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Objectives — Contents — Outcomes (1)

Objectives ‘
O An introductory overview of thermodynamics

L Some basic aspects of fluid mechanics
(flow in pipes, fluid machines)

d Some basic aspects of heat transfer
(with a special focus on conduction — heat transfer in soil)

The course will present the fundamentals of these topics in a classical approach, creating a solid base that will
allow the students to analyse, in later subjects, energy systems in general and geothermal systems in particular.

Prerequisites
AN introductory course of graduate physics
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Objectives — Contents — Outcomes (2)

Contents ‘

Part | — Thermodynamics ‘

DOoOO000 000

Basic concepts

Energy concepts

Pure substance & Mixtures
First Law

Second Law

Entropy

Power cycles

Refrigeration cycles

Part Il — Transport phenomena

Fluid properties & basic laws
Losses In pipes

Description of fluid machines
Modes of heat transfer
Conduction basics
Conduction in variable
sections & fins

Heat transfer in soil

CDOoOO00D D0
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Objectives — Contents — Outcomes (2)

Outcomes ‘

At the end of this course, trainee should be able to:

Identify, quantify different energies, and perform energy balances
Evaluate thermodynamic properties of matter

Understand implications of Second Law

Evaluate entropy and understand its charts

Understand and analyse power and refrigeration cycles

Evaluate losses in a hydraulic loop

Select appropriate fluid machine

Perform simple heat transfer estimations, especially conduction
Understand heat transfer mechanisms in soil

DOoo0oo0DO00D00 D0
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Objectives — Contents — Outcomes (2)

References ‘
O Introduction to Thermal Systems Engineering: Thermodynamics, Fluid .
Mechanics, and Heat Transfer. Michael J. Moran, Howard N. Shapiro, [HERMAL SYSTEMS

ENGINEERING

Bruce R. Munson, David P. DeWitt. John Wiley, 2003

O Fundamentals of Engineering Thermodynamics. M. J. Moran, H.N,
Shapiro, D. N, Boettner, M. B. Bailet. John Wiley, 2018

O Fluid Mechanics. F.rank M. White. McGraw Hill, 2009

O Fundamentals of Heat and Mass Transfer. F. P. Incropera, D. P. Dewitt,
T. L. Bergman, A. S. Lavin. John Wiley, 2007

......

Wiley Loose-Le t

FUNDAMENTALS OF ENG'NEER'NG
THERMODYNAMICS

[[[[[[[[[[[[[[

Fundamentals of
Heat and Mass Transfer

4
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Why Thermodynamics?

Science of energy transfer and conversion

Life is nothing but: exchanges or transformations!
|
g v
Material | <«-----—--------- > | Im — Material

Knowledge
Feelings ...

Mass
Charge
Force

Energy

Energy is not only
calorific or mechanical!

4
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History of Energy

Geothermal,
Biomass,
Waves, ...

{
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Geothermal energy: Source, Applications

‘

Can be used to: Produce electricity, to heat, or to cool

Need to understand:

» How energy changes its form? (thermodynamics)
» How water moves? (fluid mechanics)
» How heat moves? (heat transfer)

4
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Place of thermodynamics academically

Basic Sciences ‘ @) Basic Engineering Sciences ‘

MEUD = [Pl Thermodynamics
Mechanics — Chemistry : :
Heat and mass transfer luid mechanics

~
1 Physics of semi-conductors

Applied Engineering Sciences ‘

L
1

Refrigeration

Internal Power plants & Air Conditioning
Combustion
Engines Chemical industries ...

4
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To retain of chapter 1

» Course objectives and contents
» Life depends on energy

» Human development is related to energy
» Energy crisis —environmental impact:
— Renewable energies

— Geothermal

» Applications of thermodynamics are endless
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Terminology: “System”

“A"”
Universe!
“Part” of interest
Remaining! A system ‘
Neighborhood /\
: Part =
Boundaries —
‘ Pan . space zone?
materiel portion?
control mass control volume
isolated system ~ closed system open system
Energy no crosses crosses
Matter no no crosses

4
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Macro or Micro?

Macroscopic view

» Classical Thermodynamics

Matter is a continuum
Essential part of the course

I

» Statistical Thermodynamics

Matter i1s discrete

To better understand
gScopic view

4
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State

The state of a system:

Its nature and characteristics
AT a given instant

Distance along péth (trajectory)

State Properties ; Distance from origin (state)
Quantitative description of the state —---

AS IS,
NOT how did the system reach it (the trajectory)

State property #Property of the trajectory

‘@ GEB 4120
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Equilibrium

Equilibrium:

Inability to perform a spontaneous
change of state

State properties of a system
CANNOT be defined outside EQUILIBRIUM

Pressure of a system <::> Uniform Pressure

Thermodynamics for Geothermal Energy 5/20



Additional

Process

Process : continuous transition from state A to state B

A process in “equilil%rium”?!!

Cycle :
A set of processes ending by the initial state

4
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State Properties

» Extensive Property :
* Proportional to size: Mass, volume, energy, charge, ...

» Intensive Property :
 Independent of size (same value at each portion):
Temperature, pressure, electric potential, ...

» Specific Property :
 Ratio of two Extensive Properties:
specific volume (=1/Density), specific energy, ...

Internal vs external Property : (Temperature vs speed)

) GEB 120



Concepts and Laws

The world is unified (and unique!)
But, to understand it, ... humans have to «analyze it»

Define concepts

“All” @
the uni_verse\. Define relations
again! between concepts

EX:
Charges — Attraction Force
Mass — Force — Laws of Newton

relations

APrinciple |- A fact proven by experience
(Law)  Other theorems are deduced from principles

4
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Dimension versus unit

Dimension ‘

Distance ‘

Time\

Mass ‘

Units

meter, inch, foot, ...

second, hour, day, month, ...

kilogram, pound, ton, ...

9/20



S| system

Basic Sl Units: Sup. Sl Units :

Length meter m

Mass kilogram kg Plane Angle Solid Angle
Time second S radian steradian
Electr. Current Ampere A rad | ST
Temperature Kelvin K ’

Q. of matter mole mol _ A

Lumin. Intensity candela cd

Derived Sl Units : |

Force Newton N =kg m/s? Multiples of Units: ‘
Pressure Pascal Pa= N/m?

Energy Joule J = Nm M Mega 10°
Power Watt W = J/s G Giga 10°

@ GEB 10/20



Density & specific volume

Definition of Density: |0 =1lIm,y._,,.0 v

Am

Specific (Intensive) Property

Molar Density

Specific Volume

Molar Specific Volume

) GEB

p=plu
v=1/p

V=0 U

Molecular Mass 1 = mass of a mole (in g/mol or kg/kmol)

S| Units : kmol/m?3

S| Units : m3/kg

S| Units : m3/kmol

Thermodynamics for Geothermal Energy 11/20



Defining Pressure

Definition of pressure: M—e20 3

c#0

Specific (Intensive) Property

Sl Units: Pa = N/ m? = kg/ms?

Other units

M Pa = 106 Pa;

bar =10° Pa;

atm =1.013 bar;

psi = 1lb/in’= 6.8948 kPa
torr = 1mmHg=133.32 Pa

Force due to the impact

Tof molecules on the wall
[ After youl! I

:
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Measuring Pressure

0

Relative Pressure
|« gauge » (+ ou -)

An example for low P P1
Manometer t
Absolute
P_os Ratm Pressure %
h
0

Atmospheric
Pressure

I:)abs o I:)atm = I:)gauge: Ap 9 h

to measure P,
Barometer:

P, @gainst vacuum

() GEB

An example for high P: Bourdon
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What i1s Temperature?!
Intensive Property

Temperature is a measure of the ability:

macro: to transfer calorific energy «ﬁChaOt'C

micro: Of molecules to transmit their excitation intensity

Problematic of an objective scale for an intensive propertyl

Extensive property is easy to measure:

Intensive property is difficult:

‘EDQ'D

Edf

Ll

1m

|A

4
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What is a Thermometer?

Thermometer

AN

effects on

‘ 3

Temperature

/
Thermometric Property (TP)

Example : the volume of a liquid
(mercury thermometer)

Question :
What is the relation:
Thermometric Property (TP) = T?!

4
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The “Zero’th” Law!

Defining equality : ‘

If Body A

And Body A

Then Body B

Defining difference :

Hence, we can define an arbitrary temperature scale :

Colder

Thermal
N —

Equilibrium

<—

<—>

Body B

Body C

Body C

Hotter

() GEB

For arational scale :
The thermodynamic temperature scale (see below)

>
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Thermometers

Pressure of a gas

_ Resistance of a metal (Platinum)
at fixed volume

A AVAS VA

h 4/\/\%/\/\5

T=aP o ke
O R=a+bT+cT?

T=ah+b Resistance

Mercury Ideal Gas Thermometer
Thermometer Thermometer ***

Metal A |V =S (T,-Ty)

fixed points

Thermocouple

@ GEB 17/20



Importance of assumption!

e =100 /=%

v specific volume (cm?3/g)

Gas <v|100 _,U|O) t* Temperature assuming linear in v (°C)
Thermo-
meter Water Therm. Alcohol Therm. Mercury Therm.
t v t* v t* v t*
-25 - - 1.2167 | -18.8 0.073220 -25.0
0 1.0002 0 1.2475 0 0.073556 0
25 1.0029 | 6.2 1.2800 | 19.8 0.073890 24.9
20 1.0121 | 27.5 1.3170 | 42.4 0.074225 49.9
75 1.0259 | 59.4 1.3604 | 68.8 0.074561 74.9
100 1.0435| 100 1.4116 | 100 0.074898 100

) GEB
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Conservation of mass

Entering mass Leaving mass o

per second m, per second n'gut « Not relativistic!
System: m

dt In out

If the density p was uniform then m,= pV
(V is the volume) otherwise: m, = jpdv

To find m
If p and the normal speed v were uniform System
then M= pA (v At/ At= pv A Area of(” f
otherwise: m :jpv dA Section A \ )

\Volume entering
during the time At =v At A

@ GEB 19/20



To retain of chapter 2

> System: Control mass (closed), Control volume (open), Isolated
» State property:. (NOT trajectory), intensive vs extensive, specific
» World unity: Relation between concepts and laws, principles

» Dimensions and units: si 7 basic units, derived units

» Specific volume: (specific) v=1/p (per unit mass or unit mole)

» Pressure: (specific) absolute (>0), gauge, units

» Tem perature: (intensive — difficulty), 0" Law, thermometric properties, fixed points,

thermometers, ideal gas thermometer

> Conservation of mass: [dm, _ mszvdA

= p Vv A if uniform

@) GEB
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Energy: definition, simple forms

To define energy: ‘

Define

specific forms

It is only A that counts!

E .

A

Generalize The concept of ENERGY
| >

Conservation Law

~ Capacity to perform
a change

Energy is classified into

Energy

“O”

() GEB

Reference
Level

crossing
boundaries

Energy stored
In the system

(Rate of energy transfer)
l.e. in Watt = Joule/s

Is characterized by the Power :
— Is measured in Joule
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Different forms

Forms of energy: ‘

) GEB

» Mechanical (work)
» Internal

» Calorific (heat)

» Electric, ...

» Chemical,
» Nuclear,

» Optic,

» Acoustic,

» Magnetic, ...

Will be treated
. In some
details

>  Other forms

3/21



Mechanical Power and Work

Mechanical power is: Power crossing the boundaries of a system
due to the action of a force that causes a displacement velocity

F, [ Force exerted on the system New convention

- V
/C% V Displacement velocity of matter due the force

|
System _ .
boundaries Mechanical Power : W =Eev
tp * b X,
Mechanical Work : W =] Wdt=| Fevdt=| "Fedx
1 1 1
New Sign Convention for work VAR = VA, B ST
USED here B W, =hk,lv <0
+ve- “ve %

P
@ Old conyerition
has gpfiosite signs

%
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Examples of point forces

Power = F.v Fex Force on the system

F, =—F Force by the system
Work of a force Work of a force
causing acceleration against Gravity
F.=-F,.=madv/dt F.=—-F._=-mg

Syfz ext 3 sys
W, :jt V2(mdv/dt)ovdt W, =], (-mg)evdt
W, =| mvedv

stem

i’l WS —
_ > 2 \y2 a1
WS_Zm(VZ Vl) W, =mg(z,
KilnetiC Ilz/nergg/ 1 Potential Energy :
Inear 72myv mgz
rotational ¥2 lo?
Power=Fv=F (ro)=To Y v
Torque * angular speed F.& Vv
® >
— el 1

() GEB 5121



Work by an elastic body

F is the force on the system= k X

x 1S the elongation
(= Length — Free length)

v is the materiel velocity

Power W = |: V
Work W = Fovdt

Y

W =| kxedx

W:% (¢ -x)

) GEB

Free Length O

I

AV

+ . Compression W >0

F Expansion W <0
— (if against force)

MAN

POSSNIS
‘ Relaxing

—F  w<o
(if against force)

F Stretching
—yv W>0

Thermodynamics for Geothermal Energy 6/21



~ Work by an electric field on a charge
Electric

field ; Power=—qgE.v
E locit __[" __ [
X/.'/Z/v//ve OCIly V WorkW = Ll qEevdt W _—IX1 E e dx
//« — Electric Potential 4/(x) = W /q =[ Eedx (Volt)
charge g

Potential at node 1: 14 = work /charge
Current entering node 1: 1, = charge /time

—>
U ;

Power entering node 1: ¥ I,
Power received by the circuit: Z; 4} 1,

Work W = [9/1 dt

@ GEB 7/21
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Work of distributed forces

VS
velocity of
the surface

A — Over a surface

n Unit external Normal
Normal

Component : p n

Pressure ~ Surface stress
Of system on surroundings
(force/unit area)

Closed System : n.v,=n.v,
Open System :  nv,#n.wv,  (matter crosses)

Vm
velocity of
matter at the
surface

Power : W=-[ s-v,dA

Work : W = ;(—jAs-vmdA)dt

Thermodynamics for Geothermal Energy 8/21



Case 1. Work of Changing Volume

If:
» No friction (S=Pn) ST
» Equilibrium (pressure P uniform)
» Closed system ( n.v, = n.v,,) \A\, 2
W
Then: e
Vv
=W = | Pl 1
=w = .
* WlBZ
— 4
W = [ Fdx NB: W depends on states 1,2
P I AND the PATH
A W =—[PAdx=-[Pdv]|  Wiar# Wi,

) GEB Tox



Work of changing volume is NOT always -/PdV

N.B. 1:- I P dV is not always work !

Fan work Free expansion
- 0 / Void
U 0 RN
_J.dezo —IPdV<O
W > O W = O
The gas expands against void:
Since dl'=0 J p J
— No exterior force = No work!
N.B.:
In the ideal case (no friction) work is called V., .
EVidentIy: Wactual o I/Vialeal >0

Whether work is received by or given to the system

@) GEB



Case 2: Flow work
iT=r e

» No friction (S = P n)

» Equilibrium (pressure P 1s uniform
over each section)

» Open System (n.v, # n.v, )

» Steady state (independent of time)

vAt = |2|

To force the fluid at entry:
Then: W, = P,A l,=P,V,

W = :(—IAS-deA)dt At exit: W, = —P,V,

W, :( [ dt) [ (=Pn)-v,dA
Wi = —PAL[ (v, )dA

flowin

= PAt-(V/At)=PV :> |F|0WWOrk = P Vi-PV, I

4
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Useful work of an open system

N.B.: d PV =PdV +VdP, i.e.: (PV,—PV;)= [ PdV + [ VdP

2 2
'f VdP = —j PdV _(|:>1V1 _ pz\/z) _ Useful part of
1 1 N y Work for a control
\& volume
Work of Flow
changing volume work
high pressure ——

high

pressure Pelton wheel

ow pressure

low
pressure

4
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Work of Distributed Forces
B — Over a line

Coefficient of Surface Tension: Force = o 7

o = Force / unit length \

Force=oL

Work on the Line

Meniséus - W= %GL dx

= dA
(thin film, ] o
e.g. soap)

4
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Internal Energy (qualitative)

Suppose we have N molecules each of mass m
Mass of body M=m* N
V; is the absolute velocity of molecule i

Deviation,
vibration

N
I:> We can define: |V; =V, +V,;

' 1
?ody velocity | oy = _ZN v
= average velocity g\ izt ] —
By substjtuting
’ —> p
avg
: : m N
Kinetic Energy of N molecules: KE = EZizlvi V. —
M M—N o« o«
KE — ? Vavg . VanJ + \E i:1Vi . VL +

=0
(average of deviations)

4
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Internal Energy : Generalization

:> Kinetic Energies KE

Similarly:

Potential Energy PE

In general:

KE of the body |+ KE of random molecules speed |

\

PE of the body |+ PE of intermolecular forces |

N\

Internal Energy

Internal Energy U = (2KE + ZPE + £ Chemical + £ Nuclear + ..) of molecules

Stored Energy

) GEB

u = U/m = Specific Internal Energy
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Heat Sign Convention

: +ve—Q >| -ve
Heat power Q is: Q
* A power that crosses the boundary

* Due to a temperature difference

Enthalpy H
* NOT associated with a transfer of matter r 8 \
: S U + Flow Work
Heat Power in Watt Q Work / —
Heat : O in Joule Z

/ '
No hE\at!
(assOciated

with a flow)

System: Water in a tea pot.
What are energies involved?

Distinguish between heat (energy that crosses)
and internal energy (energy stored in a hot body)

Heat transferred is path dependent

¢ GEB



1st Law for a Control mass

Energy Is conserved

It can be transferred or transformed, but:
> Energies before = X Energies after, a process

For a control mass undergoing
a Complete cycle:

net — Qin - Qout Wnet = I/Vin -

—> Final state = Initial state
Stored Energies before = Stored Energies after

=> | ¥ Crossing Energies = Q,,,+ W, =0

@ GEB 17/21



Total Internal energy E is a State property

Process: 1A2 2B1 2C1
Work: W1A2 = IlAZWdt W2 Bl = -ZBl\th WZCl = -2C1Wdt
Heat: Qiaz = .[1 £, QUt |Q2p1 = |, Qdt | Qpcy = [, o, Qut
For the cycle 1A2B1.: LAZ(Q +W)dt+ 251(Q +V\7)dt =0 A 2
For th le 1A2C1: ) +W ) +W ) dt =
or the cycle 1A2(Q +W ) dt + 2c1(Q.+W )dt 0 B7>
By subtracting: LBl(Q +W)dt ZLCl(Q +W>dt 1 C
For a process: . (Q +W)dt: E, - E >y
—>| The sum of energies crossing L2 —
is independent of path: Qup+ Wy = Ep- g

Total%ternal Energy
AE=AU+AKE+APE+ ...

() GEB
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1st Law : General form

Sum of received powers =rate of increase of stored energies ‘

Energy carried by
enteringl mass

rﬁin (e +P ‘V)in

0

W

e + Py =

(U+P o)+ KE +PE +..

e =E/m

»
»

off

m, eg)/dt

Moyt (€ + P 9oyt
—_—

Specific
v Enthalpy

Q+W +m, (h+KE+PE)_-m,, (h+KE+PE)

i[ms(u+ KE +PE), || —

out - dt

l_ Q+W +m, (h+KE+PE) —m,, (h+KE+PE) =A|m(u+KE+PE) |

For a closed system:

m,=m,=0 ¢ =Q0/m,; w =W/ m,

q+w=A(u+KE+PE)

A\ 4

For a steady state flow (SSF): |
d(.)/dt =0; m,, =m,,=m q=0Q/m w=W/m
q+w=A(h+KE+PE)

) GEB
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To retain of chapter 3 - A

» Energy is the ability to produce a change, many forms

- . X,
Work W, Mechanical power W: ‘ W=Fev W= | F e dX
3 conditions:

- L

of work - -1 ( 2 2)
- due to force ON the system, of point < Elastic W :?k X =%
- producing displacement forces: _Electric power: -%; U I;

» Work depends on the process (the path)

» Work of changing volume: if: > Flow work is: P,V, — P,V,
2
= No friction (S= P n) :
=  Equilibrium (pressure P uniform) » For open SyStem' _‘-1 VdP
= Closed system ( n.v,=n.v,,) W = _I PdV
> Work of surface tension: | odA

@ GEB 20/21



To retain of chapter 3 - B

Internal energy U: ‘
Energies (kinetic, potential, and chemical) of molecules: State property
» Internal energy + Flow work = Enthalpy
« Crosses the boundary
* Due to a temperature difference
« NOT associated with a transfer of matter

Heat power Q'

» The general form of the First Law is:

Q+W +m, (h+KE+PE) —m,, (h+KE +PE) =i[ms(u +KE +PE), |

out dt

» Special case, closed system: » Special case, Steady Flow:
q+w=A(u+KE+PE) q+w=A(h+KE + PE)

@ GEB 21/21
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Definitions

Phase

A Group of molecules having:
» Homogeneous chemical Composition

» Homogeneous physical Properties
Examples

= Gas
= Liquid
= Solid
- various crystalline structures

Pure substance

Homogeneous and invariable chemical H,0O, CO,, ...
Composition in all phases But air ?7?

@ GEB 2/33




Evaporation at Constant Pressure 1

MWW

2.

Q)

Conpressed
(Sub cooled)
lLiquid

e

e

gﬂ%%%ﬂﬁ%g s

Saturated
Liquid

e

A R

O

MWW

X D)

N/

Wet
Vapor

e

AP A

MWW

Q)

C

MWW

W

S’aturated
Vapor

Superheated
vapor

Evaporation at constant pressure = constant temperature

) GEB
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) GEB

Evaporation at Constant Pressure 2

4 T
Saturation Lines
Liquid P>P, Gas
Critical P, P.3pP
Poi 1
C
TCI‘ .
/ d Py vapor
Compressed
(Sub.co.oled) Superheated
Liquid \ vapor
/a Yer \ \ v
Saturated Wet Saturated
Liquid Vapor Vapor
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Fusion and Sublimation

Changing phase
at constant pressure
=> constant temperature

G Gas
L I Liquid
S| solid

Triple Line (S+L+G)

> P

Sublimation

If we heat a solid at const P:| = fusion at constant T | | = evaporation at constant T

The operation can be repeated at other pressures => lines of saturation

If we heat a solid at very low pressure:

) GEB

= sublimation at constant T
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Ice cubes float 1?

Water:
A special case Tt [StL
\[L
Ice cubes float: G

Solid Density < liquid density

Ice cubes shrink :> > >*G v
during fusion >

Latent Energy needed
Heat to transform 1 kg

of From To
Fusion Solid Liquid
Evaporation Liquid Vapor
Sublimation Solid Vapor

() GEB o



Additional

Thermodynamic Surfaces

Sublim

Critical

/ Point

Evaporation

Thermodynamics for Geothermal Energy 7/33



Thermodynamic
(pressure or temperature)

saturation Tables:

P

T

i

Y

For wet vapor :

Dryness Fraction

(quality)
X=mg/(m_+mg)

= ‘vg

v=X 1, + (1-X) %
- (1'X) Urg
+ X ‘Vfg

) GEB

Thermodynamic Tables

Thermodynamic

superheat Tables:

/65000 || /05000 | JE=
T=...| v=...| 9=... | =
I=...| v=... | v=...| =
I=...| v=... | v=...| =

For a compressed liquid :

If no tables, use:
v (T,P) & vy (T)

Online data, ex:

https://lwebbook.nist.gov/chemistry/fluid/
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Degrees of Freedom F

F = Minimum Number of state variables necessary to define the state ‘

®@= Number of Phases ‘ C = Number of chemical componants ‘

Simple Case 1: Pure substance (C=1)
Single phase (P=1)

In this case: Number of Degrees of Freedom
= Number of different forms of energy exchange:

If only:
* Heat

« work of changing volume
C)F=2
Example :

To localize the state of a gas,
We need to know (P, T), (P, v) or (v, T)

Pressure P

%
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Gibbs Phase Rule

Simple Case 2: Pure substance (C=1)
2 phases in equilibrium (= 2)

Equilibrium imposes a condition
)F=21=1

To localise the state
Of a saturated vapor,
It is sufficient to know (P) or (T)

Pressure P

Example :

General Case : If number of components C>1

Every new component adds a new degree of freedom

— Gibbs Phase Rule for
i:;l> ‘ F=C—-¢+2 I Two forms of energy exchange

X
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State Equations

Assume a number F (degrees of Freedom) of state variables are given:

All other state variables can be expressed in terms of them

These relations are: _
@ State Equations

Mainly 2 kinds:
> Thermal equation of state: f(P, T,2)=0 ‘ (v=1/p)

» Calorific equations of state u=f, (P, T) ‘

h=f,(P,T)

() GEB 1w



Perfect (Ideal) Gas

: PlanW 4 ¢ L
I;I{?)\?vtg eenss?tfl. 9lf ElEEL A 1 Planw
» volume of molecules Negligible
» Intermolecular forces Negligible
» time of impact Negligible
» Molecular collisions are perfectly elastic
(No energy loss during impact)

A 7

X
Change of the momentum of a particle

during collision with the plan W (component in y):

A (momentum) = mj (v, — (—Vv,) = 2myVv,

Average Time between 2 collisions on the plan W: A=2L1v,

Pressure due to a molecule:
For N molecules:

PV=m,Zv/?

Pl molecule — Force/A =
[4 (momentum)/At /A = mgv,2 [ V

) GEB 5%




Equation of State for a perfect gas

Principle of equipartition of energy:
) V2= Iv2=3V2= U33Vv2= 13NV,

PV=myZv?| =) PV=myl3Nyv,/?

perfect gas = T o«c average kinetic energy of a molecule |:> k\T = 1/3 my V;6°

— Boltzmann
PV:NkT:DI\/IﬁkT:nRT
moles Avogadro R =N,k =8314.5 J/kmol K
Universal Gas Constant
Gas Constant: R=R/p PV=nRT —> |Pv=RT

(w molecular mass) n=m/p

(m mass of gas)

PV=mRT| =—="> |Pv=RT

() GEB 131



Real gases Equations of state
Van der Waals (VDW):

» Volume of molecules non negligeable ®

» Intermolecular forcesfon negligeable

—
=  (P+a/?d) (v-b)=R T‘ (a, b const.)
a & b are functions of Px=P/P_; Tg=T/T;

| Law of corresponding states : I
| Compressibility: Z=Pv/RT I If gas at low density:
(ex. P <0.1 and/or T >5) then Z=1

For all Gases : Z=f(Pg, Tg) i.e. almost a perfect gas
(see compressibility charts)

» The precision of VDW is better than Pv=RT; BUT not perfect
» The error of compressibility < 2.5% for all gases

o

%
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Energy Properties

Total
Internal Internal
Energy Energy Enthalpy

U E H J
u e h J/kg
u e h J/kmol

) GEB

Thermal Capacities
(Specific heats)

Thermal Capacities at constant volume

c, = aldT|, | [T, =00/0T|=uc,

Thermal Capacities at constant pressure

CP:é’h/é’Tlp 5P=§ﬁ/§T|p=,uCp

Ratio of thermal capacities: y=cp /¢,
(Specific heats ratio)

15/33



Calorific Eq. of State — Perfect Gas

Reminder:
Assuming translational movement only (degrees of freedom f = 3)

+ principle of equipartition of energy:

kT=213m, Vv,

In general, if f#3: fk T/2 = 1/2 my v, = KE for one molecule

For a perfect gas, uis composed of KE only (no intermolecular forces)

No. of molecules in 1 kg: N,/ u

U= (Nu K (fI)T=R(f/2) T C, = AUAT| Ly = R (F/2)
T=>| ¢, = ONOT]oory = R (14 /2)

Also: |h= u+Pv =R@A+f/2)T

y=colc, = (+2) /T | [co-c,=R

AU = ¢, AT; c,=R/(y—-1)
==> | Ah=cp AT o= 7R/ (y-1)
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KE

i; é@? @

PE

Variation of Internal Energy
with temperature (qualitative)

Temperature increases

translation +rotation +vibration

+ Dissociation

00 O © o
C}E’% y)_. % onization + ...
gas

Liquid

17/33



Gas, large variations of temperature 1

To estimate thermal capacities of a perfect gas:

But fdepends on temperature T and the nature of molecules

f =>y=0F+2)/f=c,=R/(y-1)= c= ycC,

Mono atomic Diatomic Poly atomic
(Argon, Neon, ...) (O,, N, ...) (CO,, NH,, ...)
To
estimate f: “*
Temperature || Movement

Low Translation f=3 f=3 f=3

Medium +Rotation +0 +2 +3
High +Vibration +0 +1 +n?

) GEB
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Gas, large variations of temperature 2

» Gas Pv=RT -
If \ > Very small density Then: \ Cor C, = (T) 25 Semi-ideal
> Large variation of T u, h'= f(T) not f (P) gas

Every degree of freedom
IS activated at a given
temperature. + Vibration Energy

Typical variation of c, = R = Mo
At low pressure: |:';> e b e o e oo g y
Translational Energy

T

c,=duldT| =du/dT
Cp = hlIdT|p=dh/dT = d(u+Pv)/dT = d(u+RT)/dT =c_+ R
c, = f (T) at low pressure is given in tables, hence:

h=/c,dT; C,=Cp—R; u=Jc,dT

) GEB —



Calorific Eqg. of state — Other phases

For a mixture

liquid-vapor:

For a solid or liquid:
U=Xug + (1-x) ug
h =xhg + (1-x) hs Cp=C,=C

For crystals

Latent heat : at ambient temperature:
hfg:hg'hf c=3R/u
CP —> ©

) GEB
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ldeal Gas Mixtures

Hypothesis ‘
Very Low Density

[—> Negligible Molecular Interactions
[C> Each component acts as an independent ideal gas

Definitions ‘ mass of componant i
Mass Fraction ‘ Xj = nﬂ// mT.L mT = X; mj ix=1
total mass

number of moles of componant i

Molal Fraction Vi = ni‘// nT nT = Z; Nj Xvyi=1

total number of moles

() GEB 211
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Mixture Molecular Mass

One can define an « equivalent » molecular mass:

Unix =Mt/ nr=2Zmi/nr =X n 5/ Ny =Zyi g

Also:

tmx=Mmr/nr=mp/Eni=me/ (Emil ) =11 X/ 4)

Conversion Rules:

Xi=mi/mr =n gl my =(nilng) gl (Mr/ng) =i phi | pix

Vi = Xi tmix | Ui

22/33



Additional

Amagat Model

Every component i behaves as a separate perfect gas

Having the following state properties:

-P= I:)mix' T:Tmix
-V, is the ‘partial volume’ : V; < Vix PV, =n; RT (*)
Summing for all components:
PXVi=ntRT (#)
Gaz Comparing with PV=nRT gives
A
2 Vi - Vmix

Dividing equation (*) by (#)
Vi/V=ni/nT:yi

Thermodynamics for Geothermal Energy 23/33



Dalton Model

Every component i behaves as a separate perfect gas
Having the following state properties:
- V=V T=Thix P;V=n; ET (*)

- Pi is the ‘partial pressure’ : P; < Py Summing for all components

_ SPiV=n:RT (#)
Pressure due to impact Pressure due to

Of molecules of gas A B and C molecules Comparing with PV=nRT
\
Pa Pg /\ Pc > Pi = Phix
{%” % Dividing equalgio/np(*) b}/ (#)
A i =N/ Nt =Y,
v
Molecule Molecule Molecule
of Gas A of GasB of Gas C

() GEB
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Energy properties of Ideal gas mixtures

Umix(T) = E.xi u; (T) hmix (T) = z,xi h;(T)
omix(T) = ) x16ulT)  Comia(T) = ) % cpi(T)

Tnie() = ) 9@ FiaT) = )y (D)
Comix (T) = Z_Yi Cyi (T) Cpmix(T) = Z_)’i cpi(T)
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Special mixture: Air — Water vapor
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Psychrometry

Problem considered ‘

A perfect mixture of perfect gases:

« Each component : Perfect Gas

» A small quantity of matter may change phase
(Gas — Liquid or Gas — Solid)

Simplified Model
» gaseous phase is homogeneous and composed of 2 perfect gases
e vapor is at low pressure
:>-Treated IS a perfect gas, even when close to saturation

 Liquid and solid phases are void of dissolved gases

@ GEB _—



Definitions

Absolute (Specific) Humidity

® = Myap/ Ma * Mvap Mass of vapour
* my mass of other gases

(For air and water:
= (Pvap V/ Rvap T) / (Pa V/ Ra T) - (/A/ap /ﬂa) (Pvap / Pa) w = 0622 Pvap / Pair)

Relative Humidity - IStat? ?f vap.
A N MixXture

¢ =Puap/ Puap st Dvansat (T') Saturation pressure
- At mixture temperature

Max Quantity of vapor when: ¢ =100%

Starting from state 1, we can : ' Pup D =
« Cool at const P until state 2 (¢ reaches 100%) >y

« Add vapor at T const. Until state 3 (¢ reaches 100%)
(beyond points 2 or 3: condensation)

( For air and water: ¢ = @ Pair / (0.622 Pyap sat (T ))
@ GEB 23
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Condensable material




Adiabatic Saturation

Air entering @ R Evaporation @ Air leaving
g<1 1o1‘water p=1
@ |
15t Law

° ° ° ° °
Ma ha1 + My1 hyr + My iz = Ma haz + My hysar
° ° °

But Mw = My2 - My1

:(> Na1 + an (hvl - hf2) =ha+ ap hng

T, : Temperature of state 1 (dry bulb)

T, : Temperature of state 2 (wet bulb)

T wet bulb £ T dry bulb

() GEB 2o



Psychometric Chart

Obtained from: ¢ =1 = @ Pair / (0.622 Pyap sat (T))

h Tot. = Const \ ; >
wet bulb = Const %
2A-
>< z\
><>\>>x
:///§< \\ ¢ =Const<1
AN N - (obtained by dividing

Ordinates proportionally)

() GEB 0153



Ailr conditionning processes

n = (o2-m1)
(o2~ 1) / /
Dew point
Humidification Cooling — Heating

Cooling and Dehumidification

() GEB 3112



Application: humidification air conditioner

2-stage humidification air conditioner

a [ &

b

' humidifier H

v

C
D
4

/ .ﬁ N,
., | \.

heat @

exchanger

humidifier

Conditioned room
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Application: desiccant air conditioner

Desiccant based air conditioner

a

De-humidifier

T R g g

Conditioned

dmmE Db ~ C é d
E:':> \ [:::> M\EE:V,\ | [

room hymidity| €
>heat i i>

Desiccant
\ When desiccant becomes wet:

) GEB

Drylng using
solar energy
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To retain of chapter 4. A

Phase change‘

» During phase change (evaporation, fusion, ...) P = const < T = Const.

» Latent Heat: heat for complete phase change @ P = const.

» Saturation lines indicate phase change is about to start or end.

» Critical point: vapor and liquid are indistinguishable. Triple line 3 phases in equilibrium
» Dryness fraction (quality) x is percentage of evaporation

Ideal (perfect) gas ‘

» ANY gas at very low density is an ideal (perfect) gas
» Thermal equation of state: Pv = RT
> R =gasconstant =R/ u; R=8314.5 J/kmol K, g is the molecular mass

Calorific equations of state ‘

> For ideal gases small AT: Au=c,AT; Ah=CpAT; ¢, & c, constants; ¢, — ¢,= R; ¢p/c,=y
> For ideal gases large AT: Au—Ic dT; Ah=Jc,dT; c &c =f(T); ¢p — ¢,= R; (semi-ideal)
» For real gases (non-ideal): u, h = (T, P)

() GEB s



To retain of chapter 4. B

Real gases |

» ANY gas at HIGH density is NOT ideal, it is called a REAL gas: Pv #RT
» Many different equations of state, all depend on reduced properties P,=P/P., Tg=T/T
» Use Van Der Waals, Compressibility charts, ...

Ideal gas mixtures |

» If all gases in the mix are low density: each gas i is ideal, Vi=V i, T:i=T vy Pi=YiPmix
» Yy;=mole fraction, x;,=mass fraction; s...=Y; & / X;
> Ui = Zi X Uiy he = 26X hy; same for ¢, C

Psychrometry ‘

» Absolute humidity a=m,,,/my,, ,;,; relative humidity g=P,, /P ., ()
> Adding water: @ T, T ¥, ¢T: maximum when ¢=100% = T=wet bulb temperature
> Cooling: e=const, T ¥, ¢ T: maximum when ¢=100% = T=dew point

() GEB 3513
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Control Mass Processes

Heat g, internal energy u

If the only energies involved are:
& work of changing volume w :—I Pdy

Il

Isochoric process Isothermal process
(v= Constant) g+tw=4u (T = Constant)
T 1P
1 \‘
Isobaric Process 2
1 (P = Constant)
v v
> P >
w=0 . 2 If u=f(T) 1 q+w=0
q=4u If perfect gas: Py=RT, = Const.
v
" ——I Pdv W——_[ 1d7}
w=-—PAdwyp
q=PAv +4u(=4h??) w=—RT, In —j
(01

() GEB 7



Adiabatic process

Adiabatic process (q=0)

If the only energies involved are:

Internal energy u

If in addition perfect gas:

W:UZ'Ul

&work of changing volume w =— IP dv

(no friction)

= -Pdy=du
-Pdv=c,dT
Dividing by Pv=RT:
— -dv/v=(c,/R)dT/T

By Integration
(moderate variation of T
Hence c,is constant):

IN(T, / Tq) = (R/cv) In(vy / v5)

T2 / Tl = (‘Vl / Vz)(R/C'V)

) GEB

But for a perfectgas : cp-c,=R; y=cp/c,

—> R/c,=y-1

1

By substituting v

=RT/P

Comparing 1 et 2 P,v/=P, v

This is NOT a state equation!
P/ = const. | This is a process relation,
l.e. relation between states 1 and 2
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Polytropic process

P " = Const Special cases
3 P .
Isobaric: n=0
Isothermal: n=1
Adiabatic: n=y
n=0 Isochoric: n=oco
_1 |Slope adiabatic| > |Slope Isothermall|
7 ) P‘Vn
Nn=o =y WZ—J-ZPd’V W:—j 1n1 dv
> Y1 S
v n
W= Pl"()l 1 _ 1 W:(szz_avz)
n-1l v, o n-1 n=l
If perfect gas, then:
N.B.: . R(Tz _Tl)
1- This is a process NOT an equation of state! W= n—1
2- This is NOT the most general process

@) GEB



Steady State Steady Flow (SSSF)
Case I: Flow inducts: Q=W =0

Conditions for SSSF; ‘

» d/dt (state variables) = 0
> rm,=2m

out

m = pVA

Adiabatic Flow (g=w=0)

Ah+AKE+A4PE =0

A - Liquid B

Negligible Friction : T const=>Au~=0

- Gas

Au+APv)+AKE+APE =0

Ah+Av2/2=0

butv=1/p =const

(4 PE ~0)
AP/p+Av2/2+Agz:O Work needed
Bernoulli ! to lift a gas
If friction losses were not ~0

negligible: Au >0

) GEB

AP/ p+ AV2 2+ Agz =-Au

Valid with or without friction

Q

air
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Case | (continued): Throttling

7//////////////////////////A

Usually: w,q,4KE,4PE =0
S

7//////////%/////////////4

—

= h, (NB: For a gas, if AP was high:

A pwill also be high, Hence: Av, A KE # 0)

Foraperfectgas| h,=h;=T,=T;  [N.B.: P,<P; buth=1(T)]

For areal gas ‘ h=f(T,P) Hence for constant h, T varies with P

Joule-Thomson
coefficients:

\GEB

(An obstacle) w7

For an ideal gas:

n=pr=0
20

Adiabatic throttling: Throttling at const. T:
p = (OT/oP)|; pr= (0h/oP)|y

Thermodynamics for Geothermal Energy 6/13



SSSF: Case I1: Heat exchangers: Q #0; W =0

System C

\ System A

Usually, we neglect:
 Pumping and/or mixing work,
« KE & PE,

* Heat lost to surroundings

_______ \ Compared to heat exchanged
System B
System A: Qa = Ma (haout - Pain) Qa=- Qp
System B: Qg = Mg (hgout - PBin)
System C: | | ma (haout~ Nain) = - Mg (Ngout - Nain)

) GEB -



SSSF: Case I11: Fluid machines: W =0

Work <0

Fluid Fluid
entering ——leaving

at high A at low
pressure __pressure

S

Turbine

P

Usually we neglect:
* Heat

- KE +PE

wrt work

Except for:
* Cooled Compressor
 KE for afan

) GEB

Work >0

Liquid \ Gas

Classification according to AP

Pump I
SleyEy Compﬁssor
P, ~P, P,>Py P, >>Py

—> |W/m=w=hy—h;

q+W:h2'h1
W:hz'h1+AKE
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Additional

Non-Steady Flow: Filling a tank

Before filling After filling
High pressure line High pressure line
Valve E

Rigid tank

Iff rigid tank: V is const., W =0
Energy balance: Q -0+ min(hline + 7 V2) -0= (m u)lafter o (m u)lbefore

Mass balance: m;;= M_¢., — Myeore

- = Solve the problem!
ngld tank: (m V)|after =V= (m V)lbefore

+ model: thermal eq. of state + calorific eq. of state

4
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The 7 Golden questions

To “understand” any problem, = ask ¥ ME e LR T 1)

Group 1 Group 2
System(s)? Initial, final state(s)?
One or more ... Given one or more property?
Conservation(s)? Process(es)?
Mass, momentum, Constant T, P v ...
charge, energy
Energies? Model(s)?
Heat, Work, h, u, KE ... Ideal gas? Semi? Real?

Extensive properties given? ‘
None? Only one? More than one?

@) GEB



Example 1: Mixing gases

Before After
ettt Sys B :
SYS A % Mixture: N, + H, SIS L
K Rigid ?? bar
_________ /) insulated
7 tank
System(s): A, B & Mix (closed) States: A, B complete; mix ?
Conservation(s): mass & Energy Process(es): ??  Va+ V= Vi
Energies: Intepal energies Model(s): Ideal gas B\LZmI?rT; RERE
Extensive: m,, mg —MCy
My + Mg = My UA + UB — Umix Xp = mA/ M= ‘/’ Xg; I:Qmix’ Cumix v’
PV, = MR, T, =V, = v Up = MuCuTh= v Umix:meiva‘m/imeix
PgVg = MgRgTg = Vg = v~ Ug =mgCgTg = v = mix
Vmix ~ VA M VB =7 Umix ~ UA M UB =V I:)mimeix:mmimeimeix
:)Pmix d

4
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Gases ~ Air Example 2: The gun

P, =100 bar
Ty =92r°C \3 < 180 -Bullet mass = 30 g _ _
v,= 0; v,=?? m/s Ambient Air:
ng o P.m=1Dbar
Dims In mms
System(s): (closed) States:
Gases (~Air)|Bullet/Ambient Air Gases: initial: P, T, , V, = complete
Conservation(s): Energy Final: V, v
Energies: Process: Gases: adiabatic
Gas: Internal & Work (W) PV’ =Const.
Bullet: Work (W,.) & kinetic energy ~Model(s): Ideal gas |

Ambient air: Wy, _ ,
- Extensive: Vy,q, Vyas Mg P=R(V\N) =P, ="

Ambient W, =Py, (V,-V,)=v" W =—), PdV =(RV,—BV,)/(y-1)=v

atm

Bullet:Q +W = AKE; 0+W,

ullet

4
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To retain of chapter 5

Important special cases: ‘

Closed systems ‘ If: only (heat & work of changing volume) & ideal gases:

Isochoric (V=C, PcT, w=0), Isobaric (P=C, VT, w=—PAv), Isothermal (T=C, Pac 1/v, w=—RT In(v,/v,)
Adiabatic (g=0, if no friction: Pv*=C), Polytropic (Pv"=C, if n#1: w=R(T,-T)/(n-1) ; ...

Open systems + Steady flow ‘ Throttling: | 4h=0

Flow in ducts: usually g=w=0 = Liquid: | 4P/p +AV2/12+ A gz=-4u | Gases: Ah+Av2/2=0

Heat exchangers: usually g=0, w=0 = for each side: g=Ah

Fluid machines: usually g=0, w=0 = w=Ah (may by + Av?/2 or —q). Turbine, pump,

compressor, blower, fan
Open systems + Un-Steady flow ‘ P

d(.)/dt=0, m, ,=m,,, = consider the full First Law

! Methodology: the 7 questions: |
(System? Conservation? Energies?); (States? Process? Model?); Extensive?

@) GEB
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Definition

Process A Is said to be Reversible if there exists

another process B allowing

System AND Neighborhood to restore their initial states

() GEB

Neighborhood | State 1
~_ Process A

[Sh

Non equilibrium process,
Dissipation

{}

C Ol -l
System ] Pr%s:sB:A'l’?
H B i

State 2

Irreversible Process
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Sources of irreversibility — 1

A - Friction, viscosity I

Potential To come back
Energy

PlE To the |n|t|il state

Kinetic Energy KE

+ Heat (air friction) WORK
Kinetic Energy KE
0[ waves | Final Balance : I
Heat (viscous System: restored initial state
friction of water) Environment:
- Gained heat, _
_ Lost work Irreversible

Thermodynamics for Geothermal Energy 3/16



Sources of irreversibility — 2

| B — Heat Transfer I

Water

State 1 State 2 State 1
Left to ambiefit air Put in Aa/r«e'?,rigerator
Q12 Q21
W2
| C —Mixing I
Sucre
= -’

Process 1 2 1:
System:
AU =0 ok
Neighborhood:
W,, >0
Qp,*+Q, >0
—= |RREVERSIBLE

D D e
B —> |IRREVERSIBLE
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Sources of irreversibility — 3

D — Free Expansion

TSI ILTT IS TSI ISSS SIS,

)

S TATSSSS IS TSI ISSS SIS,

N

Process 12 1:

System:
AU =0 ok

Neighborhood:

State 1 State 2 \?V21 Z%

U,=U, . (Q =W, =0) 21

——= |RREVERSIBLE

e

N
oy

oy

]

]

/ -
Gas {| Void

é

AR,
ARODODOONN,

7]
7]
7
]
7
)
.

VTS TSI ISS TSI SSST SIS ISSSS VTSI IS STT IS ISS TSI ISSSS

To restore
Initial state

<—

TSI ISSSTISS

Gas Gas«

Void

R

N

OO

WO B OO,
N
é\
NN

T IT T TTTT

o State 1
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Definitions

A Heat reservoir is a body of high
thermal capacity, allowing it to
exchange heat
without changing its temperature

H

T= Const

Image:
Water taken from or given to sea
Does not change its level!

A Heat engine is a device working on a
Cycle to exchange Heat < Work
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Heat Reservoir

1- Motor

at T, (Hot) va?or IWork| = |V dP |
o (V as ==V qu)
Liquid Ry < (Wil >> |Wp|
Evaporator W =Wyl - Wyl >0
High P Y1 Turbine
............ LOWp\E_> |Qh| - |QC| =W
W; (1st Law)
Condenser [

AV

Heat Reservoir
at TC (Cold)

Steam Power Plant ‘

) GEB

—> * Q. cannot be reused in the cycle
(Te<Th)
* Qn has not been entirely transformed into work

We define Efficiency: | n=|W|/|Qpyl <1 I
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Throttling

) GEB

2- Refrigerator, Heat Pump

Heat Reservoir
at T, (Hot)

Qh\

Condenser

\ 4

N

A

A

Evaporator

AN

Heat Reservoir
at TC (Cold)

1 Compressor
= o [ —

W

NB: [Q) = W] + Q]

Coefficient of performance COP

Refrigerator

COPyefrig = 1Qcl / (W]

Heat Pump

Thermodynamics for Geothermal Energy 8/16




A- General

Second Law Statements

B - Clausius

All real processes are irreversible

Heat CANNOT be spontaneously transferred
From a cold body to a hotter body

C - Kelvin - Plank It is impossible to construct an engine that:

) GEB

« Works in a cycle
e Produces work

 Exchanges heat with only one
reservoir

L All together
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Equivalence of statements 1

Suppose that we can violate Kelvin-Plank stat. 'j‘::>We would violate Clausius stat.! ‘

Proof: \

Hot reservoir at Ty,

If we add a Refrigerator

Qc R_ec_eiving 1Qcl » W] =Qy,
Giving  |Q[=1Q. + W]
A hypothetic Qh QctCn The heat Q
e hea
Motorthat ~— "
violates

can compensate
that consumed

Q. By the motor

v

Heat Q. has been transferred
from T.to T
Without external intervention!

_ Refrigerator
Kelvin-Plank

statement

Cold Reservoir at T

Energy balance:
Hypothetic motor violating K-P:
receives |Qy|, gives |W|=|Qy|

(which violates Clausius statement)

4
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Carnot Cycle

Reversible Cycle tP
Qh
» Process 1-2 Isothermal 1/ / / ,
m T = Th | |
= |Heat added| = Q, adiabatic adiabatic
» Process 2-3 Adiabatic 4 / / / 3
= Heat =0 Qc
\Y
» Process 3-4 Isothermal <
= T=T,
= |Heat rejected| = Q.
» Process 4-1 Adiabatic Net Work |W|=|Q,|-]| Q.|

= Heat =0

() GEB w16



Carnot Cycle for a perfect gas

For a perfect gas:
PV=mRT; dU=mc,dT

Process 1 - 2:
|Qh| = |W12| =mR T} In (V2/V1)

Process 3 - 4:

== 7= (1Qn| —1Qc) /1Qn| = 1 —[Qc| /|Qy|

== n=1-(T./Ty) [In (V3/V,) /' In (V5/V1)]

tP

Qn
1
(/] ,
SCIEIDEE adiabatic
4
/ / / 3
Q¢

For adiabatic processes:

T,/ Ta= (V! V)" D =T 1T, = (v, /Vv)orD

) GEB

(g n:l-TC/Th = |QC|/|Qh|:TC/Th

|Qc| / Tc = |Qh| /Th

12/16



Carnot Principles - 1

1 -"Carnot" is the best!

It is impossible to construct a motor operting between 2 reservoirs
having an efficiency that is better than a reversible motor
operating between the same reservoirs

Areversible
. Suppose ' > n:
motor Q¢ |- 1Q." | ppose i1 > 1
{ex: Carnof}. == |W/Qy'[ > [W/Qy|
\'h .
. Qn"| < [Qpl
\ Qh Qh —ﬂ>{ ' -
Let us invert the W Qc” | Qe
reversible motor By joining the 2 machines:
{ex: Carnot}: , '
Heat Pump Qc QC \ = |QC | - |QC | goes from cold to hot
U A\other Spontaneously: Impossible!
Q. - 1Q." | Motor claiming
a better n

than Carnot !

@) GEB



Carnot Principles - 2

All other "Carnots" are as good !

All reversible motors working between the
same heat reservoirs have the same efficiency

Proof: ‘ Qp, ‘ Qn'’
» Put them in parallel, W W

* Reverse one of them > >
» Use the preceding principle

— > The efficiency of a reversible motor, T
working between 2 heat reservoirs

depends only on Ty, andT,
(i.e. not function of the nature matter nor the cycle used)

C— > | N reversibie = f( Te» Try ) V system matter
Base for a thermodynamic temperature scale

() GEB -




Performance of heat engines

Notation:

Absolute value of heat exchanged with the hot reservoir: Q,
Absolute value of heat exchanged with the cold reservoir: Q,
Absolute value of work: W = Q, - Q.

For a motor ‘ . For arefrigerator ‘

. For a heat pump ‘

By definition, whether the machine was reversible or not: ‘

ﬂ:W/thl' Qc/Qh <1 COPref:Qc/Wch/(Qh'Qc) COPhp:Qh/W:Qh/(Qh'Qc) >1

The performance of areversible machine is always the best possible ‘

Nreversivle 2 Mirrev COI:)ref reversible 2 COF)ref irrev COF)hp reversible 2 COPhp irrev

For areversible machine, Q,/T,=Q./T,, hence: ‘

nreversible:l' Tc/Th <1 COP

() GEB

refreversible:Tc/(Th'Tc) COPhp reversible:Th/(Th'Tc) >1
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To retain of chapter 6

Reversible= System AND surroundings can restore initial state
Irreversible if: Friction, viscosity, Heat transfer, Mixing, Free expansion

Heat engine: A cycle to exchange Work < Heat

Motor: Efficiency n=|W|/|Q,| <1 |Q,,|=Heat exchanged with hot reservoir
Refrigerator: COP, = Q.| / |W| |Q.|=Heat exchanged with cold reservoir
Heat pump: COP., =|Q| /W[ >1 lwork|=|Qu|-Q.l

Second Law Statements (all are equivalent)
General: All irreversible
Clausius: Heat from hot to cold only
Kelvin — Plank: No 100% efficiency engine

1Qnl / T, =1Q| / T,

Carnot cycle: Reversible 4-processes (2 isotherm+2 adiabatic)

» Reversible performance > Irreversible performance (all Engines)
» Reversible Motor: n=1Qu —-1QJ)/1Q, =1-TJT, <1

> Reversible Refrigerator: COP=|Q.|/(|Qy| —1Q.) =T./(T,,—T)
> Reversible Heat pump : COP = |Q,|/ (IQ,] - IQ.) =T,/ (T,—T)>1

@) GEB
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Introduction from physics: Clausius Inequality

For areversible Carnot cycle:

Mcarnot = 1-Te/ Th=1-1Qc/ Qpl
Qn/ Thl = 1Q./ Tl

‘ Respecting signes: (Qn/ Tp+ Q. / To)|rey =0 I

For an irreversible cycle:

For the same |Qp|: |Q.| will be greater

‘ (Qh/Th+QC/Tc)|irrev<o I

Thermodynamics for Geothermal Energy 2/23



An equivalent process

One can replace:

| A general process: ab I

By an “Squivalent” N Same area

| Process ax —xy—yb I

ax: Adiabatic yb: Adiabatic

Xy: Isothermal such as same area

Since area of axo = area of oyb:

Wap = Waxyb

— = |Qa = Qaxyb

But: AUap = AUaxyb

— > | Process ab is equivalent to process axyb I

4
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Clausius Inequality for any cycle

Transform into:;:

Clausius inequality

For the n cycles of Carnot:

2Qi/T; <0

. For the original cycle

Icycle (Q / T) dt<0

Equality applies
for reversible cases
ONLY

Original Cycle — n cycles of Carnot
Heat added
P~ 4| isothermal
Adiabatic
Original
Cycle
\/ >
Heat v
Rejected
iIsothermal

) GEB

A frequent but illegal formulation : J ¢ Q /T <0

4/23



Entropy starting from Clausius

Applying Clausius Inequality:

le 1A2C1: ' =

2 © IlZ—revAQ/T at + 21—revCQ/T a=0 (1)

St IlZ—revBQ/T & & 21—revCQ/T web @
: ' <0 (3

Cycle1D2ct: [ . Q/Tdt+ [  Q/Tdt (3)

() GEB

tP Equation (1) —

Equation (1) —
\=/ IlZ—rer/T & = IlZ—irrer/T L=t

J' Q/T dt Does NOT depend on the process
12-rev As long as it is reversible

Define: AS1p =59 -5 = le—rer/T dt

In General:

ASyp = -[12 Q/T dt+ ASiprey

ASirrev >0 ‘

5/23



How entropy changes?

ASyp = _‘-12 Q/T dt+ ASprey

AS > 0: Adding heat or irreversible process AS < 0: Rejecting heat
Initial Body KE
‘—>

- < RN

AS’irrev >0 ‘

When sliding over a rough surface
t Add heat

-—— 06— O

o [
> »

Body U (KE of molecules) t

Body U First Partial understanding:
(KE of

molecules) Increasing Chaos increases Entropy

Thermodynamics for Geothermal Energy 6/23



Departure from reversible

i

i

i

N ITITIR

%
/
_

s

Reversible expansion work: |W.,| Reversible compression work: W1,
IRReversible expansion work: |W,| IRReversible compression work: W,
|W12| 2 |Wrev12| |W12| = |Wrev12|
Wi, 2 W10 “Friction” work: Wi, — W10

Reversible process: Q. + W = U, — Uy
IRReversible process: Q,, +W,, =U,-U;

Subtracting: Qrev12 - Q12 + Wrev12 - W12 =0

Sy~ 51 = [, (Q/T bt + ASiprey — | __(Q/T)dt—] (Q/T)dt=AS,,,

where A4S, .. >0

irrev =—

) GEB 123




Gibbs equation

Consider a ‘short’ process during time dt

Heat + Work Internal E
If reversible: Q.. dt =TdS W dt=-Pdv ]
\ duU
If irreversible:  Qdt=TdS-TdS,.,, W dt=—PdV +TdS; e,
2" | aw 1st Law
Gibbs Equation: TdS=dU + PdV TdS=dH-VdP
Equivalent to: S, -5 = -[12 (Q/T )dt + AS;rey

¢ GEB



Entropy of different phases

_(2du+Pdv  2dh—dP
27%1 = 1 T _.[1 T
2( ¢, dT  Rdv 2( ¢, dT RdP
Ideal Gas: 32—31;_[1 T + . ;L T

s,—s, =¢, In(T,/T,)+ R In(v,/v,)=c, In(T,/T,)-R In(P,/P,)

, =C, In(T, /T, =Cp In(T,/T;)— P/R @
If isentropic: 52_51:O :>P2/P1:(T2/T1; V2N1:(T1/T2

dT
s1—s = [ 22| ry) <o) -rf 2| ()=

Semi-ldeal
Gas

If isentropic: 5,—-$=0= P = P (Tl)’ V V (T)

where: Pr(T exp( ( /R) Texp( SO(T)/R)

@ GEB 9/23



Wet Vapor:

Solids, liquids:

Gas mixtures

C

p

AS =AS, +AS,
. Tafter
AS,=m,|C,In —RIn
B before
_ Tafter
AS; =mg| C, In —RlIn
B before

Other cases

Partial
pressure

Pafter4

I:)befo 're/_
P

after

P

before ]

s=(1-x)s¢ +X sg

=C, = Constant ¢ ; v=constant

A

sy —s1=¢In(T,/Ty)

Thermodynamics for Geothermal Energy 10/23



T-5s, h-s Charts

N For an ideal gas:

52 _31 — CV |n(T2/T1)+ R |n(’()2/7)1)
=cp In(T2/Ty)-RIn(P,/Ry)
For »= constant: S2-%=¢6/n (T2 /Tl)
y — T2 :Tle(sz_sl)/cv

So—S1=Cp In(T, /T
For P = constant: 2 =51 =CpIn(Ty/Ty)

' T =T, = Tle(SZ_Sl)/CP
1T orh

s =const =const

P =const

S T =const

Tds=qdt +Tds. l l >,

Irrev

4
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A T
CP /

T-s,h-s charts (next)

Region of wet vapor ‘

NB:

Tds=dh—-vdP

P=cont= T = const

5l
ﬁ//\%;/

=0 /05 |pconst =T

n
>

12/23



Entropy of a control volume

. | Before I H >

4 =W/m?2 Control

g Mass dA- @
\ NS

min Sin
Moyt Sout
cchv) before (mcvscv) after
Control
For the control mzasC?A Volume But: S;=m., S+ (MySe,) pefore
AS = S — S j(m j dt + ASlrrev S, = mout out T (MeSey) after
S
after before .
qdA
A(mcvscv )+ MoutSout = MinSin = I(§A T dt + ASirrev
— > For the control volume

qdA
d( CV CV )/dt + mOUt out mlnsln _ §A T + dSIrreV /dt
@ GEB Thermodynamics for Geothermal Energy 13/23




Open steady state steady flow system

dS /dt =

/dt + dSy,;, /dt + dS

universe

dS /dt

system reservoir

Q;

-' Steady Open System -
L Y I

T
§ >3

dSgysterm/dt = O (steady)

4
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Isentropic efficiency

, N
Adiabatic
expansion
hy —h,
d C —
h, —h,,
Adipbatic
comgression
C
S

) GEB 1525



Statistical introduction: Micro & Macro states

Macro - state

Distribution assuming
indistinguishable objects

O

g <

N

O
O

O
O

) GEB

——_

Micro - states |

Distribution assuming
distinguishable objects

@

o ®¢ O

Different Positions,

Different energy levels

—

@
O,

© @
@ ©6

00O
O

Major Assumptions:

»The distribution of molecules is totally random
»All micro-states are equally probable

Thermodynamics for Geothermal Energy 16/23



Thermodynamic probability W

The thermodynamic probability W of a macro state
= Number of corresponding micro states

Box1 Box?2 Box J
A given J
Macro state N, N, N; N = Zj: Nj

To get corresponding Micro state:

Number of arrangements of N distinguishable molecules : N!

Number of arrangements of N; distinguishable molecules in box j: N;!

|
W N!
N{IN,!...N;!

@ GEB 17/23




Distribution between 2 boxes

Macro state
N, - Ng Micro states W
0 -4 1,2,3,4 1
Ny | Np

1 -3 11234 21134 31124 411,23

W — N! 2-20112134 1132411423 ||34|12]|[24]13]|[23]|14] ¢
IN !

NalNg!| o 4 234 (1] 134 |2 124]3]||1223]4 4
4 -0 1,2,3,4 1

100,000 N=4—N=8—N =16

10,000
For large N use /\

Sterling formula: 1,000
INN! ~NInN-N 100
| ~NINN - w>»
10
N, Ng
= Wz(N/NA) '(N/NB) 1
0.25 05 NL/N 0.75

) GEB -



Entropy starting from statistics

»The distribution of molecules is totally random

»All micro-states are equally probable

»The macro-state of W max is the most probable

»An isolated system tends spontaneously towards the state of W max

) GEB

Another formulation of Second Law (direction of a process): I

An isolated system spontaneously tends towards W max I

S =f (W)

7
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Relation between entropy S and probability W

System A System B
? N
S:f(W) ‘ SA’WA SB’WB
\System C
Se = S, + Sp
Sc=SatSg We =W,y Wg > | F(WLWg) =T (W,) + T (Wp)

3 1ON,

Wg (W, Wg) =T (W,) l'

8 1ON,

o WaWi 7" (W, W) + ' (W,W,) =0

W (W) + F'(W) = 0

S=f(W)=C, In(W)+C, S:C1I‘r'1(W)‘

Put: S =0 for W=1

4
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Obtaining the coefficient

Irreversible
Process

1 Frrrrrrrrri

State 1 03 void

P e e e e e e

Frrrrrrrrri

1l

PFTFFFTFTTTFIFTFT I rrrrrrrrri

/

>

N

State 2

o N e
T I OO
P e e e e e

FFr T T FTFrIrrrrrrIrrrrrd

AS12 = ASjrrey

W,=1

Mb::QNA)
N AIN A!

Reversible
Process

Quantity of gas = 2 mol
=2 N, molecules

— Q _Q12_rev . 2|§T|n(V2/V1)_ =)
B> jas,=[,  Tdt=—T = =2RIn(2)
ASy, = Cl[ln(Wz)_ |n(W1)] z C1[2NA In 2] Ci=R/N,=k
S=kInW |
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To retain of chapter 7

Clausius inequality for m 9dt<0 mc ﬂg @go
any general cycle: yele = ycle ’ e T

Entropy for a general process: AS;; = LZQ/T dt + ASjprey AS; 0, =0 ‘
AS > 0: Adding heat or irreversible process AS < 0: Rejecting heat
Gibbs Equation TdS=dU +PdV TdS=dH-VdP

AS for ideal gas. S; =5, =¢C, In(Tz/T1)+ R In(vz/"’l):CP |n(T2/T1)—R In(PZ/Pl)

th
For an OPEN system),ded terms:

Nis =
qu ha _h i |

( )/dt @§ — T dSII’I’eV/dt ’ 4 .

» S
. d
Entropy S =k In(W) N = N =N j/

is — [

Entropy is related to thermodynamic probability o = /Iy

@) GEB
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Additional

Carnot cycle

Process 1-2: | T
Isentropic T ‘
Heat |Qy,|=0 n

Process 2-3: |

Isothermal heating (T=T,)
Added heat |Q,|=T, (S5-S,)

Process 3-4: |

Isentropic
Heat |Qz,[=0

Process 4-1: |

Isothermal cooling (T=T,)
Chaleur rejetée |Q.|=T. (S4-S;)

nCarnot = 1-[QJ/Q,| =1 - TJT, |

%
@ GEB Thermodynamics for Geothermal Energy 2/33



Stirling cycle

Process 1-2: |

Isochoric heating
Regenerated heat |Qq,|=U,-U,

Process 2-3: |

Isothermal heating (T=T,)
Added heat |Q,|=T, (S5-S,)

Process 3-4: |

Isochoric cooling
Regenerated heat |Qg,=U5-U,=|Qy,|

Process 4-1: |

Isothermal cooling (T=T,)
Chaleur rejetée |Q.|=T. (S4-S;)

NB s,-s;= R In (v/v;) =R In (v/v,) =s;-5,

) GEB

Additional

n Sterling =1-|QJ/Q,| =1-TJT,
= n Carnot

Thermodynamics for Geothermal Energy 3/33



Additional

Ericsson cycle

Process 1-2: |

T
Isobaric heating T , @
Regenerated heat |Q,,|=h,-h, ) @" /

Ga

Process 2-3: | c,
Isothermal heating (T=T,) T LR ///
Added heat |Q, =T} (s5-S,) :

Process 3-4: |
Isobaric cooling _ | R

Regenerated heat |Q,4=h;-h,=|Q,,|

Process 4-1:
Isothermal cooling (T=T,) : . .
Rejected heat |Q =T, (5,-5,) 7 Ericsson =1 —[Q/Qy[ =1 - TJ/T,,

= n Carnot

NB s,-s;=-RIn (P,/P;) =-RIn (P4/P,) =5s;—

X
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Rankine cycle

To imitate Carnot, we need an isothermal heating: very difficult??

Isobaric heating: Easy ! —>W—»

; '_How about the isobaric heating

of a Liquid — vapor mixture T 1 2/\,

Problem for the compression .
of a Liquid — vapor mixture

1/ 1
Problem for the expansion // !
of a Liquid — vapor mixture

$ Rankine cycle: 1-2-3-4

%
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Cycle Parameters

Boiler

£ [ turbine

‘ Principle parameters of the cycle: I

P, : Condenser pressure

P, : Boiler pressure
T, : Temperature at exit of boiler

—

1 condenser

Thermodynamics for Geothermal Energy 6/33




Effect of boiler exit temperature T,

AN

Increase of :
QJq Qc W
7 By increasing Ta:

: e increases ©
* X, increases ©

77

Average T, increases

Upper limit of Ty:
Dictated by:
* Turbine cooling
« Metallurgical considerations

Thermodynamics for Geothermal Energy 7/33



Effect of boiler pressure P,

Increase of P,:
e 1 increases ©

« X, decreases ®

Adding heat at ~ constant T,

%
‘@ GEB Thermodynamics for Geothermal Energy 8/33



Effect of condenser pressure

A . 2
, 3
N
o M
. /
N\

IEAN\\

[ N\

Same added heat
Less rejected geat

Rejected heat

Y oaem

creasing Py:

. 11 increases ©
« X, decreases ®

Thermodynamics for Geothermal Energy 9/33



Reheat cycle

3 |

Boiler £ [ turbine

< 'X
S
} y
2_-

N\ P
pump { > —t

1 condenser

By reheating at P;:
T increases

Reheating at P;:
* 1 increases ©

* X, increases ©

X
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Regenerative cycle |

T3 / N\
X

2/ \/K

1

I 1N

. S

\_/ -

Regenerated heat
By reheating feed water by the vapor in turbine: Regeneration I:

T increases « m increases ©

Approaches Sterling/Ericson
« X, decreases ®

X
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Regenerative cycle I

Not practical | 3 Feasible | 3

9, = |
X :Z

Feed water is heated by:

Part of the energy of All the energy of
All the vapor - Part of the vapor
Regeneration II: —

* n increases ©

« X, constant ®

X
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Organic Rankine cycle

Geothermal heat sources are at
low temperatures T, ~ 100°C — 250°C

|:> Superheat not suitable: T, ~ T,

|:> Water not suitable:

dryness x,<<1

P
o
.>
1
|
|
>
N

_I
w

3 Evaporator [ 4
Use organic working Expander
0 . 5
fluid (e.g. isopentane) L -
R t
and probably 2 _Jresenerser
regeneration Pump !
! 6
Condenser
Isopentane
200 . . . .
—Ildeal cycle
175+ —Real cycle
150t
125}
100
75¢
501 2 L
1
25} /
OFr
-25 - ' : . . . . : ,
-2000 -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200

s [J/kg-K]

By Sylvain.quoilin at English Wikipedia - Transferred from en.wikipedia to Commons by
pashute., Public Domain, https://commons.wikimedia.org/w/index.php?curid=14019848
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Additional

Feed water heaters
l Vapor

Closed feed water heater ‘

Open feed water heate ‘

Vapor l l Vapor

Water

Thermodynamics for Geothermal Energy  14/33



) GEB

Additional

Deviations of real cycle

Loss of pressure in boiler
Loss of pressure in condenser
Isentropic efficiency of turbine

Thermodynamics for Geothermal Energy 15/33



Internal combustion engines (ICE)

Heat is added by
combustion of working fluid
(air — fuel mixture)

Combustion -
Chamber E.g. Gas Turbine :

FU@I Qh
turbine

compressor Q.
Ambient air Combustion Pure Air!
Real plant Gases Simplified model

X
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Hypotheses

JAIll processes are reversible

UFluid: Gas having a constant chemical composition
» Heat is added by an external source
» Closed Cycle: flue gases are cooled and reused

dPerfect Gas
»Pv=RT
» Constant thermal capacities

X
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Joule (Brayton) Cycle |

@ ©), T 3
I Qn==¢cp(T3- Ty
N QU= cp (Ty - Ty)
= = Yo =1-1Qd/Q,
o :1-(T4-T1)/(T3-T2)
). c !
e I ;
@ @
0.8
In the compressor: T,/T, = (P,/P,)r17 0.6 _—
. . _ /
In the turbine: To/Ty= PPy 1
0

-1 _ =1 - (rDly 0 10 20 30 40 50 60
n=1-T,/T,=1-1(P,/Py) I Bo/p,

Thermodynamics for Geothermal Energy  18/33



Regenerative Joule cycle

y Fuel . ;
2 3 |deal
Regeneratol X A regeneration
[ [ 2 Tx — T4
[y y Ty =T
! ) 1 .
— ‘ : >
1
But:
1
Qn=0Cp (T3~ Ty) =Cp (T3 - Ty) = Wiy To-T _T1(T2/'|}/1) T1T3 Ty [‘;] 7
Qcl= €p (Ty - T1) = &p (T2 - T1) = [Weompl T-Ty TuToTy1) T3T, Ty Py

n=1-(T,-T))/(T3-Ty)
—=> | p=1-(T/Ty) (P2/P1)(7‘1)/7I

X
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Regenerative cycle
with Multi stage reheat Joule

Q b 2 . Fuel 3 Fuel
L\ Regenerator /‘

[r—

NN,

1
[ T 3 d

a -
tT Almost
Ericson
4 N-Stages
sy =
y n = N Carnot
0 1 S ‘ E

Constant pressure ratio = Max n '

X
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- Variation of gas thermal capacity c,(T)

Deviations of real cycle

 Variable chemical composition (Combustion, Dissociation CO, NO, ...)

« Efficacy of regenerator

* Pressure drops (combustion chamber, regenerator, ..)

* Isentropic Efficiencies of turbine and compressor

) GEB

Nntr = (hy - ho)/(hy - hy)
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Additional

' Combustion engines

W7 780
N

Spark

ignition >

Compression
ignition
At intake: pure air
At end of compression:
Fuel injection
Ignition by contact of hot air

) GEB

5 D
C
=
| F 4 B
Pl T A Y,
< VS >

Compression ratio
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Otto Cycle |

p| D
C |:>
=
| F A/B
Po A V
V. Vs
n=1 (Ty-T)) =1- T1(T4/T}//1)

C(T3-T) — 7 T(Tyhf,- 1)

‘n: 1_1/r(7"1)l

Additional

P 1t r=V,;/\V,
jabatic = V4lVs
1 Oh=C, (T3-T))
9.l =c¢, (T4-Ty)
4
P, 1 R
v, Vs
0.75 — 17
0.7
0.65 — |
0.6
0.55
05
5 10 15 20 I 25
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Additional

Diesel cycle |

P 4
adiabatic O = Cp (T3~ T)) ~ [n=1- Cv(-_||-_4':||__1)
2 3 |qc| = C, (T4 - Tl) CP( 37 2)
Definition: r,=V;3/V,
Ty/Ty = (V3IV )0 = (VV3 IV, Vo) 0t = (1, r)rD)
P, 1, TelM=VelV,=r,
) vV g ' T, /T1 = (V2 Nl)(Y'l) = r(r-1)
V, s
== T,ITy=r1/
_ T, (T, /T, -1) —" (r/-1)
L T(Ty T, 1) =L o, D)

X
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Otto

T 3 Otto

3 Diesel

Yo

Same Compression ratio r

n Otto > n Diesel

) GEB

Additional

- Diesel
T
2 Diesel
2 Otto
=V
1 ! s

Same T Max. & P Max. of cycle
n Diesel > n Otto
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P A
3a 3b adjabatic
£
2
P,
v, Vs

Additional

Dual cycle

Heat addition
- Isochore: 2 - 3a
- Isobar: 3a—-3b

(Fast Diesel motors)
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Ignition system

Spark Compression
Fuel Gasoline (light) Diesel fuel (heavy)
Ideal cycle Otto Diesel or Combined
Compression ratio 6-10 12 - 25
Efficiency 30 - 35% 40 -45%
Power/volume 30-50 kW/I 25-40 kW/I
Other fast response longer life

X
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Refrigeration and heating cycles

Refrigerators & Heat pumps have in common:
» They receive work

» To transfer heat from a cold space

» To heat a hot space

:> Same cycle may be used for cooling or heating |

Refrigeration / Heating cycles include (see below):
» Vapor compression cycle

» Absorption cycle

» Reversed Joule cycle

X
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Vapor compression cycle

‘*ﬁ@ rl—--@ - 3/ O\ 2/ :
@] ! \%
11 S

"Inverted" Rankine Cycle —> Refrigerating effect

Practical Modifications

Process 3-4: throttling (expansion work is negligeable)
State 1: starts at saturation or superheat
(to preserve the compressor)

() GEB 213
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Refrigerants

CFC (ChloroFluroCarbons) gases are banned (Ozone pb)
HFC (HydroFluroCarbons i.e. no chlore) are replacing

Gases should have adequate triple and critical points for the
application

No R22, but rather R-410A, R-407C, R-134a

30/33



Real Cycle

Additional

2a
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Absorption cycle

Compressor is replaced by:
Condenser  vapor is absorbed in a liquid
* liquid mixture is pumped (low work)

@ Qh @  vapor is then freed out of liquid
B \

@__ Originally Price paid for very small work:
There was a Heat is added Q,
_’% Compressor here At high temperature
C
Evaporator
Refrigerant Solvent

NH, H,O
H,O H,O+CaCl

) GEB s



Reversed Joule cycle

Qn

Regeneratof

@Ot @ @

'I:tabk_e of . Outlet of Q.
mbient air Cold air

T“

%
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To retain of chapter 8 — A

Sterling and Ericson cycles can be viewed as
regenerative Carnot cycle

Rankine cycle is the practical
implementation of Carnot cycle

Rankine cycle can be improved by
reneat and/or regeneration

Joule (Brayton) cycle models gas
power plants

Joule cycle can be improved by
reneat and/or regeneration

TN 3
T, /
f
i
3
4
1 S
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To retain of chapter 8 — B

» Same cycle can be used either for cooling or heating purposes

» Refrigeration cycles are either:
» Vapor compression (inverted Rankine)

» Absorption cooling (vapor
compression without compressor)

> Inverted Joule
T A

) GEB

[T

AN 4
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What is a fluid

Matter undergoing continuous deformation under shear stress
Can be a liquid (incompressible) or a gas (compressible)

Shear

Stress = External force applied on the surface per unit area
Pressure :

Normal component of stress
Tangential component of stress

W

Y MY N

7' u*

A

¥

/

K

Fluid can be at rest
under pressure

) GEB

Moving wall
velocity v
Resistive fofce —=>  #+Applied force F
Fluid || | ©=F/A=-nov/oy
Fixed wall u. dynamic viscosity

v=p/p kinematic visc.
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Flow description
v (X,t) Velocity at any point x and time t

Uniform flow: v is independent of X
Steady flow : v is independent of t

Incompressible flow: ‘No’ changes of densit?/
Compressible flow: ‘appreciable’ changes ot density

& N

T P = pgH = yH
H

streamlines

T
e | . e

s

A stream tube
@ GEB Thermodynamics for Geothermal Energy 3/13



Conservation equations

For any system: ‘ Sources +incoming —outgoing = accumulation

Mass balance| 0+ m;, —mg, = dmd/dt m = [pv-ndA = pv, A

Momentum ‘ F+ ri’]invin — moutVout = d(msvs)/dt

Energy\ Q +W +my, (h+ KE + PE ),. —mg(h + KE + PE) i[ms(u+KE+F>E)S]

out — dt

For a steady state flow (SSF):
d(.)/dt=0; M, =m,,=m

For adiabatic flow of liquids: 9=0 W=AP,.,/p  4h=AP/p + Au

q=Q/m w=W/m |q+w=A(h+KE+PE)

. _ Pump power
2
Bernoulli's eq.:| |APym/p - Au=AP/p + AV?/2 + gAz W= mAP . /r
Losses due to friction AP ol =1y = APy + AV?[2g + Az W=gQH,mp
Head lost Pressu\re head velmty head

() GEB



ink

Internal flows

Low velocity

Re = vD/v < ~2300

Laminar flow

_'

High velocity
Re =vD/v > ~2300
Nk Turbulent flow

_LN\.D/D\'J/J\'J|

Reynolds Experiment

= Turbulent

Laminar =

—
—>

—>
—>

Developing zone
L/D~20

Fully developed zone
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Losses in fully developed

Q- r T
APlOSSES/p =f L/D v4/2 o :‘; ”:{5:_’_ i "@E’"‘ﬂ‘ ] &
hloss =fL/D v4/ 29 o TJ‘ Hji: Silas 5 i
L = Pipe length " e SSEE ; i
D = hydraulic diameter 7 RIS e i
= 4*Cross_Area/Perimeter . e H==c o
f = coefficient fn. of Re=vD/v o ISRk =
and relative roughness K/D ’ o N R =i
For laminar flow: f = Po/Re P S = i
(Poiseuille no. Po = 64 for circular) | [+ mas S sdiii o
For turbulent flow: use chart o £ i ' S
B LT e E TR Y B TR T A B S TR WA Ay SR A
Re- Y0 00000000305
Re

For minor losses
(elbows, valves, filters, ...)

AI:)Iosses/p = kv/2
losse ~ K V2/2g

’s
@ GEB Thermodynamics for Geothermal Energy 6/13

k Is the loss coefficient
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External flow

BOUNDARY LAYER ON FLAT PLATE

{y scale graatly enlarged)

| ‘megative’ velocities (separated flow)

U= 3w, = vy
MNarninal limit of
Transition t:Hr:lurn:[Lar'..r layer -
U= region tsh?n] 7
1
— . it
Turbutent
) )
L
(,—""" Ca s T i A
: . . Viscous - ! )
Leading Transition point g uia e | Graph of velocity v
sdge f X against distance y from
' surtece at point X
orodignd du
44

high pressure

low pressure

Lift =C_ Ap V?/2
Drag = C A p v4/2
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Classification ofI Fluid Machines

v v
Positive Turbo Machine
Displacement v '
l Work BY fl uidl
§E== | v
quartz| ||Impulse Liquid
2\1 5\ 2 [ Axial
Ih Fluild  |nk Jet M1\ -
Pelton Mixed
|Reaction ~ Radial
e

Gear Pump

) GEB

S)

v
Work ON fluid

| Turbine ==

L4

Gas

Low AP

=

an
Blowe%@+

Compressor]
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.
Fundamentals of Turbo Machines .

u: wheel velocity =wro ND
v : absolute velocity (N is the r.p.m.)
R : relative velocity

w : tangential component of v

Tangential momentum: p Q . w

Fluid Torque=p Q . (W,rI;-W,I.)
Fluid Power = p Q . (W,r,-W,I,) ®

=p Q (APIp)  (AP/p = gH
=DgH = w, U, — WU, (APIp = gH)

) GEB



Performance Description

For a given propeller design: Specific speed in SI (N In rad/s)
u oc ND (N speed, D outer diameter) NS = CQO'5/CHO'75 _
Q oc u Area = Q/ND3 ~ Const C,, = NQ®/(gH)*" D disappears!

2 2D)2 ~
gH oc U% = gH/N'D? ~ Const €,

- - . Slow speed radial flow 10-30
It I\ls IS dc?:'nedoa?g (N In rpm) Medium speed radial flow i 31-50
Ns_— NQ >/ (H) ' — High speed radial flow 51-80
Qinl/s ; H Inm Mixed flow 81-160
Axial flow 160-500
Axial Flow Mixed Flow Radial Flow

""“\“ VAN

High speed and/or Q; low AP Low speed and/or Q; High AP
@GEB Thermodynamics for Geothermal Energy 11/13



Typical Performance Curves

b.e.p.
=Best

Efficiency
Point

0.p.
=Operating
Point

N gH

Radial Flow Pump
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To retain for chapter 9

Mass balance | 0+ my, — My, =dmJdt  |M= IpV -ndA = pv,A

Momentum | F + m, Vi, — MyVou = d(mgv,)/dt

Energy (1% Law) | For steady adiabatic flow of liquids: q=0 W=AP /P AN=AP/p + Au

Bernoulli's eq.: | AP pympl P - Au = AP/p + AV?/2 + gAz
Losses due to friction
Reynolds number Re = v D, /v, v in m/s, D, in m, v in m?/s Vli’lgm&gowe/r
D, = 4 Area / Perimeter MAF pump/
W_gQHpump
Losses in ducts: | Major losses: | APjpeseslp = T LID, VH2 Minor losses: | APjgeslp = k VA2

Friction coef f is f(Re, relative roughness) see Moody chart

Fluid machines types | Positive displacement — Radial — Axial - Mixed

_ : - Selecting by specific speed: Ns = N VQ/(gH)¥4, N in rpm, Q in I/s, H in m
Fluid machines sizing | selecting adequate diameter and rotating speed

Operating point — Best efficiency point

) GEB
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Geothermal Energy Capacity Building in Egypt (GEB)

Thermal Engineering  for Geothermal
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10 — Heat transfer
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Heat Transfer Modes

Heat can be transferred by 3 different modes ~

Emission of a
photon due to
a transition

Of an electron

Conduction
Hot Body

(molecules vibrate
At high speed)

Convection ‘

Radiation

X
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Conduction mono — dimensional 1

Aleah Block at Q
Temperature
Section a-a TA « v [ >
Case A
Q depends on what? To find the relation,
First remark:
» On the material »if 2 bars identical & parallel,
>onAT=T,-T, Area A doubles, Q doubles, = Q < A
» On dimensions L & A Y
Ta
Section a-a av— L Q >
—> G=Q/A= f(AT,L,mat.) Case B

%
’@ GEB Thermodynamics for Geothermal Energy  3/??



Conduction mono — dimensional 2

o T o
==
C LAT YL AT
B o, CaseC
2L, 2AT
If 2 bars identical in series, g=-k (TB _ TA)/L

With AT =T, - Ty = T - T
— Same ( in each bar

l.e. If L doubles & AT doubles:
g does not change

Limit for L = dx — 0:

= ( = (AT / L, matter) q = -k dT/dx ‘
NB: g= f(AT/L,mat.) Fourier Law
>If AT/IL=0thenq=0 ~k (To-Tg)/L
N

Thermal Conductivity

X
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Conduction 1n a variable section

e Q(x) = - kAdT/dx (1)

o T O(x+dx) dQ(x)/dx = 0 = d(kAdT/dx)/dx  (2)
S dQ(x)/dx = q,A = -d(kAdT/dx)/dx (3)
dx \ A
(2) = | kAd?T/dx? = 0;
Case of a block: T sz Le. | T=T+(T,-TyX/L
(qv:O) X )= Q=KA/L (T,-T,)

(2)= |k2xLd(rdT/dr)/dr=0
e T=T,+(T,-T)) In(r/r)/In(r,/r))
(1) = | Q=27KkL (T,-T)/ In(r,/r))

Case of a cylinder:
(a,~0)

Case of a sphere: 2)= |K Az d(r>dT/dr)/dr=0
( _O;) : l.e. T=T,+(T,-T,) (1-r/r)/(Q-r /r,)
v (1) = Q= 47k (T,-T)r,/(1-r,/r,)

) GEB 7



Transfer by convection

Cﬂ{ﬂ{ﬂ{ﬂ{ﬂ{ﬂ{ﬂ{ﬂ{ﬂ{ﬂ{ﬂ{ﬂ{ﬂ{ﬂ{ﬂ{ﬂ{ﬂ{ﬂ{ﬂ{ﬂ{ﬂ{;{ﬂ

Zone of
> Intense mixing

e e X - =7 - Boundary layer
s W (Near the wall)
olid walls Wbetature

In the boundary layer (Low velocity): (= (k/d) (T,— T,

Case of « turbulent » exchange:

Due to eddies,

an exchange of packets of fluid

(hot/cold) takes place through surface a-a
»Associated heat: q oc (T, —Tg)

In general: 4=hAT ‘ Newton’s law of cooling

X
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Transfer by radiation: 1- absorption

Energy

Incident Ray ‘ reflected E,=p E;

Energy
incident E; By conservation:
a+p+r7=1
: nergy
Energie absorbed E,=a E;
transmitte
E=7E;

Special cases

Perfect mirror: p=1
Perfect transparent: 7=1

Perfect absorbent
= Black body: a=1

X
‘@ GEB Thermodynamics for Geothermal Energy 7/??



2- Emission

Every body, at any temperature, emits thermal radiation

Energy Energy
Black body €Mitteq Non black body ( €mitted
nergy
absorbed absorbed

In case of equilibrium, energy absorbed = energy emitted
o =5.67*10° W/K*

Oy, = o T# Coefficient of
Stefan - Boltzmann

At the same temperature,
Black body (b.b.) emits the most:

Ingeneral, (=&0T* where¢=emissivity <1

Kirchhoff Law: in case of equilibrium (same temperature) €=a

() GEB 872



FInS qn Perimeter @
i Ambient
H.eakt \ 4 Fin r?_: _II_ jn s 0(x+dx)
sin T
ig I I
t 1 Area A
Thermal [
gfeasexw/ LA —a00 1A =y @x
Chip T q(x) = - k dT/dx
package gy = h (T-T.)

d2T/dx? — m?(T-T,) = 0

n

m?2 = h@kA

|
If T(0)=T,; dT/dx |, =0
—) T-T.=(T,- T, cosh(m(L-x))/cosh(mL)

Q= -kAdT/dx|,-, = KAM(T,-T,) tanh(mL) mL

Fin efficiency £ = Q/Qmax = Q/(hL®(T,-T,)) = tanh(mL)/mL
@ GEB Thermodynamics for Geothermal Energy 9/??
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Geothermal temperature gradient

crust

According to the

International Union of Geodesy and Geophysics
mantle

Geothermal out power =44.2 TW

; ; core
> 2 times world consumption

BUT low density: 0.087 W/m?

Replenished by 30 TW of radioactive decay

Geothermal thermal gradient in earth crust ~ 25 — 30°C/km

Thermodynamics for Geothermal Energy 10/??



Soll heat transfer properties

o C C k K o
Material Remarks Densiry Specific Heat Thermal Thermal Thermal
heat capacity conductivity diffusivity admittance
tkg m—'j U kg—‘l K-t {J m-] K1 m; m—'l K_.:l {ml S—-l U m—l'. S—HZ K -1}
x 10%) x 10%) x 10%) x 107°)
Sandy soil Dry 1-60 0-80 128 {-30 0-24 620
(40% pore
space) Saturated 2-00 1-48 2-96 2:20 0-74 2550
Clay soil Dry 1-60 0-89 1-42 0-25 0-18 600
(40% pore
space) Saturared 2:00 1-55 310 1-58 0-51 2210
Peat soil Dry 0-30 1-92 0-58 0-06 0-10 190
{80% pore
space} Saturared 1-10 3-65 402 0-50 012 1420
Snow Fresh 0-10 2:09 0-21 0-08 0-10 130
Old 0-48 2-09 0-84 0-42 0-40 595
lce 0°C, pure 0-92 2-10 1-93 2-24 1-16 2080
Water" 4°C, sull 1-00 4-18 4-18 0-57 0-14 1545
Air* 10°C, snill 0-0012 1-01 0-0012 0-025 21-50 5
Turbulent  0-0012 1-01 0-0012 ~125 ~10 x 10% 390

Sowrces: van Wik and de Vries (1963), List (1986).
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Transient conduction In near soil

Surface Temperature T(t)

2
Governing equation: or (X’t) — o1 (X’t)
ot OX°
Initial Thermal diffusivity o in m?/s
Temperatufe
T, Initial condition: T (X, o) =T
Boundary conditions:

X —» o0

over ~ 20m T(x=0,t)=T,(t)

Thermodynamics for Geothermal Energy  12/??



40

35

30

25

20

Effect of sudden surface T change

Assuming: T, = 20°C, T, = 40°C
atclay = 7-410° m?/s

Aorg = 2.4 10° m?/s, a,

In sand
40
—T 3hrs sand
—T 6 hrs sand 35
—T 12 hrs sand
30
25
X
20
0.2 0.4 0.6 0.8 1

In moisture saturated clay

0.2

—T 3hrs sat clay
—T 6 hrs sat clay
—T 12 hrs sat clay

0.4 0.6 0.8 1

Thermodynamics for Geothermal Energy 13/??



Effect of diurnal variations

Assuming diurnal swing is: T, = 0°C, T, = 40°C

°C 40
35
30
25
20
15
10

Olgang = 2.4 10°° M2/, @y 1y = 7.4 10°° m?/s

Diurnal change

----Tmin sand 1 day
----Tmax sand 1 day
—Tmin clay 1 day
—Tmax clay 1 day

m depth

Thermodynamics for Geothermal Energy  14/??



Effect of annual variations

Assuming annual swing is: T,;, = 0°C, T, = 40°C

Olgang = 2.4 10°° M?/s, @y 1y = 7.4 10° m?/s

Annual change

o ----Tmin sand 1 year
35

----Tmax sand 1 year
30

—Tminclay 1Y
—Tmax clay 1 year

m depth
0 3) 10 15

Thermodynamics for Geothermal Energy 15/??



To retain for chapter 10

Heat transfer modes | Conduction — Convection — Radiation

Steady conduction | Fourier Law | q = -k dT/dx ‘

For a block || T=T,+(T,-T)X/L Q=KA/L (T,-T,)

For a cylinder | T=T,+(T,-T)) In(r/r)/In(r,/r;) Q=2xKkL (T,-T,)/ In(r,/r,)

For a sphere | T=T,+(T,-T,) (L-r/r)/(A-r,/r,) Q=4xk (T,-T,)r/(1-r,/r,)

Convection | q=hAT ‘ Radiation | q=¢oT? ‘ o =5.67*%108 W/K*

Applications to geothermal Geothermal thermal gradient in earth crust ~ 25 — 30°C/km

Transient conduction | Temperature swing near earth surface: disappears in ~ 10m
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