Short Notes for Thermodynamics

Symbol/Formula Parameter

M Molar mass M.-'p}
m Mass (M)
sy I Number of moles (u)
M
E Energy or general extensive property
E Specific molar energy (energy per unit mass) or general exiensive
o property per unit mass
o ofF Specific energy (energy per unit mole) or general extensive
€= a eM property per unit mole
P Pressure (ML'T™)

v Volume (L7);

Specific volume or volume per unit mass, v (L*M™) and the volume
per unit mole ¥ (L3u™)

T Temperature (©)

p Density (ML™): p = 1/v.

X Quality

U Thermodynamic internal energy (ML*T);

Internal energy per unit mass, u (L*T™), and the internal energy per
unit mole, & (MLZT2p™

H=U+ PV Thermodynamic enthalpy (ML"T™);

Enthalpy per unit mass, h = u + Pv (dimensions: L*T%) and the
internal energy per unit mole & (ML*T?u™)

S Entropy (ML*T*0™);

Entropy per unit mass, s(L°T*©") and the internal energy per unit
mole 5(ML*T20"y™

W Work (ML*T)

Q Heat transfer (ML*T™)

W, : The useful work rate or mechanical power (ML*T™)
o The mass flow rate (MT™')




72 The kinetic energy per unit mass (L°T™)

7=

gz The potential energy per unit mass (L°T™)

Etor! 72
The total energy = m(u + g gz) (ML*T)

0: The heat transfer rate (ML*T™)

dEcy The rate of change of energy for the control volume. (ml“t™)

dt
M Molar mass (M/p)
Mass (M)
m Number of moles (p)
i mi—
M
E Energy or general extensive property
E Specific molar energy (energy per unit mass) or general extensive

o property per unit mass

_ E Specific energy (energy per unit mole} or general extensive

i B eM property per unit mole

P Pressure (ML'T™)

v Volume (L°);

Specific volume or volume per unit mass, v (L*M™) and the volume
per unit mole ¥ (L")

T Temperature (O)

p Density (ML?); p = 1/w.

X Quality

] Thermodynamic internal energy (ML“T™);

Internal energy per unit mass, u (L*T?), and the internal energy per
unit mole, & (ML*T?u™)

H=U+PV Thermodynamic enthalpy (ML*T™); we also have the enthalpy per
unit mass, h = u + Pv (dimensions: L*T) and the internal energy
per unit mole A (ML®T2u™)

S Entropy (ML*T0™):

Entropy per unit mass, s(L*T20") and the internal energy per unit
mole 3(MLT?@"'u™)




W Work (MLT)

Q Heat transfer (ML“T™)

H'.-'” . The useful work rate or mechanical power {MLZT“}

- The mass flow rate (MT™')

72 The kinetic energy per unit mass (L°T<)

K]

gz: The potential energy per unit mass (L“T™)

2 The total energy = miu + VE_Z +gz) (ML*T?)

0: The heat transfer rate (ML*T™)

dEcv The rate of change of energy for the control volume.(mit™)

dt

M Molar mass (M/fp)

m Mass (M)

T Number of moles (p)

M
E Energy or general extensive property
E Specific molar energy (energy per unit mass) or general extensive

i . property per unit mass

- K Specific energy (energy per unit mole) or general extensive

b= >, =eM property per unit mole

P Pressure (ML'T7)

vV Volume (L*); we also have the specific volume or volume per unit
mass, v (L*M™") and the volume per unit mole ¥ (L*u™)

T Temperature (9)
Density (ML™); p = 1/v.
Quality

U Thermodynamic internal energy (ML*T™~); we also have the internal
energy per unit mass, u (L“T™~), and the internal energy per unit
mole, # (ML*TZu™)

H=U+PV Thermodynamic enthalpy (ML“T); we also have the enthalpy per

unit mass, h = u + Pv (dimensions: L*T*) and the internal energy
per unit mole & (ML*T?u™)




S Entropy (ML*T~0"); we also have the entropy per unit mass, s(L°T
@) and the internal energy per unit mole 5 (ML*T?@ 'y

W Work (MLZT)

Q Heat transfer (ML"T™)

W The useful work rate or mechanical power (ML=T)

T The mass flow rate (MT™')

72 The kinetic energy per unit mass (LT3

? &

gz: The potential energy per unit mass (L°T™)

Eect 1
The total energy = m(u + }il— +gz) (ML*T?)

0 The heat transfer rate (ML2T)

dEey The rate of change of energy for the control volume. _{nﬂzt"'j

dt

Unit conversion factors

For metric units

* Basic:
o IN=I| kg-mfsz;
o 1J=1Nm
o 1W=11Js;
o 1Pa=1N/m’
s  Others:
o lkPam'=1

o T(K)=T(°C)

kJ;
+273.15;

o 1 L(liter)=0.001 m*
o 1ms=1Jke

e Prefixes (and abbreviations):
o nano(n)—10":

kilo(k) = 10°:

L 6 I & R & B & &

For engineering units

micro(p) - 10°%;
milli(m) =107

mega(M) - 105,
giga(G) = 10",
A metric ton (European word: tonne) 15 1000 kg,




¢ Energy: _
o 1 Btu= 540395 psia-ft’ = 778.169 ft-Iby= (1 kWh)/3412.14 =(1 hp-h )/2544 5 =
25,037 Iby- ft¥/s%,
*  Pressure:
o 1 psia=1 Ibgdin’ = 144 psfa = 144 Ibgft’.
e  Others:
o T(R)=T(°F) +459.67;
o 11bp=32.174 Iby-fi/s”;
o | ton of refrigeration = 200 Btu/min.

Concepts & Definitions

Pressure P-=£ Pa
A
s Units | Pa=1N/nm’
1 bar =10° Pa=0.1 Mpa
1 atm=101325 Pa

Specific Volume o V ' [ kg
m
i 3
Density o m Sp= l kg /m
V v
Static Pressure Variation AP = pgh T+ Pa
Absolute Temperature T(K)=T(°C)+273.15

Properties of a Pure Substance

Quality

xX=- [vapour mass fraction)

m.u‘
l=x= {Liguid mass fraction)
mﬂ
Specific Volume v=v, bV, m’ | kg
Average Specific Volume v=(1-x)v, +xv, (only two phase mixture] m’ [ kg
Ideal —gas law Pzl Tzl . Z=1
s Equations Pyv=RT PV =mRT =nRT




* Universal Gas Constant R=83145 ki [kmol K
Gas Constant R kJ K
" o R= £~ M = molecular mass Iu@
M
Compressibility Factor 7 Pv=7RT
Reduced Properti
uce perties P= £ . T= 1
£ '
Work & Heat

Displacement Work W =I1de= IJ.PQ‘V J
1 1
Integration 2
' W= Pdv = P0,-1) d
ific Work
R— W:E (work per unit mass) J]”E
m
Power (rate of work) W=FF=pPV=Tanm W
¢ Velocity V =rem rad /s
« Torgue . T=Fr Nm
Polytropic Process (n=1) PV" =Const = PV;" = BV," =
= Polytropic Exponent I ;!
h
=
(3,
s n=1 PV =Const = RV, = BV,
Polytropic Process Waork | J
W= (BV,=BV)  n=l
s n=1 V. J
W= Pi-p; ]ﬂ( %}
Adiabatic Process 0=0
Conduction Heat Transfer Q A dTl’ il W
==fd— , K =con v
dx
Convection Heat Transfer Q =hAAT , h=convection coefficient W
Radiation Heat Transfer Q=so (T -T:,) W
Terminology:
Q; =heat

Q: = heat transferred during the process between state 1 and state 2



Q =rate of heat transfer

W =work

W5 =work done during the change from state 1 to state 2
W =rate of work = Power. 1W=1l/s

The First Law of Thermodynamics

Total Energy E=U+KE+PE — dE—dli+d(KE)+d(PE) J
Energy dE=360-0W —» E,-E =,0,- W, J
Kinetic Energy KE=05ml"> of

J

Potential Energy

PE =mgZ — PE,-PE, =mg(Z,-Z,)

internal Energy

U=UEQ+UW —> mu=ny i, +m U,

Specific Internal Energy of u=(1=x)u, +xu, kJ f kg
Saturated Steam -
{two-phase mass average) e
Total Energy m(V2 -V2) J
Uy -U+ 2 g2, 2) = 0, =

Specific Energy e=u+05"" +gZ
Enthalpy H=U+PV
Specific Enthalpy h=u+Py ki kg
For Ideal Gasses Pv=RT and u= f(T)

* Enthalpy h=u+Pv=u+RT

s R Constant u=f(t)—> h=f(T
Specific Enthalpy for h=(1-x)h, +xh, ki i kg
Saturation State heh h
(two-phase mass average) S i
Specific Heat at

Constant Volume

-8B
" m\oT ), m\eT) \oT)

= (U, =u)=C[(1.-T,)

Specific Heat at
Constant Pressure

%) -2 @)
* T m\or ), m\ 8T ), \6T)

> (h,~h)=C,(T,~T)

Solids & Liguids

Incompressible, so v=constant
= Cf = CF (Tables A3 & A.4)

Uy, =y :C[Tz-:r;}
h—h=u-w+WP,-F)




Ideal Gas h=u+Pv=u+RT
w1, =C(T,=T))
hy=h=C(T,-T)
Energy Rate E=Q-W (rate=+in—out)
= E,-E =,0,- W, (change=+in=-out)

First-Law Analysis for Control Volume

Volume Flow Rate fA I Vdd= AV (using average velocity)

Mass Flow Rate . = p— . kg ls
m= ijdA = pAlV = A— (using average values)
v
- W=mC,aT — W=hCaT =V W
Flow Work Rate th = PV =mPv
Flow Direction From higher P to lower P unless significant KE or PE
e Total Enthalpy hﬂz;,_l_%ﬁl.,_gz
instantaneous Process
s Continuity Wi, = ny— Y i,
Equation & Z Z
* E"'“‘? Er:y. B g'w 5 H;::Jr. + Z"‘.}’m T thhme_ > First Law
Equation

> 0+ Yin(h+ Y47 +gzj}=%+z:ﬁl (h+ 477 +g2.) =W

Steadf State Process A steady-state has no storage effects, with all properties constant with time

= No Storage riffy_=ﬂ, E‘E J,_=|:}
« Continuity Zmﬁ:Zmﬁ (in = out)
Equation
. EI'IIEF“ QCI-" +z%j ZWCV +zrﬁekwé {in =m‘lﬂ é First Law
Equation e ot X -
> O+ ih + Y7 +gZ) =W+ Y m,(h+ Y7 +g2)
s Specific Heat Oy kI | kg
Transfer 'i':_m'"
e Specific Work W, kIl kg
p—id
il
* S5SingleFlow g+h  =w+h,  (in=out)
Eq.

Transient Process Change in mass (storage) such as filling or emptying of a container.




* Continuity my—my = "m, =y m,
Equation
" Energ?' Ez'ElZQC.V'WCJ’.'i'EmihM-Zm“h””
Equation i Wt \/ i,
A l_mz(u2+é s +& z) m.[“f"éw +g 1}

2> O +ijh.rmi = Zm,h“' +|:m1 (uz + %171: +gzz)-m| (‘“1 + }ép_rzz +gz'}:|c_+r_ —Wey

The Second Law of Thermodynamics

All W, O can also be rates ', O
T — Wye =0y — 0y
. Ther_mal . :E‘EZI_QL
efficiency HE 0, 0,
« Carnot Cycle . o_, I
=R 6
. ::::“I:eat Ny = Q’: -l —— =1_;_:
Heat Pump W =0, -0,
» (Coefficient of s By 8
Performance HE = W, = 0, -0,
* Carnot Cycle .. B, .k
" 0,-0, T,-%
) 23:::&“ ﬁﬂfz% = ﬁcumnr-:THTfTL
e — Wier =0y =0,
* Coefficient of 0, . o,
Performance Prer = W = 0.0,
= Carnot Cycle _ Q:. _ T.L
g, T-T
st P H?g;r il T:E T,
Absolute Temperature 7, (O,
Ty, Oy




Entropy

Inequality of Clausis (f)EQ{ﬂ
e
Entropy 59) k| kgK
dS=| —
(7).
Change of Entropy " . 50 k| kgK
(%),
Specific Entropy s=(1-x)s, +xs, k1| kgK
¥ = -5; = Hﬁ
Entropy Change
= Carnot Cycle 2
. Isothermal Heat Transfer: 5, =5, = —]— I 80 = &
TH 1 H
il

Reversible Adiabatic (Isentropic Process): dS = [?Q}

4
Reversible Isothermal Process: §, = 8§, = I(E) = 3—Q‘
T Ja L

Reversible Adiabatic {Isentropic Process): Entropy decrease in

prm::es.s 3-4 = the entropy increase in process 1-2.

& Reversible Heat-

: h

Transfer Process
Gibbs Equations Tds = du+ Pdv
Tds = dh—vdP
Entr G ti
ntropy Generation EQ' o 5 5
o= PdV—TESM
2 2
o
-s,=fas=[%s s,
1 1 T
Entropy Balance Equation s Entropy = +in—out + gen
Principle of the Increase of AS . =dS. . +dS .= 255 =0
Entropy i i il =
Entropy Change

* Solids & Liguids

T,
5=5=cln=
1

Reversible Process: dsm =0
Adiabatic Process: dg =10




¢ |deal Gas

2
drl
Constant Volume: 5, =35, = ICvﬂ wi_-+ R]n"%
1

"7

Constant Specific Heat: 5, =5, =Cv, In :'I/ +Rln /

-5, =Cp,In T/ Rln/

t. dr
Constant Pressure: 5, — 5, = ICFn - Rln

Standard Entropy Ay kI | kgK
= —2dT ¥
%
Change in Standard B kI | kgk

Entropy

Ideal Gas Undergoing an
Isentropic Process

put S =Co E-1
Con Ca k
Ch
k =— = ratio of specific heats
w0
k-l x
LAy F oy,

Special case of polytropic process where k=n: Pv' = const

Reversible Polytropic

PV" =const=Ry;" = BV}

Process for Ideal Gas . -y s
LZPY n_(BY" (%
£ AR L \R Va
=  Work =
l—n I-n
s Values forn Isobaric process: n= ﬂ, P = const
Isothermal Process: n=1, T =const
Isentropic Process: n=#k, 5 =const
Isochronic Process: m=o0,  v=const




Second-Law Analysis for Control Volume

2™ Law Expressed as a ds g
e =45
Change of Entropy dr Z T e

Entropy Balance Equation rate of change = +in — out + generation

- ﬂ*;;" = s, =y s, +Z%’;+SN

where 5., = IP—'FdV =M STMS, F St

and SFI = jp.iwdi'/ = S"m"‘ +SF_E +...
Steady State Process r_fSC o
dt

- > ms - ;ﬁisjzzgﬂywﬁm
CF. T

0

« Continuity equation ; -
= =i = s, —5)=Y 45,
Cr,

= Adiabatic process 5, =8+5,, > 5.

%{’m}c.‘y. = Z}ﬁr"sﬂ' -me'gr +Z%+SN

= (mys,=mys,),., = Zm;.s,. -Z m,s, +I£?‘Ldf+ :Szp
0

Reversible Steady State Process

Transient Process

If Process Reversible & £
Adiabatic "
b~ = [vdP
5, &5
we(h=h)t e g(Z,-2,)
. pLp
=-IvdP+-'—T-‘-—+g{Zj—Z=)
If Process is Reversible . 1 = i A
and Isothermal m{’:_":}:_ZQﬁr. ==L
i 3
_@

or T(.s'! —S,-)— my =q

> T(s,~5)=(h~h)= e




Incompressible Fluid 72 72

v(P - P‘:HFr 21 +g(Z.-Z)=0 - Bernoulli Eq.

Reversible Polytrophic £
- IP:—IvdP arid Pv" =const ="
for Ideal Gas ;
L4 [ d’P
W= —I vdP = —CI ;},:
=~ (Py,-By) =2 (1,=T))
n—1 n—1
Isothermal Process (n=1) £ * dP P
w=—=|vdP==C|—==Pv.In—
=i -’
Principle of the Increase of das d’j‘c %
o E98 + _E. § =
Entropy dt dt Z fen
EffICIEﬂC’f
Turbi s
—— n= Yoz M Turbine work is out
-“?: hj = &x
Compressor . w, h-=h, c Kisi
(Pump) = W_a = ol ompressor work is in
Cooled Compressor 5= Wy
w
Nozzle /72
n= }/31;2 Kinetic energy is out
2 ]
Note:

°F=(°Cx 9/5)+ 32

°C=(°F-32)x(5/9)

°K=°C+273

Q = mCAT thermal energy = mass x specific heat x change in T

QQ = mHf thermal energy = mass x heat of fusion

Q= mHyv thermal energy = mass % heat of vaporization

AL = aLiAT change in length = coefficient of expansion x initial length x change in T
AV = BVIAT change in volume = coefficient of expansion x initial volume x change in T

AU = Q — W internal energy = heat energy - work




Plaussbic Phvsical Stare ¥ anables
SatEatiing
Insulated | Add weight | Adiahatic PVt = Conse; nlAT > | O -nCAT =0 | nl AT >0
slecyve 1] h i TWr! = Comnse L
it Lo | 7T B || W
Process pEsbon
Insulated Resmaowe Adiabatic PV = Const; al AT < | 0 =nCAT >0 | ol AT <0
slecve or werght from | expansion TW = Const & i
rapid or pull up &
Process O Pt )
Heat gas | Locked Isnchoric W fixed; AAT = L aCAT | O i
[PLELOD O PoaT 4 2 —_E =)
i p Fixed Up
exggecd
COnEUNer p=sd
Conl gas Laocked Isochoric W fooed; AT < | aCeAT | 0 L]
piston or PaT —_— : i} <}
i Ehown Diown
contnes
Heat gas Piston free | Isobaric P fixed; nlGAT > | aC AT | PAY >0 -PAY =1
E;mrc, expansion VaT Fied tp Up 0 =1
unchanged
Cool gas Piston free | Isobaric P fixed; nlAT < | nCpAT | PAV <0 -PAY =40
o | s [VEE | [ e | oo [0 | 20
unchanged
Immerse Add weaght | Isothermal T freed ar alAT = | aRT*n{ | aRT*n(V s | -nRT
gas in to piston compression | temperatuee of | o —— VifVy o Vi< HnfVef VY
large bath | bath, 4 <0 >
PV = Const
Immerse Remowe Imﬂmﬂ T freed ar ni AT = nR’l:"‘In( mwﬁf -nkT*
gas in weight from | expansion temperature of " i i ViV Vi=n In{Ve/V) <
large bath | piston bath, o 4 =0 ]
PV = Const
Unknown | Unknown | No Name PV/T = nCAT | AR+ [ Jmdv=2= Jpav =%
{onse » . 4 W area under area under
curve in PV | curvee in PV
L I
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