R 201~
T, L T T . .

1
1000 2000 3000

Uy — U = Cv,avg (TZ — Tl) (k]/kg) Temperature, K
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Internal Energy, Enthalpy and Specific heat

Case of ideal gases

o Specific Heat Relations of Ideal Gases:

<~ Relation between cp and cv:

h=u+ RT
< dh = du + RdT
Scp=c,+R (k]/kg K)

< Important ideal-gas property: the specific heat ratio (1.4 for air):

Cp
k =—
Cv
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Internal Energy, Enthalpy and Specific heat
Case of ideal gases

Example 4-9:

o Piston-cylinder with 0.5 m3 nitrogen at 400 kPa and 27°C

o An electrical resistance is activated with 2 A and120V during 5 minutes.

o Nitrogen is expanded at constant pressure.

o Ambient heat losses are 2800 J.

o Determine the final temperature of nitrogen.

P, kPa

P, =400 kPa
T, =27°C

Adapted from: Y.A. Cengel, M. A. Boles, Thermodynamics — An
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Internal Energy, Enthalpy and Specific heat

Case of ideal gases

Solution:
» Determine the mass of nitrogen using the ideal gas equation of state.

» Use the energy balance, which is written:

We,in — Qout — Wb,out =dU
= We,in — Qout =dH =m Cp (T2 — Tl)

Adapted from: Y.A. Cengel, M. A. Boles, Thermodynamics — An
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Internal Energy, Enthalpy and Specific heat

Case of ideal gases

Example 4-10:

o Piston cylinder with air at 150kPa and 27°C.

o Initially, the piston is resting on a pair of stops and the gas volume is 400 liters
o The mass of the piston is such that a 350-kPa pressure is required to move it
o The air is now heated (heat quantity: Q) until its volume has doubled

o Determine:

P kPa{

o The final air temperature
350 F—————

o The work produced by the system
o The total heat provided to the air.

150 —————-»
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Internal Energy, Enthalpy and Specific heat

Case of ideal gases
Solution:

» The final air temperature is calculated by: PVy PV

I T3

» The work produced by the system is given by:
Wiz = (Vs - Vz)-Pz

» The total heat transfer is calculated by:

Ein — Eour = AEsystem
S Qin — Wh out = AU = m(us — ul)

» If the specific heat is assumed to be constant, we can use:
(uz —u1) = ¢,(Tz — T1)

Adapted from: Y.A. Cengel, M. A. Boles, Thermodynamics — An
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KU LEUVEN




Internal Energy, Enthalpy and Specific heat

Case of solids and liquids

o An incompressible substance is a substance whose specific volume (or density) is
constant)
o Liquids and solids can be assumed as incompressible in good approximation

o Since they are incompressible, their specific heats at constant volume and pressure
are identical:

o As a consequance, we can write:
Cp =C, =C

o The specific heat only depends on the temperature:
du = c(T)dT

o The variation of internal energy can thus be written::
2

Au=u2—u1=jc (T)dT

1
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Internal Energy, Enthalpy and Specific heat

Case of solids and liquids
o To compute the enthalpy, we can write it in its differential form:

dh = du + vdP + Pdv = du + vdP

o Integrating, we have:

Ah = Au + VAP = c4,,4,AT + VAP (kJ/kg)

» For solids, the term VAP is negligible
» For liquids if the transformation is performed at constant temperature (in a

pump for example): Ah = vAP (k] /kg)

Which justifies the calculation of enthalpy for compressed liquids provided in
chapter 3:

hepr = hrer + Vrar. (P — Psat,T)
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Exercise In EES

4-72 A piston—cylinder device, whose piston is resting on a
set of stops, initially contains 3 kg of air at 200 kPa and
27°C. The mass of the piston is such that a pressure of 400
kPa is required to move it. Heat is now transferred to the air
until its volume doubles. Determine the work done by the air
and the total heat transferred to the air during this process.
Also show the process on a P-v diagram. Answers: 516 kJ,
2674 kJ
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