ability in Civil Engineering



hat is sustainability?




What are some
manifestations of
unsustainability?



‘engineering practice need to
change?

- A useful starting point is to think about
~energy...



Energy In physics

Motion or the ability to cause motion

This definition Is so that the total amount stays
the same (conservation; First Law of
Thermodynamics)

Many different forms

Conversion between forms is at least partially
possible

Unit: joule (J)
Power: energy per unit time, unit: watt (W)




expressions

inetic (or mechanical): 2mv?, V2lw?
Gravitational potential: mgh

Thermal: 3/2nkT (ideal gas), mcT (generic
substance with heat capacity c)

Chemical potential: X N.

zlectrostatic potential: g,q,/(4me 1)



"**-;i:--;ffj;}_;;nergy conversion examples

Steam turbine (thermal - mechanical)
‘Wind generator (kinetic - electric)

Solar water heater (radiative — thermal)
Air conditioner (electrical —» thermal)

Tree (radiative — chemical)

Hydroelectric plant (gravitational - electric)
Wood stove (chemical — thermal)

Energy conversion toward a particular direction and
at a particular speed typically requires apparatus
(Which itself takes energy to construct)



Energy quality

Energy in a given form can only be wholly
converted to energy of lower quality

It can be partly converted to to energy of
higher quality If the rest of it Is converted to
energy of lower quality, so that the average
energy quality deteriorates

he Second Law of Thermodynamics: energy
dissipates (loses guality)




Exergy and Entropy

EXxergy I1s energy multiplied by a quality factor
that quantifies the extent to which it can be
converted to other forms: this factor ranges
from O (lowest quality) to 1 (highest quality)

Entropy I1s a measure of how disorganized
(diffuse) a system is, with different units than
energy

High quality = high exergy = low entropy

Unlike energy, exergy and entropy are not
conserved (exergy decreases, entropy
Increases)



* Heat will not flow spontaneously from a
cold object to a hot object

* The entropy of a closed system does not
decrease

* A given amount of heat energy cannot
all be converted to useful work



« A measure of how much energy Is evenly,

Incoherently dispersed among the particles of a
system (for example, as random motion)
[internal energy]

e Heat flows from high to low temperature

- Basis for many of our energy conversion systems
- Major cause of exergy demand

e Zeroeth law of thermodynamics: the concept of
thermal equilibrium

* With absolute scale (K), can say that A is twice
as hot as B (has twice as much dispersed
energy per mode)



Entropy and heat transfer

L Wheniza guantity of heat energy Q Is transferred
at a temperature T, the entropy change is Q/T

. *» Thus, if heat flows from a hot object (Tw) to a
cold object (T¢), the entropy changes are -Q/Tx
and +Q/T¢ respectively

* By the Second Law, Tw > Tc — total entropy
won't decrease (Tu = Tc IS the reversible limit,
but then the heat transfer would be infinitely
slow)

e Cf. the sun-earth-space system



Entropy and disorder

' Ent-ropy can also change without heat transfer

— Entropy of mixture containing na molecules of
gas A and ng molecules of gas B: -k(na‘In(xa) +
ne'In(Xs)), where Xa, Xs are the respective

number fractions (cf. ore extraction,
desalination)

— Chemical reactions progress in the direction that
Increases the entropy of the system (chemical
entropies [or exergies] under standard
conditions can be found in tables)



Quallty of common forms of
o energy

(hiultlpller for exergy)

| 'Kmetlc energy, gravitational potential energy,
electricity, chemical energy: ~1

Sunlight: 0.93
Thermal, hot steam: ~0.5
Thermal, hot water: ~0.1

In general, the quality of the thermal energy for a
hot object at (absolute) temperature T in an
environment at temperature T_Is given by

BT



Car travel as an example of
. energy conversion

Internal combusion engine converts high-quality
chemical energy in gasoline + oxygen to medium-
guality thermal energy, and in turn to high-quality
mechanical energy plus exhaust heat (and high-
entropy exhaust gas, mostly CO, and water)

Around 25% of the high-quality chemical energy
Input in converted to high-quality mechanical energy
output to the transmission

The mechanical energy generated goes to
accelerating the car and air in front of the car and to
countering road friction. It quickly dissipates into low-
guality heat



f;:}j;.;-f_._'-g.:.Wha t Is energy efficiency?

» First-law (energy) efficiency: energy
obtained / energy put in

* Second-law (exergy) efficiency: exergy
lost / minimum exergy loss theoretically

needed to do the job (other definitions also
possible)

» E.g. an insulated natural-gas fueled
water heater might have an energy
efficiency >0.9 but an exergy efficiency
<0.2



Exergy analys:s and environmental

-- lmpacts
. Low exergy eff|C|ency likely means that

_ environmental damage is too high, esp. if obtaining
the exergy Is damaging (fossil fuel mining, burning)

- Conserve exergy!

' High exergy of wastes means that they could have
serious impacts on the environment

- Encourage pests, damage life forms — as in nutrients
and organic chemicals in wastewater

— Hypothetical zero-exergy waste would be
Indistinguishable from environment, hence should
blend in and have low impact

- (However, toxicity/harm not always proportional to
exergy)



Heat engine

. Heat causes the expansion of a gas, which
generates mechanical energy (pushes a piston
or turns a turbine)

* Major source of motive power for last 200 y

* Source of heat can be burning fossil fuel or
biomass, nuclear; direct (focused) sunlight; etc.

T QH o QC - T.




W: work output, equal to PAV

At steady state, by energy balance, W = Qu - Qc;
first-law efficiency: W/ Qu, or 1 - Qc/Qn




. e Carnot Cycle for a heat
el 2 A‘d eat at engine
Ty (isothermal P,

expansmn)

= ¢ 2-3: Allow gas to
= expand, cool to Tc
~ (doing work;

~ adiabatic)

~ » 3.4: Reject heat at '

Tc (Isothermal o
compression) * Net work output Is given

by area enclosed by

* 4-1: Compress cycle in P-V diagram
gas to Tw

(clockwise = work out)



Carnot cycle (another
rendering)

Ideal Carnot Cycle oo

p— lﬂgr ain Center
V = Volume
T=300 p = pressure

T = Temperature

: T W = Work
Fress m m Temp.

;-;;___'_*5,': adiabatic process 4->1

3, 2 L 2.0 2
Press. Temp. W — O — 0 Press. mm

Temp.
isothermal process 3 -> 4 1 2 adiabatic process 2 -> 3



Id eal Carnot engine efficiency

Net work output IS Qu(TH - Tc)/ Th

First-law efficiency is (Tu - Te)/ Tu=1- T/ Tx
Second-law efficiency is 1 for the ideal engine

- All exergy avalilable from the given temperature
difference is converted to work

— There Is no net entropy generation (reversible)
- Maximally efficient (ideal) heat engine

Note: the greater the temperature difference, the
more work can be extracted from a given heat flow



_,What__makes real engines less
_efficient'than ideal cycles?

i Taking in and rejecting heat at an infinitesimal
temperature difference would be infinitely slow!

~_+ Engine materials (e.g. steel) limit the maximum
' operating temperature and pressure, usually
well below that attainable from the fue

* Friction and viscosity: compressor and turbine
losses plus turbulence in the working gas



-engine cycle example:
the Otto Cycle

Ideal Otto Cycle Rescarch

p-V diagram Center

V = Volume constant volume process

p = pressure
adiabatic process

Combustion Process -

Power Stroke

Heat Rejection
5

Compression Stroke = 1 \2

Intake Stroke Exhaust Stroke
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Temperature (K)

800

900

1000

Phase diagram



Vapor pressure and
evaporation

Vapor pressure doubles per 10 K
warming (around room temperature)

Liquid water heat capacity is 4.2 J g*K™*

Heat of melting is 330 J g*; heat of
evaporation is 2500 J g*

For a substance changing phase, adding
or removing heat goes into the phase
change, and doesn’t change the
temperature (infinite heat capacity)




Steam engines - the
Rankine Cycle

wturbine
 ——

o
— Vapour
o p
3
. 7
7/
lf— Q g —— 2
oiling %
In Expansion
Steam Through Turbine
(Wark Cut)

Condensing
[=]

Liquid + Vapour

I

Volume (V)




Heat pumps: heat engines reversed
*» Heata warm area, or cool a cold area

| _"If electricity, etc. (high-quality energy) is available,
can put in work to transfer heat from low to high
~ temperatures

- |deal first-law efficiency: Q/W = Tu / (Tu = T¢) (the
“coefficient of performance” — can exceed 1!)

Applications: heat pumps, refrigerators, air
conditioners (reverse Rankine cycle with an organic
working fluid)

Even so, refrigerators and air conditioners heat up
the surroundings



Combined heat and power

e ﬁmq ,'?’-a‘rf":ﬁ e

%@Tn power plant

- Needs relatively high
density to be
economical (e.g. the
NYC Steam System,;
college campuses)

. Can be integrated into
renewables e.g. roof water

__h-ea-t_mg under

ph"'c);t_oyoltaics




Heat transfer

natural or forced (fans/blowers)

n =
O S
T AT
R
E 5.5
e )
Op Bl @ PR
(et e
SO e
=0 0
o et A RSN
G

5,

L



Jowing down heat transfer

Is this good?
eneral solutions:

— Air transfers heat poorly as long as it stays still

* Insulation: material with many small air pockets
that can’t readily exchange heat

* Multi-paned windows
- Low-emissivity coatings

Straw-bale building

to reduce radiation



f}Speedmg up heat transfer

0% near 50%

$ $-—3~1 1

100% near 50%
Concurrent Flow

__,5'Heat exchangers
“distribution systems, # 0,

radiators T

| TR
_* Fans, blowers, B
f m |Xe rS % Countercurrent Flow

0% near 100%

Biological example:
rete mirabile for transfer
of heat, ions, oxygen




- Thermal mass
— Natural or induced

circulation from e
e.g. outside or o T
underg round Eastgate Centre in Zimbabwe -- sta cool with
Phase—change ventilation system that emulates a termite mound

materials

AL e .

. icepacks, molten

= salt) Basis for “geothermal”

heating/cooling
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