NOTES ON THERMODYNAMICS, FLUID MECHANICS, AND GAS DYNAMICS

3.2.3. Heat

Heat is another form of boundary energy interaction occurring between a system and its surroundings. The
difference between heat and work is that heat transfer occurs due to differences in temperature and work
occurs through mechanical or electrical means. Heat moves from regions of high temperature to regions of
low temperature. Like work, heat is not a property of a system but rather is associated with a process. The
amount of heat transferred during a process depends on the path taken during the process. To signify its
path dependence, the small amount of heat transferred in a process is signified using the inexact differential,

0Q.
Notes:

(1) Specific heat transfer, ¢, is the heat transfer per unit mass, e.g., ¢ = Q/m. Example units would
be kJ/kg.

Heat can be transferred between the system and surroundings via three methods: conduction, convection,
and radiation.
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3.3. The First Law of Thermodynamics

In words and in mathematical form, the First Law of Thermodynamics is: The increase in total energy of a
system is equal to the energy added to the system via heat transfer plus the energy added to the system via
work done on the system,

dEsys = 5Qinto sys + 5Won Sys» (332)

where dEg,s is a small increase in the total energy of the system, dQinto sys is @ small amount of energy
transferred into the system via heat transfer, and 6Wsy sys is a small amount of energy added to the system
via work done on the system by the surroundings (Figure 3.9). Note that work and heat are just methods
of transferring energy, hence, the First Law of Thermodynamics can also be thought of as Conservation of

Energy.

Notes:

(1)

Notes:
(1)

5W on system

W by system
&into system

FIGURE 3.9. A schematic showing a system and the directions of energy transfer.

Since energy is a property of a system, an exact differential (the “d” operator in dFE) is used to
specify the small change in the energy. In other words, the difference in energy between two states
depends only upon the endpoint states and is independent of the path between the two states. The
small change in heat and work are indicated using an inexact differential (the “6” operator in §Q
and 6W) to signify that both heat and work are path dependent processes.

Note that different disciplines have different notations for the First Law. In particular, in thermo-
dynamics, work is usually discussed in terms of the work done by the system on the surroundings
so that the First Law becomes,

dEsys = 5Qinto sys — 5Wby sys-* (333)

In order to avoid confusion regarding the proper sign for work, these notes will try to clearly specify
whether work is being done on or by the system. Understanding that if one does work on a system,
the system’s energy will increase is generally sufficient to avoid most sign convention problems.

We can also write the First Law in terms of time rates of changes by taking the limit of the changes

in the properties over a short amount of time as the time duration approaches zero,
dEgys

7 = 5Qint0 sys + 6Won sys — 5Qinto sys 5Wby sys* (334)

Recall that specific work, w, is the work per unit mass, i.e., w = W/m. It can also be written as the
power per unit mass flow rate, i.e., w = W /rh. Similarly, specific heat transfer, ¢, can be written
as Q/m or Q/m. Example units for specific work and specific heat transfer are kJ/kg.

Now let’s consider a few simple examples.
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Fill in the subscripts in the following Energy Flow Diagrams (e.g., on, by, in, out) and the subscripts and signs for the
corresponding First Law expression.
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To avoid ambiguity and confusion, always add a subscript to your Q and W terms in your Energy Flow Diagrams
and in your First Law expression. In addition, make sure the arrows, subscripts, and equation are all consistent.
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A rigid tank contains a hot fluid that is cooled while being stirred. Initially the internal energy of the fluid
is 800 kJ. During the cooling process, the fluid loses 500 kJ of heat and the stirring propeller does 100 kJ
of work on the fluid. What is the final internal energy of the fluid?

fluid

] stirring propeller

rigid tank

SOLUTION:

Apply the 1% Law to the system of fluid contained within the tank.
AE = Ef - Ei = Qinto system + Won system

where
Ei=U; =800KkJ
Qinto system — -500 kJ
Won system — 100 kJ

= |Er=Ur=400

_________________
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Four kilograms of a certain gas is contained within a piston-cylinder assembly. The gas undergoes a
polytropic process where: pV'=constant. The initial pressure is 3 bars (abs), the initial volume is 0.1 m?,
and the final volume is 0.2 m3. The change in the specific internal energy of the gas in the process is

Au =-4.5 kl/kg. There are no significant changes in the kinetic or potential energies of the gas. What is
the net heat transfer for the process?

gas 1

SOLUTION:
Apply the First Law to the system of gas as shown in the figure below,

S —

aQ
[~}
7]

Bon = Ly + Woren M
where,

Wonsys = fyy —pdV = [[ 57 =(cV=19)aV = 2¢(V=O%)2 = 2, Vi-S (V05 = V709), b
and, -

AE  =m Ae  =m Au . (Thekinetic and potential energy changes are negligible.) 2)

Re-arranging Eq. (1) and substituting Egs. (2) and (3) gives,
Qaddea = Mgy Aug,s — 2p1V11'5 (VZ—O.S _ V1_0'5)- )

Sys
to sys

Using the given values:

msys = 4kg

Ausys = -4500 J/kg
pi = 3*10°Pa
o= 01m

Vo = 02m?

= |Qadded = -0.426 kJ| (heat is leaving the system)
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A gas contained within a piston-cylinder assembly undergoes two processes, A and B, between the same
end states, 1 and 2, where at state 1 the pressure is 10 bar, the volume is 0.1 m?, the internal energy is 400
kJ, and at state 2 the pressure is 1 bar, the volume is 1.0 m?, and the internal energy is 200 kJ.

Process A:  Process from 1 to 2 during which the pressure-volume relation is pJ = constant.
Process B:  Constant volume process from state 1 to a pressure of 2 bar, followed by a linear pressure-
volume process to state 2.

Kinetic and potential energy effects can be ignored. For each of the processes A and B,
a. Sketch the process on a p-V diagram,

b. evaluate the work by the gas on the piston, in kJ, and

c. evaluate the heat transfer from the gas in kJ.

SOLUTION:
The processes are sketched on the plot shown below.

The work may be found by integrating the pd}V work given the two processes described,

2
Wbyggs :J‘pdva (1)
on piston 1
where for process A,
V=V,
*dVv V.
Wiyes =€ J —=Cln[—2J, )
on piston, v=y, V ‘/1
path A

noting that pV'=c¢ = p = ¢/V'. The constant ¢ may be found from the initial (or final) conditions,

pVi=c=pV,, 3)
V.
Wby gas = pl‘/l ln — : (4)
on piston, ‘/1
path A

Substituting the given numbers,
p1 = 10 bar = 10*10% kPa

i =0.1m’
Vo =1.0m’
= |Wby gas on piston, path A = 230 kJ| (5)
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The heat transferred from the gas may be found using the 1% Law of Thermodynamics,
AEgas = Q - Wby = Q = AUgas + Wby ’ (6)

into nto
—_— gas gas gas gas
=AUy,

where the total change of energy in the gas is due only to changes in internal energy (U). Using the given

parameters,
Ui =400 kJ
U> =200kJ

Wby gas =230kJ (from Eq. (5))
= AU=-200k] = ™)

Thus, 30 kJ of heat is transferred into the gas (-30 kJ of heat is transferred from the gas).

For process B, there is no work done in the constant volume part of the process since the volume doesn’t
change. The work in the linear pressure-volume part of the process is,

Wiy = J.zpdV jK jv V)+p3}dv {(1"/2 sxj(%vz_vlv)wsv}, (8)

= 2=V y
p,—PD
by gas =(Vz_V3j(éV22—%V12—V1V2+Vl2)+p3(V2—Vl), (9)
path B 2
D~ D
Wbyg?s :%[V? VZJ(V;—2V1V2+V12)+p3(VZ—VI), (10)
on piston, 2= "
path B
where the pressure varies linearly with the volume,
PZPs Ny, fal 11
p= v, V ( )+ p5, (equation of a line) 11

Substituting the given data,
p2 = 1bar=1%*10%kPa
p3 = 2 bar=2%10%kPa

Vi =0.1m’

7, =1.0m?

=Wy = 135Kk] (12)
R

The heat transferred into the gas may be found using Eq. (6) with the following parameters,
U =400 kJ (Note that the internal energies are independent of the path. They’re a property!)
Uz =200kJ
Woeygas = 135 k] (from Eq. (12))

= |Ointo gas = -65 KkJ| (13)

Thus, 65 kJ of heat is transferred from the gas to the surroundings.
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A gas is contained in a closed rigid tank fitted with a paddle wheel. The paddle wheel stirs the gas for 20
min, with the power varying with time ¢ according to (10 W/min)z. Heat transfer from the gas to the
surroundings takes place at a constant rate of 50 W. Determine:

a. the rate of change of energy of the gas at time 10 min, in watts, and

b. the net change in energy of the gas after 20 min, in kJ.

SOLUTION:
Apply the 1% Law to the system of gas within the tank, n
dE,, . : )
ar Gy v W
where Q'imo g =20 W and W o = (lo%m)t . Thus, at =10 min,
P _ 50 W+ (10, )¢ 2
dt min 2
dE_
L—2=50W|
dt

The net change in energy of the gas is found by integrating Eqn. (2) in time,

1=20 min E . 1=20 min 1220 min
g, = | = s w0 du=[(s0 W) 4(10.)¢ T ®
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