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Thermal Energy

Ref. Textbook (AJ), Ch. 2



1. Heat & temperature

Temperature: a characteristic of the thermal energy of a body due to the internal
motion of molecules.

Thermal equilibrium: both at the same temperature

Heat AQ required to raise T of unit mass of a material by an amount of AT
AQ =CcAT

c: specific heat (independent of T)

-Units of thermal energy: 1 cal ~ 4.2 J

Change of phase of a material: heat is absorbed & T remains constant

AQ =L (L: latent heat)

latent heat of evaporation (from liquid to gas) is one or two order larger than latent
heat of fusion (from solid to liquid)



2. Heat transfer: conduction, convection, radiation

(1) Conduction (& & &): transfer of thermal energy within a body due to the
random motion of molecules

Abar: length d, cross-sectional area A, one end T,, the otherend T, (T, >T,)

Fourier’s law of heat conduction (In the steady-state, the rate of flow of heat is
constant along the length of the bar.)
Q =kA[(T, - T,)/d]

k: thermal conductivity

(e.9.2.1)

In practice, it takes time to establish a steady-state T distribution — For unsteady
heat conduction, the characteristic time (t) to establish a steady-state for an
Isotherm to diffuse a distance x

t ~ x4/
thermal diffusivity k = k/pc (m?s1)

(e.9.2.2)




(2) Convection(E CH &): transport of heat due to the bulk motion of a fluid

A fluid of density p and T moving with velocity u — mass flow per unit area per
second = pu & the thermal energy per unit mass = cT

The rate of flow of heat per unit area by convection
Q/A = (pu)(cT) = pucT

In forced convection (cold fluid flows over a hot surface) — higher rate of heat
transfer than that in stationary fluid (2 &8 = 2CF 24 2 (Nu Ui E+2))
Q/A = Nu[k(T,-T_)/L]

T, : T of surface, T: T of fluid, L: a characteristic length, Nu: Nusselt number
(dimensionless parameter)

Nu = f(Pr, Re), Pr= cwk (Prandtl number), Re = puL/u (reynolds number)
u . coefficient of dynamic viscosity

Prandtl number: depends only on the properties of material
Reynolds number : depends on the velocity of the fluid
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Thermal convection, constant viscosity
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http://upload.wikimedia.org/wikipedia/commons/6/67/Convection-snapshot.gif�
http://en.wikipedia.org/wiki/File:Earth_Global_Circulation.jpg�

(3)Radiation(= Al): transport of energy by electromagnetic wave

A fluid of The energy radiated per unit area per second (i.e., power per unit area)
from a surface at T (Stefan-Boltzmann law)

P,=¢oT?
. emissivity of the surface, dimensionless, 0 ~ 1 depending the nature of the surface
c ~5.67 x 108 Wm2K~ (Stefan-Boltzmann constant)

Net rate of emission per unit area per second
P=P,-P,=¢eo(T*- T4

P.: rate of adsorption

Black body: a surface that absorbs all incident radiation

Examples of radiation: sun radiation, dominant heat transfer in the furnace

EH 2Ol L XI P, ~ 3.9 x 1026 W
PRI H A S Ol L K| ~1.37 kw/m? (solar constant)
(et= ~1 kW/m?)
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Greenhouse effect: CHO|H2 SAF - A HEH 2E0 H&F

Incident solar radiation : 1.37 kW/m? (solar constant))

Fraction of incident radiation (“albedo”): reflected by clouds & earth surface into

outer space — albedo ~ 30%

The radiation is absorbed by an area 7R? (cross-section facing the Sun, R: radius of

Earth)

(i) i 21Dt incident solar radiation 2t XIEHCZ2H S(IR)= S O 2

Albedo: A, incident solar intensity: S,

assume emissivity ~ 1 (like a black body), equilibrium at T on Earth surface
(1-A)S nR? = 4nR%c T*

(radiation is emitted by the whole of the Earth’s surface (area = 4nR?))

A=03,S=137kWm-2 - T=255K =-18"C

(i) CHI1Jt incident light2 S== OtotH A A HHOEFEH E2 S E=F
— W= 25 T,JHAlI SOt
(1 -A)S nR? = 47R%c T ?
LT,=T(NEH 25) = 255K
RO AIAHESE L A = sZe 2= SAotH 8 - AHEEH 2=
>
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(1 -A)S nR? + 47R% T * = 4nR*c T ¢*
AnR%cT, A0l CHoll &% OFXI2F A= G OPD:'

T*=2T*—>Tg=303K=30°C

Rise in surface temperature due to IR(€) = At &= — “greenhouse effect” (=2 &!

&1
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3. 15t law of thermodynamics & the efficiency of a thermal power plant

15t law of thermodynamics: energy conservation
Q-W=AU

(Q & W are positive if heat flows into the system and work is done by the system)

The maximum possible efficiency of a thermal power plant can be obtained from
this law

Q-W=AU

o u AU W

Heat input Change in internal energy Work done by system




4. Closed cycle for a steam power plant

(1) compressor (boiler feed pump): work W, done on the system to compress
cold water from subatmospheric pressure to high pressure

(2) Boiler: heat Q, added to the system to convert cold water into system

(3) Turbine: work W, done by the system (i.e. by steam) on the turbine blades

(4) Condenser: heat Q, lost from the system to the environment in converting

steam back to cold water
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After each complete cycle, the working fluid has the same internal energy, U —
net change in internal energy is zero, AU =0

(Ql - QZ) - (Wt - Wcom) =0
The efficiency of the process
n = [net work output]/[heat input] = (W, — Weo)/Q; = (Q) — Q2)/Q; = 1 - (Q,/Q,)

Q, >0 — n < 1:system is less than 100% efficient

— “2d Jaw of thermodynamics”: heat increases the disorder (entropy), no system
operating in a closed cycle can convert all the heat absorbed from a heat
reservoir into the same amount of work

Carnot: maximum possible efficiency of a heat engine operating in a closed cycle
between two heat reservoirs depends only on the ratio of the absolute
temperatures of the reservoirs

ne=1-(T,/Ty)

T,, T, are the absolute temperatures (K) of the upper & lower reservoirs



Efficiency of a Carnot cycle

Consider ideal gas (pV = nRT) operating in the closed cycle abcda

ab & cd are isotherms at T, & T,; bc & da are reversible adiabatics (i.e, no heat

transfer with the surroundings)

By the 15t law of thermodynamics,
dQ =dU + pdV =C,dT + pdV
(C: heat capacity at constant volume) r Q,

-

A
Along isotherm ab, dT =0 — dQ = pdV T | @ \L
Q, =] pdV=nRT, (dV/V)=nRT,In(V,/V,)

Along cd, Q, = nRT,In(V /V)
Qo/Q; = [TIN(V VYV [TiIn(V/V,)]
Along adiabatic da, dQ =0 — C,,dT = -pdV s

Cy(dT/T) =-nR(dV/V) — C,In(T,/T,) = -nRIn(\V/V,
Along adiabatic da, C,/In(T,/T,) = -nRIn(V,/V,)

>V

— (ValVg) = (Vp/Vy) or (V/Vy) = (V/V,)
Q/Q, =T,/T,
N =1-(Q,/Q,) =1-(T,/Ty)



5. Useful thermodynamic quantities

Six key thermodynamics quantities of a thermal power plant: T, p, specific volume
v (volume per unit mass, i.e., reciprocal of density), specific internal energy u,
specific enthalpy h, specific entropy s

Enthalpy, h=u+ pv
1. Heat transfer at constant pressure (e.g., in boilers & condensers)
h, —h, =Q (enthalphy change = heat input)
2. Adiabatic (Q = 0) compression or expansion (e.g., in compressors & turbines)
W = h, - h, (net work done on the shaft = enthalpy change)

Entropy: a measure of the degree of disorder (2" law of thermodynamics)

1. Reversible process: both system & surroundings can recover their original states
2. Irreversible process

As = AQ,. /T



Expansion of a gas at constant pressure

dQ is required to expand the volume from v to v + dv
Work done by the gas to the surroundings: dW = pdv
15t law of thermodynamics: du = dQ - pdv

For constant p, pdv = d(pv) — du =dQ - d(pv)

Total change in internal energy,

U, — Uy = Q — (P,Vvy — PyVy) dv
— (uy + PoVy) — (U +pyvy) =Q

or h,—h;=Q




Adiabatic compression or expansion (Q =0)

The work done in moving unit mass of fluid through a volume v, at A: p,v,

The work through volume v, at B: -p,v,
— net work done by the fluid : p,v, — p;Vv;

Work done by the shaft : W,

Q=0

A
The total work done by the system i
W =W + (p,V, — P1Vs) p

18t law of thermodynamics: Q — W = Au
Q=0—-W,-(pv,—P1Vy) =Up— Uy

W, = (up + pyVvy) — (Uy + pyvy)

or W, =h; - h,

B

p2



6. Thermal properties of water and steam

Temperature T — entropy s diagram for water & steam (thermal power plant)
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Bell-shaped curve: phase boundary

Solid lines: isobars (constant pressure)

Dashed lines in region I1: constant steam quality, X (i.e., fraction by mass of steam
In the two-phase mixture)

In isobar BC, m = m¢ + m, (water mass + steam(gas) mass)



If v¢ Is the specific volume of liquid water at B & v, the specific volume of dry
steam at C — total volume of the mixture, V = V¢ + V= mpv; + vym,

Specific volume,
v =V/m = (Mg + myvg)/m = (m — my)v/m + mgve/m = (1 — m/m)ve + (my/m)v,

The ratio, X = m/m (steam quality)
Steam quality at B, x = 0 (all water), at C, x = 1 (all steam)

V= (1= Xx)vg + XV,

&£ Ol
o =

FA

ol

u=(1-x)us+ xu
h=(1-x)hg + xh,
S = (1 —X)s¢ + XS



(e.g. 2.5) steam power plant in the Carnot cycle
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7. Disadvantages of a Carnot cycle for a steam power plant

T, of the upper reservoir to be constant — only achieved along an isobar in region
Il — not possible to operate the boiler in the dry steam region (I1I) since T rises
— upper temperature of the cycle, T4, IS constrained by the maximum temperature
of the two-phase boundary

Another problem arises in the turbine: turbine operates with a two-phase mixture
of water and steam (region 1) — momentum of fast moving water droplets in the
mixture damages the turbine blades and shortens the life of the turbines

Same in compressor: damage the blades of the compressor. Volume of steam in the
mixture is very large — large compressor needed so expensive

Carnot cycle: impractical for a steam power plant



8. Rankine cycle for steam power plants

- Carnot cyclel| = kil & = ol £ ot 24 = thermodynamic cycle

(1) Rankine cycle without reheat

de: condenser il Al steam0O| 8 =22 Ht &
(Carnot cycIeL =) T

ef: compressorJt = 2| 2= = adiabatically =&

& XH steam power plant9| boiler= A&

fa (economizer): 20| 222 MDAl D& OﬂA—I JHE

ab (evaporator): = & 0l Al two-phase mixture 2]
=20/ drysteaml & HIH &= Ot

bc (superheater): = & 0l A dry steam2| J &

a

DA A dry steamOl turbinel =X Jt

turbine blades0i| & = &

b
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(e.g. 2.6) steam power plant in a Rankine cycle without reheat



(2) Rankine cycle with reheat
= =2 momentum<)

Rankine cycle withour reheat: turbine bladesE 0t 2 Al 9|
== HH= 2080 MAHSHAl 2 — “with reheat” =& — steam is
reheated several times before entering the condenser - == S L 224 =

dd A

=2 AIS ?IoH)

Maximum operating temperature in the superheater: 650°C (

S S22 40-45% HE T2
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9. Gas turbines & the Brayton (or Joule) cycle

Gas turbine: gaseous products of combustion= & Jt 1300°C0O| & & (ceramic
coating on turbine blades)

M| M A E 28 gas turbine2 jet turbine engine | A1 Al &

Jet engine: combustion of gaseous fuel & expansion of exhaust gases — same gas
phase, no condenser, steam engine 2 C+ & 1) X Jt

Gas turbine2 Brayton (or Joule) cycle: atmosphereJt heat exchanger& &2 6}

'
[IH 2 Ol closed cycle (combustion chamber®il = Jt= SJ1 & 24)

Combustion
chamber P Q, T Q c
Fuel —> A A |
b ¢ g 4'
b _l c b W,
WI_
Weom (:> % Weml ;
@ L Compressor Turbine | 4 ! ! ’ Q
Q, s
Y >V =2

Air Exhaust gases



CHITR 2] S I1It compressorE = H Jt(a) 10~20 bar=2 & =(b) — combustion
chambertl A H =22 E&& — turbinell € 2 ot= L4 2 combustion
gas= MA (c) — exhause gas= (HJ| 2 BHZ (d)

Compressor 2} turbine0ll A adiabatic process (Q =0)E Jt& ot H,
S9sti1¥ & =2 -W, = AU.
CompressorOfl Al &iof & & = HME T SIt Weo =h, —h, = ¢, (T, - T)
(c,: specific heat at constant pressure)
TurbineOfl &oH &l &, W, =h,—hy=c,(T,—Ty)
Net heat supplied, Q = h, —h, = ¢, (T, - Ty)

Efficiency of the cycle, n = (W, -W_,,)/Q=[(T, - Ty - (T, - T,) (T, - T})

More useful expression for efficiency of gas turbine, n = 1 — r -[(r-D/7]
I = pp/pPa = P/Py (Pressure ratio) & ¥ = c,/c, (ratio of specific heats)

Gas turbine: relatively low cost, start up quickly. Efficiency ~ 40%



n=1-r 1D g (375)

(e.g. 2.7)



10. Combined cycle gas turbine (CCGT)

Exhaust gasesE steam power plant 0l &= gas turbinell = SU: CCGT —

2= ~60%
O| = E|‘ E_I asge Exhaust gases Y Steam turbine
. —>— 7

combined heat and power cycle (CHP)= o ==

— oiler

282 Jts: &8t steam power plant 2 Ch

H =2 2% 0l M condenser ZH=. Waste 1 %rfp ]

Heat2 =8 A LB O 2 2 &

2'.:_;—.5.% ~80% Condenser

(=& &xdl&E I - AL e

e

ol - DE' & I' C%:I jl’%) . Gas turbine
Compressor
Fuel B

Combustion chamber



11. Fossil fuels and combustion

HOIJIAICH, B A — Bt B2
CH, + 20, — CO, + 2H,0 55MJ/kg CH,
16 kg CH, — 44 kg CO,

Qil: example pentane
CsH,, + 80, — 5CO, + 6H,0

72 kg pentane — 220 kg CO,,

500 MW coal-fired plant consumes
250 ton coal per hour

C+ 02 — C02
2C + O, — 2CO (incomplete) Coldwater—>

Air + coal —>

|

Flue gases

Flame
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i
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Ash

— Hot steam

<—Cold water



Flue gases

12. Fluidized beds
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13. Carbon sequestration (carbon capture)

BFO}

O

=atA Z

i



14. Geothermal energy

Kl =2t 2% 4000°C — temperature gradient at Earth’s surface: 30°C/km

ghatst X| € & &: Iceland, California, Italy, New Zealand..

KNEe=s0| 22otXl Z0tE KXot == km2 XIE0lE Jts: >150°C (electric
power plantOfl water heatingil ==&}), <150°C(\H &t

(1) Aquifer( )2 £ E{ heat extraction
Cold water Hot water
Inlet borehole Outlet borehole
Cold
front
Aquifer

x=0 x=Vft x=1L


http://terms.naver.com/item.nhn?dirId=1903&docId=512�
http://terms.naver.com/item.nhn?dirId=1903&docId=512�
http://terms.naver.com/item.nhn?dirId=1903&docId=512�
http://terms.naver.com/item.nhn?dirId=1903&docId=512�

(e.g. 2.8)

Cold water

—_—

X+ 0x

Hot water



(2) Hot dry rock2 2 £ H heat extraction
Enhanced geothermal systems (EGS)

Heat conduction Hot rock
from hot rock

Cold water ——— ——— Hot water

Heat conduction
from hot rock



(3) Geothermal heat pumps



(4) Economics and potential of geothermal power
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