Chapter 5 Energy Equation for a Control Mass
the first law of thermodynamics <mmmmm) the conservation of energy law

For a Cycle of a Control Mass

The first law of thermodynamics states that during Pa
any cycle a system (control mass) undergoes, the
cyclic integral of the heat is proportional to the
cyclic integral of the work.

; ; g Onet = Whet
A system is said to have undergone a cycle if it

returns to its initial state at the end of the process.

The initial and final states are identical for a

cycle so there is no difference for point v
function properties. For a cycle AE = 0, thus Q = W.
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net out — Qnet in or net out — Qnet in Energy balance for a CyCIe

where
Q - Qnet,in - Qin o Qout

and

W =W — Wout_Win

net,out
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me In State of a Control Mass

Considering the two separate processes

$o0=dsw

i) Process A and Process B

2 1 2 1
[59,4+] 5@32/ aw4+f 5 W
J1 2 1 2

ii) Process C and Process B

2 1 2 i
] 5Q6+] 5@32/ 5Wc+[ s Wg
1 2 i J2

Subtracting the second of these
equations from the first, we obtain

2 2 2 2
far:;*,;—f wc:f aw;i—] 5 W,
1 1 1 1

or, by rearranging,
2 2
| 6o-sm,= [ ©o-smc
1 J1
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Since A and C represent arbitrary processes
between states 1 and 2, the quantity 6Q - §W
is the same for all processes between states 1
and 2. Therefore, 3Q - 8W depends only on
the initial and final states and not on the path
followed between the two states. We conclude
that this is a point function, and therefore it is
the differential of a property of the mass.
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This property is the energy of the mass and
is given the symbol E. Thus we can write

dE =5Q — W

Because E is a property, its derivative is written
dE. When above equation is integrated from an
initial state 1 to a final state 2, we have

Ey — Ey =100 — 1 W}

where E1and Ez are the initial and final
values of the energy E of the control mass,
1Q2 is the heat transferred to the control
mass during the process from state 1 to state
2, and 1W2 is the work done by the control
mass during the process.
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General Q- W=AE

Stationary systems Q — W= AU

Per unit mass g —w = Ae

Differential form &g — ow = de

-

Various forms of the first-law relation
for closed systems when sign
convention is used.(For a stationary
system AKE = APE =0)
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— mw of thermodynamics for a change\of state may therefore be written
dE =dU + d(KE) +d(PE) = 6Q — 5W
dE = dU +d(KE) +d (PE)

where dKE and dPE are
dKE = F dx =mV dV oo o day OV
dt dt dx dx
dPE=FdZ =mgdZ F=ma=mg

Substituting the expressions for kinetic and potential energy into first equation

dE=dU +mVdV +mgdZ

Integrating for a change of state from state 1 to state 2 with constant g

2 2
mV, mV,

E,—E, =U,-U, +
d(mV?*

+mgZ,—-mg/Z,

dE = dU + ) +d(MgZ) =60 W
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Internal Energy: A Thermodynamic Property

Internal energy is an extensive property because it depends on the mass
of the system. Similarly, kinetic and potential energies are extensive
properties.

U internal energy extensive property

u the internal energy per unit mass
or the specific internal energy intensive property

However, because the context will usually make it clear whether u or U
is referred to, we will simply use the term internal energy to refer to
both internal energy per unit mass and the total internal energy.
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Values for internal energy are found in the steam tables in the same manner
as for specific volume.

In the liquid-vapor saturation region,

lig vap g

Dividing by m and introducing the quality of x gives

u=(1- )()uf +XU, or  U=U;+XUg Same form with specific volume
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_The Thermodynamic Property Enthalpy

Enthalpy H is the sum of the internal energy U and the pressure-volume

product PV.
B ——— B Consider a control mass undergoing a quasi-
2l | | | equilibrium constant-pressure process
” ’ [:|l:l: ’ | Assume that Kinetic and potential energy AKE = o, APE =0
3

Only work done during the process is that associated
0 S re with the boundary movement.

2

W, = PL dVvV =P(V,-V,)
Taking the gas as our control mass and applying the first law
1Q, =W, =U,-U,

The heat transfer during the process is given in terms of the change in the quantity
U + PV between the initial and final states.

All these quantities are thermodynamic properties and functions only of the

state of the system, their combination (H = U+PV) must also have these
same characteristics.
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the enthalpy,
H=U-+PV or, per unit mass, h=u+Pv
h = h¢+x hy,

Some tables and charts of thermodynamic properties give values for
enthalpy but not for the internal energy. Therefore, it is necessary to
calculate the internal energy at a state using the tabulated enthalpy
values and rearranging form of above equation

u=h-Pv
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_Problem Analysis and Solution Technigue

Our problem analysis and solution technique is contained within
the framework of the following set of questions

i) It may be helpful to draw a sketch of the system, illustrating all
heat and work flows, and indicating forces such as external
pressures and gravitation. (determination of energy tansfer
mechanism and forces)

ii) What do we know about the initial state and the final state?
(i.e., which properties are known)? (determination of states)

iii) What do we know about the process that takes place? Is
anything constant or zero? Is there some known functional
relation between two properties? (determination of boundary
work process and state properties by using state relations)
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iv) Is it helpful to draw a diagram of the information (for

example, a T-v or P-v diagram)? (may show the process and
states)

v) What is our thermodynamic model for the behavior of the
substance (for example, steam tables, ideal gas, and so on)?
(the methods to drive termodynamic properties)

vi) What is our analysis of the problem (i.e., do we examine
control surfaces for various work modes or use the first law or
conservation of mass)? (determination of properties from the
relation between them)

vii) what we have done so far in previous steps, how do we
proceed to find whatever it is that is desired? Is a trial-and-
error solution necessary? (another methods such as trial and
error)
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Mtant—Volume and Constant—Pressure Specific Heats

Consider a homogeneous phase of a substance of constant composition. It
may be a solid, a liquid, or a gas, but no change of phase will occur.

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.

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

m=1Kkg
AT =1°C

Specific heat = 5 kJ/kg -°C
-

o 1 OKI : :
Specific heat is the energy required to raise

the temperature of a unit mass of a
substance by one degree in a specified way.
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(2)

(1)

\/ = constant
m =1kg
AT = 1°C

c,=3.12 kgk~{’C

3.12 kJ

P = constant

m=1kg
AT="1°C
¢p=3.19

kJ
kg-°C

5.19kJ
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Constant volume, for which the work term (P dV) is zero, so that the
specific heat (at constant volume) is

C 5Q oy 8_u
: dT aT oT ),
Constant pressure, for which the work term can be integrated and the

resulting PV terms at the initial and final states can be associated with the
internal energy terms, so that the specific heat (at constant pressure) is

-3)-48) 8
e BE . oI
¢, is related to the changes in internal energy and c, to the changes in
enthalpy

A common unit for specific heats is k] /kg - °C or k] /kg - K. Are these units
identical?
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: AIR AIR
m=1Kkg m=1Kkg
300 = 301 K 1000 = 1001 K
p | p |
0.718 kJ 0.855 kJ

The specific heat of a substance
changes with temperature.

IRON
25°C
c=cy=¢,

=0.45 kl/kg - °C
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Internal Energy, Enthalpy, and Specific
Heats of Solids and Liquids

Consider either a solid or a liquid, both of
these phases are nearly incompressible (so dv

ZO) ﬂ
adh = du + vdP + Pdv=du + vdP

Also, for both of these phases, the specific
volume is very small (vdp~o for small
volume and dp=o for constant pressure
process), such that in many cases

dh=du~CdT
e —h=wm—uy=0F%-1)

C is either the constant —volume or the constant-
pressure specific heat, as the two would be nearly

the same. kJ
C,=C =C |——
kg-K
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For liquids, two special cases are commonly encountered

Since liquids are nearly incompressible

dh = du + vdFPF + Bfdv = du + vdF
l. Constant-pressure processes, as in heaters (AP = 0): Ah = Au = ¢, AT

2. Constant-temperature processes, as in pumps (AT = 0): AR = v AP

Internal energy is depent on temperature,
so du=o for isothermal process

The enthalpy of a compressed liquid
hepr = hror T Vsa (P — Paar)

A more accurate relation than ~ / @ PT = h @ T
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Internal Energy, Enthalpy, and Specific Heats of Ideal Gases

In general, for any substance the internal energy u depends on the two

independent properties specifying the state. For a low-density gas, however,

u depends primarily on T and much less on the second property, P or v.

Internal Energy values for superheated vapor steam from Table 2.5.3

T, °C 10 100 500 1000

200 2661.3 2658.1 2642.9 2621.9
700 3479.6 3479.2 3477-5 3475-4
1200 4467.9 4467.7 4466.8 4465.6

From these values, it is evident that u depends strongly on T, but not much on
P. Also, we note that the dependence of u on P is less at low pressure and much

less at high temperature
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Dependence of u on P decreases Pv and T T so the density (p=P/(RT))
decreases with dependence of u on P (orv)

Therefore reasonable to assume that as gas density becomes so low
that the ideal-gas model is appropriate, internal energy does not
depend on pressure at all but is a function only of temperature.

For anidealgas, PV=RT and u=f(T)only

Because the internal energy of an ideal gas is not a function of
specific volume, for an ideal gas we can write

VO

:d—u instead of C :(8_Uj du=C,dT and dU =mC, dT
dT Al

the subscript o denotes the specific heat of an ideal gas
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From the definition of enthalpy and the equation of state of an ideal gas,
we have
h=u+ Pv=u+ RT
Since R is a constant and u is a function of temperature only, the enthalpy,
h, of an ideal gas is also a function of temperature only.

h=f(T)
- :ﬁ instead of C, :(ihj dh=C, dT and dH = mC,, dT
N e oT Jp

Because the internal energy and enthalpy of an ideal gas are functions of
temperature only, it also follows that the constant-volume and constant-
pressure specific heats are also functions of temperature only.

Cvo " f(T) CPo o f(T)

For ideal gases, u, h, c,, and £

y “v

vary with temperature only.
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ree ways of calculating Au and Ah of ideal gases

Au =u,—u, (table)
Ah = hz - h1 (tﬂbl@)

AM’ = Cv,avg(T2 o TI)
Ah = C‘p,avg(TZ o Tl)

Three ways of
calculating Au and Ah.

Specific heats for various solids and liquids are listed in Tables 2.2, 2.4.2,
*, 3.3, 3.4.%, and 3.5 from Oztiirk’s book.
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Internal energy and enthalpy change
when specific heat is taken constant at
an average value

U — Uy = Cu.a\--'g(.B - Tl)

Approximation

Actual

(1<J / l(g) Cp.uvg ______
hg - hl — C/).a\-'g(.g o T[) ,

: I

.
\

T, Tew L 7
AIR For small temperature
V= constant : ik fic heat
7, =20°C interva i; e spec1d1c eats
0. | T,=30°C ~ may be assumed to vary
> linearly with temperature.
The relation A u = ¢, AT
Au=e,AT Au=c,AT is valid for any ideal gas
=7.18 kJ/kg =7.18kl/kg undergoing any process,

constant-volume or not.
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C[l()

kJ/kmol - K

60

50+ . )
Some observations can be made from Figure.

First, the specific heats of gases with complex
molecules (molecules with two or more atoms)
are higher and increase with temperature.

40+

30}

Ar, He, Ne, Kr, Xe, Rn

20+

1000 2000 3000
Temperature, K

Ideal-gas constant-pressure specific heats for
some gases (see Table 2.4.1 for ¢, equations).
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h=u+Pv=u+RT
dh=du+RdT
C..dE=C dI +Rdl

, =0TIE gk |
R =0.287 2K |
c., =208 K .
L.= L7
A =4 Fu
i = | —
Ll I:"_-I ——
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ﬁeat Relations of Ideal Gases

7

The relationship between c,, ¢, and R

& e CPo_Cvo:R

On a molar basis

R

CPo _Cvo =
s Cpo

Specific heat ratio

._II -
C

VO

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

A control mass is defined as a fixed quantity of mass. The question now is
whether the mass of such a system changes when its energy changes.

E =mc?

where c = velocity of light and E = energy.

For a rigid vessel that contains a 1-kg stoichiometric mixture of a hydrocarbon
fuel (such as gasoline) and air, 2900 kJ energy transfer from the system after
combustion. The velocity of light, ¢, is 2.9979x108 m/s

2900000 = M(2.9979x10°)? wmmp m=3.23x10"kg

We will not introduce significant error into most thermodynamic problems
and our definition of a control mass as having a fixed mass can be used even
though the energy changes.
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