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Content

* Revision of key concepts from Thermodynamics 2*
* Initial examples illustrating some of these concepts

AlM

* Review/provide overview of material that is assumed background
knowledge for this course

*The full Thermodynamics 2 lecture series is available on Learn
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Systems Overview

System boundary Open
system
>
Mass g a4 W
Closed Heat o
system (—
Control :_} 9,
volume
(m = constant) Work ) Ma?s
Open system o
« Conservation of mass p_m=) m
n out

« Conservation of energy
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ldeal Gas - Equation of State

* Equation of State gives relationship between
the state variables, temperature, pressure, and

. Substance R, kl/kg-K
specific volume -
Air 0.2870
. . . Heli 2.0769
* Know when ideal gas equation of state is Argon 0.2081
appropriate Nitrogen 0.2968
T 00 @
P =R (5) Pv = RT P = pRT Different substances have different
gas constants
PV = mRT R =— (ki/kg:K)  where R, is the universal gas constant and Mis the molar mass
M (molecular weight) of the gas. The constant R, is the same for
e Be careful to use correct units all substances, and its value is 8.31447 kJ/kmol-K.
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Dimension and Unit

SCEE08006:
Engineering Thermodynamics 2

International System of Units (SI): The Seven Base Quantities

Quantity

Length

Mass (m)

Time

Electrical Current Magnitude
Temperature (7)

Luminous intensity

Amount of substance

IFI
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Dimension
L]

[M]

t]
A]
T]
J]

'mol]

Unit
m
kg

S

A

K

cd

mol



Dimension and Unit

Engineering Thermodynamics 2

Important quantities derived from the 7 base quantities

Quantity Dimension Unit

Area (A) [L]? m?

Volume (V) [L]3 m3

Specific Volume (v) [L]3 [mol]? m3 mol?

Molar density/Molar Volume [mol] [L]3 molm?3

Mass Density (p) kg m3

Concentration (c) [mol] [L]3 mol m3

Velocity [L] [t]? m s

Acceleration [L] [t] m s

Force (F) [M] [L] [t]2 N =kgms?

Pressure (P) [F] [L]2 Pa=NmZ=kgmls?

Energy (W or Q) [F] [L] J=Nm=kg m?s?

Power (W or Q) [F] [L] [t] W=Jsl=kgm?s?3
S——— ‘Fundamental’ dimen§ion_s have a single symb_ol eg. _[L], while derived dimensions are
@ School of Engineering expressed as a combination of fundamental dimensions eg. [L/T], [L2].



Phases and Property Tables

The correct table to use to find the thermodynamic properties of
a real substance can be determined by comparing the known
state properties to the properties in the saturation region once
two independent properties are known.

TA

Critical 4,
point &)
S
/
v 4 &
RV S
s //"'f"‘
Compressed d ™/
& Y /
liquid y
1 /! P
region , Superheated
/ it vapor
) SR - region

b Saturated
liquid—vapor
region

<Y

(a) T-v diagram of a pure substance
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T-v diagram for the heating process of water at constant pressure

If the entire process between state 1 and 5 is reversed by cooling
the water while maintaining the pressure at the same value, the
water will go back to state 1, retracing the same path, and in so
doing, the amount of heat released will exactly match the
amount of heat added during the heating process.

T.°C A

300

b3

Saturated 3
100

mixture

See Property Table 3 for states 1
and 5
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Phases and Property Tables

The correct table to use to find the thermodynamic properties of
a real substance can be determined by comparing the known

state properties to the properties in the saturation region once
two independent properties are known.

Table 1: Saturated Water and Steam - Temperature (triple point to 100°C)

T P \ Ve ug u, hy hg, h, St Sg
oC bar (abs) m’/kg m’/kg kl/kg kl/kg ki/kg ki/kg ki/ke kl/keK kl/keK
0.01 0.006117 0.001000 206.0 0 23749 |0.0006118 2500.9 2500.9 0 9.155
1 0.006571 0.001000  192.4 418 23763 4177 24986  2502.7 0.0153 9.129
2 0.007060 0.001000 179.8 8.39 2377.7 8.392 2496.2 2504.6 0.0306 9.103
3 0.007581 0.001000  168.0 1260  2379.0 1260  2493.8 25064 | 0.0459 9.076
4 0.008135 0.001000 157.1 16.81 2380.4 16.81 2491.4 2508.2 0.0611 9.051
5 0.008726 0.001000  147.0 2102 23818 2102 24891 25101 0.0763 9.025
6 0.009354 0.001000 137.6 25.22 2383.2 25.22 2486.7 2511.9 0.0913 8.999
7 0.01002 0.001000  128.9 2942 23845 2943 24843  2513.7 0.1064 8.974
8 0.01073 0.001000  120.8 3362 23859 33.63 24819 25156 | 0.1213 8.949
9 0.01148 0.001000 1133 37.82 23873 37.82 24796  2517.4 | 0.1362 8.924
10 0.01228 0.001000  106.3 4202 23887 4202 24772 25192 0.1511 8.900
11 0.01313 0.001000 99.79 46.21 2390.0 46.22 2474.8 2521.1 0.1659 8.876
12 0.01403 0.001001 93.72 5041 23914 5041 24725 25229 0.1806 8.851
13 0.01498 0.001001 88.07 5460  2392.8 5460 24701  2524.7 0.1953 8.828
92 0.7568 0.001037 2.198 | 3853 2496.4 3854 22774  2662.8 1.216 7.453
94 0.8154 0.001039 2.050 393.7 2498.8 393.8 22722 2666.0 1.239 7.427
9% 0.8777 0.001040 1.914 | 4021 2501.2 4022 22670  2669.2 1.262 7.403
98 0.9439 0.001042 1788 | 4106 2503.6 4107 22617  2672.4 1.284 7.378
100 1.0142 0.001043 1672 | 4190 2506.0 4191 22565  2675.6 1.307 7.354

THE UNIVERSITY of EDINBURGH
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T-v diagram for the heating process of water at constant pressure

If the entire process between state 1 and 5 is reversed by cooling
the water while maintaining the pressure at the same value, the
water will go back to state 1, retracing the same path, and in so
doing, the amount of heat released will exactly match the
amount of heat added during the heating process.

T.°C A
300

2 Saturated 3

100 o

mixture

« See Property Table 3 for states 1
and 5

o - What about state 3?
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Saturated Liquid-Vapour Mixture

Quality, x : The ratio of the mass of vapour to the total mass of the mixture. Quality is

between 0 and 1 (0: sat. liquid, 1: sat. vapour).

The properties of the saturated liquid are the same whether it exists alone or in a mixture with

saturated vapour.

m
__ ""Vvapour _ _
X = Mgl = mliquid + mvapour - mf + mg
mtotal
Vive z(l—x)vf+xvg =V, +xv, Ve =V, —V,
Similarly,

Z/tavg :Mf +xufg

The subscript “avg” (for “average”) is

han - hf + thg usually dropped for simplicity.

THE UNIVERSITY of EDINBURGH
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2" | aw of Thermodynamics and Entropy

aQ
ASsystem — 45? + Sgen; Sgen = AStotar= ASsys + ASqyrr = 0

* Understand difference between the system and the surroundings

- Does heat transfer cross the system boundary to the
surroundings?

 Know when you can neglect a given term

- Reversible, Adiabatic, Isentropic
e Use isentropic relations (ideal gas or pure substance)
* |dentify irreversible processes. Why are they irreversible?

 What is the difference between internally reversible vs.
externally reversible?

,HI
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E in E out

| ” AE system J) J
A

SS}"S cm

AEsystem =Ej, —Egy
Assystem b Sin - Sout + Sgen

Entropy balance: The entropy
change of a system during a process is
equal to the net entropy transfer
through the system boundary and the
entropy generated within the system.
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2" | aw of Thermodynamics and Entropy

* Entropy is a property, and thus the value
of entropy of a system is fixed once the
state of the system is fixed.

s = s+ xs,  (kl/kg-K)

5

(kJ/ke-K)

Serr = Sfer

Entropy change

AS = mAs = m(s, — s5,) (kJ/K)

THE UNIVERSITY of EDINBURGH
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T

A

Prl oo
Tl 131 = ‘Sf@ T] 713

P,[°3
Compressed Superheated

liquid

®

Saturated
liquid—vapor mixture
T

2| — :
Sy =S¢+ X585,
x2} 270 T

>
Lg‘

Entropy change of pure substances - determined

from the tables (like other properties).
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Processes

PA

Final state
Process path

state

w=|pPV
Area under PV

Initial
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SCEEO08006:
Engineering Thermodynamics 2
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e State is independent of the process path

Process path often defines the energy involved in the process
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Processes

* |sobaric, isothermal, isochoric, and isentropic process

- The prefix iso- is often used to designate a process for which a particular property remains
constant. An isothermal process, for example, is a process during which the temperature T
remains constant; an isobaric process is a process during which the pressure P remains

constant; and an isochoric (or isometric) process is a process during which the specific volume v
remains constant.

SCEEO08006:
Engineering Thermodynamics 2
ISOTHERM ISOBAR ISOCHOR
P A P A P A
2  Equilateral g2
P, Hyperbola 5 1 P2
(Ideal Gas) P=Py s
.................. : —
P, 1 E 5
v ; v v
v, v, - v, Vi g Vi= V, ’
l > THE UNIVERSITY of EDINBURGH Isentropic = adiabatic + reversible
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Cycles

* A system is said to have undergone a cycle if it returns to its initial state at the end
of the process. That is, for a cycle the initial and final states are identical.

* We will assume you are already familiar with

and can analyse (see tutorial examples) SCEE08006:
Engineering Thermodynamics 2
- Carnot cycle THERMODYNAMIC CYCLES
- ldeal Brayton cycIe (a|50 Otto and Diese|) A Thermodynamic Cycle is composed by a sequence of interlinked
) thermodynamic transformations that start from an initial
- ldeal Rankine cycle thermodynamic state (1) and end in a final thermodynamic state (2)
- Ideal vapour compression refrigeration cycle where (1) = (2).
i Example:
* |dentify each process P Cycle 1
Cycle 2

- When is worked performed?
- When is heat added / rejected?
- Where is entropy generated?

=

SRLVE,
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Carnot Cycle

CARNOT CYCLE (direct)

At constant W, the ratio 1Q.l/1Q,| is independent
of the particular working fluid, P and v. The ratio
1Q.l/1Q,| only depends on the temperatures of
the two isotherms.

)
\*.  THE UNIVERSITY of EDINBURGH

@A): School of Engineering

SCEE08006:
Engineering Thermodynamics 2

The cycle absorbs heat
Q,, at temperature T,
(isotherm) and releases
heat Q, at temperature
T, (isotherm). In the 2"
law statement heat is
not transferred to any
reservoir at intermediate
temperature, therefore
the remaining two
transformations have to
be adiabatic.

15
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Carnot Cycle

* The Carnot cycle is a cycle in which each of its
processes is reversible.

* A Carnot heat engine is the theoretical heat engine
that operates on a Carnot cycle.

* Processes of a Carnot cycle:

- Process 1-2, Reversible Isothermal Expansion, Q,,
added at T,

- Process 2-3, Reversible Adiabatic Expansion

Process 3-4, Reversible Isothermal Compression, Q,
removed at T,

- Process 4-1, Reversible Adiabatic Compression

* The Carnot cycle is the most efficient cycle operating
between specified temperature limits.

THE UNIVERSITY of EDINBURGH
School of Engineering

The thermal efficiency of any reversible heat
engine is called the Carnot efficiency and is
given by

nth,rev =1 - TC/TH

where T and Ty are absolute temperatures.

16
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Carnot Cycle

The Carnot Principles are:

1. The efficiency of an irreversible heat
engine is always less than the efficiency of
a reversible one operating between the
same two temperature reservoirs.

2. The efficiencies of all reversible heat
engines operating between the same two
temperature reservoirs are the same.

THE UNIVERSITY of EDINBURGH
School of Engineering

The thermal efficiency of any reversible heat
engine is called the Carnot efficiency and is
given by

nth,rev =1 - TC/TH

where T and Ty are absolute temperatures.

17
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School of Engineering Engineering Thermodynamics 2
BRAYTON CYCLE
CLOSED CYCLE 5 OPEN CYCLE
(external combustion) (internal combustion)
—| Heat Source I
: F%)'{ « i fuel : Combustion
2 [ 1 3 | 2 | 3
T~ v—]network | ~—— +_—1 net work
C T :‘ : C T :-
1 b 1 4 i 1 - 14
(™ Patm) 1 HEX [ (~ Patm) air exhaust gases
; (Patm) (Patm)
Heat Sink [ !
Low volumetric power density [MW,, | Less components = High Integration
m] but being closed, a number of —> High power density
different working fluids can be used. Used mostly for aircraft propulsion.
{ IF/’L THE UNIVERSITY of EDINBURGH

-\WNV: School of Engineering



« Brayton cycle is used as the standard with which to

{ I’i THE UNIVERSITY of EDINBURGH
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Brayton Cycle - Processes.

compare actual gas turbine engines.

Pu

T4

(b) P- vdiagram

e
= c,k.'!';"'

(a) T-s diagram

3 )

Note - All processes reversible

19
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INTERNALLY REVERSIBLE RANKINE STEAM CYCLE

Let us overcome the issues with the
compression by doing it in the liquid
phase. Transformation 1-4 is now a
pumping. The cycle is not any longer bi-
thermal = loss of efficiency.

S
Heat Source
J HEX [
41 2
1/
(De 4O,
'y S~
4 —4 -1 3
o HEX |-
Heat Sink [ >
S
gy NOTE: A process is internally reversible if no irreversibilities occur within the boundaries of the system during the process.

)= School of Engineering
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T

L

G
@ LHEUEIFRRETY g SUEI BRI A process is externally reversible if no irreversibilities occur outside the boundaries of the system during the process.
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T,
The Hirn Cycle solves also the issues
with the liquid expansion in the

turbine.

500°C

@
|
H
>
3
&

|
o
I ~--:—-—Slsck »
u s
i E Steam Boiler (SB)
I
| > i
I 2 N/V\r‘—‘VV\:T’VV\, 3
12a [2b
Ok =0,
1" Condenser 14
Heat
Sink
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Cycle Performance

 Efficiency = what you want / what you pay for
* For heat engine, Brayton and Rankine cycles, etc...
 WORK output is desired
* Efficiency:
_ Wnet, out
Ntn Qin
° nth < 100%
— e comprenion
THE UNIVERSITY of EDINBURGH Ideal Otto CYCle

School of Engineering

High-temperature
reservoir at Ty

Low-temperature
reservoir at 7

U = const. Isentropic
heat addition expansion

Schematic of a
heat engine

U = const.
heat rejection

22



Closed Brayton Cycle (example)

On
T p A
5

3
Heat
exchanger
Y
2 3 —/ 4
— 5 QL
Compressor Turbine [—>
Whet 1 e
1 Heat 4|' (a) T-s diagram s (b) P-v diagram v
exchanger «
{} 0 Processes 1-2 and 3-4 are isentropic, and 2, = A; and
Process Description b P, = P,. The ideal gas isentropic relations are
1-2 Isentropic compression (in a compressor)
~1)/k k—1)/k
2-3 Constant pressure heat addition (in a heat exchanger) T, ( P ]( )/ [ ) )( )/ 3
3-4 Isentropic expansion (in a turbine - | o —
Pic expansion (in a furbine) L \R P, T,
4-1 Constant pressure heat rejection (in a heat exchanger)

N,

.5\ I/’; THE UNIVERSITY of EDINBURGH
) )= School of Engineering 23
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Closed Brayton Cycle Tofind q,(era,)

Apply the conservation of energy to process 2-3 for P =
0, constant (no work), steady-flow, and neglect changes in
{} kinetic and potential energies.

Heat . : . - .
exchanger ! E,=E,, = mh,+0, =mh,
2 3—/ _ _
_ The conservation of mass gives,
Compressor Turbine [—> . e
Whet min T mout — m2 _ m3 = m
1 Heat AIL Qm = m(h3 — hz) = m(Cp,3T3 — Cp,sz)
exchanger <
{} 0 For constant specific heats,
L : .
Q,, =mC (I, -T,)
The heat added per unit mass flow is
& oo Qi ==, :CP(T3_T2)
#h_ THE UNIVERSITY of EDINBURGH m

N): School of Engineering 24
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Closed Brayton CyCle Numerical example:

{}QH

Heat
exchanger

2

3 —

Compressor

Heat
exchanger

/

Turbine

—>

Wn et

e

Qin
qin = = p(];) _]"2)
m

-ONW""“.
.:‘\ " THE UNIVERSITY of EDINBURGH
o )= School of Engineering
oTRRS

P,=1barand T, =297 K
Maximum temperature (T;) = 1400 K and P, = 12 bar
1 kg/s of air (C, = 1.005 kd/kg-K; k = 1.4)

k—1

P2 k
T2 = Tl — = 604 K

Py
T3 = 1400K given in the data

kJ
.= 1.005 ——(1400K — 604K
Qin kg-K( )

KJ
di, = 800 —

kg

25



To find Q_(or Q, ;)

The conservation of energy for process 4-1
with constant specific heats gives:

Qout = m(h4 _hl) — mcp(]:l _T;)

Qou
qout: .t :Cp(]:l_];)
m

kJ
= 1.005 —— - (688K — 297K)

Yout - ke K
kJ
Qg = 393 —
ou ke

Numerical example continued:
k-1

k
4= 131 5~
P3 1.4-1

Ibar 1.4
P,=P; =1bar T , := 1400K-
4 I 4 ( 12bar)

P3 = P2 = 12bar T4 _ 688K

% { I,’; THE UNIVERSITY of EDINBURGH
A¢N: School of Engineering
£ )

The net thermal efficiency can then be calculated

s O
nth,Brayton =l-==1--=
Qin qin

kJ

393 —

. kg

"th Brayton = - J

800 —

kg

Mth Brayton = 0-509

26



Heat Pumps/Refrigerators

 HEAT transfer is desired

- Either gain heat or remove heat

 Measure performance using COP:
QH,

- COP = W_“t, heating mode
- COP = ?/;'.i", refrigeration mode
-COP >1

QPN THE UNIVERSITY of EDINBURGH
NN School of Engineering
Sl

Warm heated space

Cold environment
at T,

27



ldeal Vapour Compression Cycle

Warm
environment

Expansion

Evaporator

T A

Saturated
liquid

Saturated vapor

o
§

1-2 Isentropic compression in a compressor
2-3 Constant-pressure heat rejection in a condenser
3-4 Throttling in an expansion device

4-1 Constant-pressure heat absorption in an evaporator .



ldeal Vapour Compression Cycle

TA
Steady-flow energy balance

Saturated

(qin — qout) + (Win - Wout) = he - hi lqu-ld

4

cop, =4 ="
w h2 ]/LI ﬁWin

net, in

b —
COPHP — QH — 2 3
Wnet, in h2 o hl %
Note: Saturated vapor
S
h‘ - hg @ R QH - m(h2 B h3) The ideal vapor-compression refrigeration cycle involves an
Q irreversible (throttling) process to make it a more realistic model
h — h _<H _ h . h
3 S/ @B =>4y =—"= ( 2 3) for the actual systems.
m
e, Replacing the expansion valve by a turbine is not practical since
4 ", THE UNIVERSITY of EDINBURGH . . . .
@ School of Engineering the added benefits cannot justify the added cost and complexity.



SUMMARY

* Course overview
* Strategies to succeed at Thermodynamics 4

. : N
* Revision of key concepts from Thermodynamics 2 \ ]
BORGNAKKE = SONNTAG

 a— att-bel B & ot S
e Sections 9.1-9.3 and 9.8-9.10 N\ Thgpmuﬂv"amins

e Sections 10.1 and 10.2

e What to do next

- Go to Thermodynamics 2 on Learn and revise lecture slides on
Thermodynamics 2

- Attempt tutorial sheet #1 of Thermodynamics 4

- Relevant chapters in Borgnakke and Sonntag (8t ed)

“\wm*"’; THE UNIVERSITY of EDINBURGH NEXT: GaS turbines and Brayton CyCle
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Thanks for listening
prodip.das@ed.ac.uk
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