Chapter 1:

F = ma
1J =1Nm
: m
Density: ey (kg/m?)
Voo
V= — = —
m p
. : , P
Specific gravity: SG = —
Pu,0
Specific weight: y, = pg (N/m?)
I'=a—+ bP

T(K) = T(°C) + 273.15
T(R) = T(°F) + 45967
T(R) = 1.8T(K)
T(°F) = 1.8T(°C) + 32
AT(K) = AT(°C)
AT(R) = AT(CF)

Powe = Pis = Puny

P = Fum = Funs

AP =P, = P = —pg Az = —v Az
Proow = Pooe T pelAzl = P, + y|AZl
P=P,, +pgh or P, = pgh

dP

d_: - P8
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ﬁP=P3—P,=—Jpgdz
l

o FO_F F_A
L ’ ” AI - A? ” IFI - A]
'P;Illll - P;_E'h PE - Pmm + pg:‘-‘
P, + pgla + h) — p.gh — pga =P,
P| _P2={pz_pl]£h
Chapter 2:
E
e=— (kl/kg)
VE V:Z
KE = m (kI ke = — (kl/kg)
2 2
PE = mgz  (KkJ) pe = gz (kl/kg)

r

Lr...
E=U—|‘KE+PE=U—|—H??+H?QZ (kl)

LJ-'Q
e=u—|—ke-|—pe=u—l-?—l—gz (kl/kg)
Mass flow rate: m= pV = PA Ve  (kgls)
Energy flow rate: E = e (kJ/s or kW)
_rLvy
€ mech p ) g<

E ) '(P + v + )
= me = m| — - Z
mech € mech p ) g



P= Py, V3=V
‘ifmech - P i 2 " 3’(32 - El} “d!kg}

(PP VI V]
mech — M p + > + gz, — 7y) (kW)

AE .. = mAe

Q

qg =— (kl/kg)
m
'fz

Q= ' Odt (k)
Iy

Q= QAr (kl)

W
w=— (klkg)
m

-2
41
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J_SW = W,  (not AW)
|

W, =Vl (W)

e

w

&

' Vidt (kl)
B

W, =VIAr (kl)

e

W=Fs (k)

W= ' Fds  (kl)
/1

T
T=F — F=—
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s = (27r)n

sh

W, = Fs = (€>(2wrm = 2mnT (kl)

W, = 2maT (kW)

awspring = Fdx

F =kx (kN)

Woing = 203 — 23 (K)
2 ~2

Woastic = ' Fde= | o,Adx (Kkl)
1 J1

Wsurfa;:e - ' JsdA (k‘])
A1

ﬁE!\j'!ilL:IH - Elmtl Einiliul - EE o El

AE = AU + AKE + APE
AU = m(u, — u,)

AKE = 3m(V} — V?)
APE = mg(z, — 7;)
E, — Ey = Q4 — Q) + Wy = Wo) + (Epgsin
— E = AFE (k)

crut system

Net enﬂgx tran sfer Change in internal, kinetic,
by heat, work, and mass potential, etc., energies
E, —En = dEgen/dt (kW)
Rate of net energy transfer Rate of change in internal,

by heat, work, and mass  kinetic, potential, elc., energies

Q=0At, W= WAt, and AE = (dE/dt) At

— E

mass,out) _

(kJ)

AE

system
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in - ‘ies:ﬁtam (kJﬂ(g)
aEin o SEﬂut = dE

system

ot

or Sgin o Seout - dES}'stem

wﬂEI..GLI.I = Qnel;in or Wnel:.u::ut = Qnet_.In (fﬂr & C}rﬂlﬂ)

Desired output

Effici =
ey Required input

Q Amount of heat released during combustion
MNcombustion — HV -

Heating value of the fuel burned

1
H net.electrc

T?mram]] - ncomhustionnmermﬂ] nnenerﬂmr .
HHV X i,

Mechanical energy output  Ejcch out l E eentoss
MNmech — . . - - T
Mechanical energy input E ctin Ecchin
Mechanical energy increase of the fluid ~ AE cpnua  Wpumpa
npump - . : - r - ]
Mechanical energy input W ttin Woump
Mechanical energy output W ihat.out W rbine
Murbine — : N - o
Mechanical energy decrease of the fluid AE cnnuial  Wibinee
Mechanical power output ~ Wpan ou
Motor: Nmotor — El : . T
ectric power input Woectin
G . Electric power output Weleet,out
eneraror! tor : ; = —
Mgeneator = ) fochanical power input ~ W._ .
shaft.in
V AE
W puimp, i AE mech, fluid
Npump —motor — Mpumplmotor — 1 o L_';
elect.in elect.in
1 vV
. . 1'1’fv;*lrf‘|.:t~ out W elect, out
nLLLrbine—gen ~ Mwrbine generator H’I o A E
turbine, ¢ | = S mech, fluid



Chapter 3:
h=u+ Pv (klkg)
H=U+ PV (KJ)

m

Yapaor
X = -
Miqtal
Vavg = Vp TV, (m/kg)
Uavg o 1""rr
X =———
Ve
Uy = Up + xug,  (kI/kg)
hy = he + xhg,  (kJ/kg)

Y=DYar

h=hiert Viar (P — Pyar)
Pv = RT

m= MN (kg)

V = mv — PV = mRT

mR = (MN)R = NR, —> PV = NR,T

V=Ni—> PU=RT

PV,

PV,

T

l



Chapter 4:

-2
(1) General W,=| PdV
J
(2) Isobaric process
(3) Polytropic process
PV, — PV,
W, = 1“7 (n+1) (PV" = constant)
—n
(4) Isothernal process of an ideal gas
Wy = PV, In-2
p = [V n v,
Vﬂ
= mRT, lnj (PV = mRT, = constant)

1

For aclosed system O — W = AU + AKE + APE

W= H'I!c:'mer + Wb

For a constant pressure process 0O — W, = AH + AKE + APE
2

Au=uy —uy = ' e T)dT = ¢4,(T, — T))
i

2

Ah=h, —h = ' (1) dT = ¢, (T, — 1))
yl

pavg

Foranidealgas ¢, =c¢, + R

- . c
Specific heat ratio  j — 2
Cy

For incompressible substances (liquids and solids) ¢, = ¢, = ¢

The Au and Ah of incompressible substances A4 = | c(1)dT = c.(T, = T)

h
Ah = Au + VAP



Chapter 5

My — Moy = j"'A}'T:;:,'ﬁ',tern and My, — Mgy = dl'rﬂ's;--':;teln"'l"'jF
m = pVA
V=VA=mlp
r2

0 =h+ke +pe=nh+ + gz

Ein - Eout - 'I'Es)'stenl"fd‘f

e,
Rate of net energy transfer Rate of change in internal, kinetic,
by heat, work, and mass potential, efc., energies

Em = Em

in out

. . VZ 1,!2
0-W= Zm(h + By + gz) - Zm(h + 5 + gz)

out

for each exit for each inlet

| |
m, = r, —> U—V]A] = U—‘if’z,ﬁlg

] 7

V2 - v2

0— W= n'jr[hz — h + Tl + g(z, — 31)-‘

General Steady State Energy Equation:

O:ch_ CV+(hl h)+(V2 )

m
General Nozzle Eq: W, =m(h —h,)

+g(z _Zz)

2 \y2
General Turbine Eq: w =M —h2)+(V1—ZVZJ
m .
General Compressor and Pump Eq: W, =m(h —h,)
General Heat Exchanger Eq.: 0= mh > mh,

General Throttling and Valves Eq.: h;=h;



Chapter 6

WI]EI,DUT. . Qf_,
h — 0 or g, =1—-—
-H

O 1
COPR - QH o QL - Q_?H"'fgl — 1

Oy |
COP,,, = = =

He QH _ QL I = QL“'{QH

I 1

Thhoev — 1 — T_H COPRJW =

(%) _ T
QL rev TL

On

TH}FTL - l

C(}PHP.rr:v -

1

1 - TL"I{TH



Chapter 7

IS = (Q) (kJ/K) AS = 9 kJ/K

{ r int rev | - Tﬂ { :
..35

i‘sw-; =8, — lE;\‘1 - _Q + Sccﬂ

P I T B

:"‘Sis;u]med =0

Sgcn - :"‘Str.atﬂ] - '—\55]_-'5 + ASELL[T =0

AS = mAs = m(s, — s5)  (kI/K)

Isentropic process: As =0 or s, =35, (klkgK)

Qim rev TdS {k“

N
Qim rev - TCI *‘LS {k‘]} qint rev - TD J‘S {k‘”kgj

Tds = du + Pdv  (kl/kg)

h=u+Pv —— dh=du+ Pdv + vdP

} T'ds = dh — vdP
(Eq. 7-23) —— Tds = du + Pdv

s = du N Pdv s — dh — vdP
ds = — 7 ds =~ T
. . o dT I,
Ligquids, solids: s, — s, = | oT)— = ¢, In (kJ/kg-K)
1 T - I
Isentropic: Sy TS| T Chyg lnT—2 =0 — TI,=T,
1

For an ideal gas
T dv 2 &

dT v, dT P,
ds—cuT +Ru 32—51—_16U(T)?+R1nu—1 5, — 8§ = ! CP(T}?_RIHFI
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For an ideal gas assuming constant heat capacities

T, Vs
Sy = 8 = Cpue IN— + RIn—  (kl/kg-K)

2 vave T] 1..—"]
T, P,
S5 7 81 = Cpave In? — RIn P (kJ/kg-K)
! 1

For an ideal gas with variable heat capacities
P2

5, — 85, =48 —s5] — R In; (kJ/kg-K)
l

Isentropic process of ideal gases

(7)) e
— =\ — (1deal cas)
Tl § = const. UZ -
T2 P') (k— 1k .
T = P—“ (ideal gas)
1/ s=const. 1
P, 7% .
— =\|— (ideal gas)
P] 8 =const. 1"’r2

o _ o Py
55 =8 + R lnP—
1

(P:z) Py (Vz) _Vn
P] § = consk. P'] l‘jl §= const. 1"/r]

7

Reversible steady flow work

=2
vdP — Ake — Ape  (kl/kg)

w. .. = -

rev

A1

-2

W = ! vdP + Ake + Ape

rev.in
J1

= —y(P, — P,) — Ake — Ape  (kJ/kg)

,
rev
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Compressor work

W

kR(T, — T,)  kRT, [(Pz)':k—wk lw
comp.in k=1 o k=1

Isentropic P,
: nR(T, — T,)  nRT, [ [ P,\n—1in
Polytropic Wegmoin = : S N 1
P n— 1 n— 1\P,
RT In2
Isothermal Weompin = "P_]
P P,
P.= (PP)"? or —=—
X 1+ 2 Pl 1'0_1..
Isentropic efficiency of turbines
Actual turbine work W, _hy = hy,
M= Yo e o T ="
Isentropic turbine work ~ w, hy — hy,
Isentropic efficiency of compressors and pumps
[sentropic compressor work W, _ hys — Iy
Ne = ccr vl w S
Actual compressor work W, 2a t
Isentropic efficiency of nozzle
Actual KE at nozzle exit V3, hy =y,
N : — = My =
I [sentropic KE at nozzle exit V3, hy — Iy,
j‘Ssyﬁ;tcm - Si"mal o Sinilial - SE o Sl
. . Q0
Entropy transfer by heat transfer: Sheat = T (T = constant)
Entropy transfer by work: Swork = 0
Entropy transfer by mass flow: Sinass = MIS

12



Sin o SGUI + Sgen - ‘iSﬁ}rstem (k‘” K)
. . ; \ ; e

Met entropy transfer Entropy Change

by heat and mass generation in entropy
Closed svstem: 2% + 5. = AS =5 -5 (kJ/K)

€ ) : T gen —gysiem 2 1
k

Adiabatic closed system: Seen = AS diabatic system

O

St D= Xms, + S = (5~ Spey (KIK)
]

2% + S, = Siins, + Sy = dSeyldt (KW/K)
k

- , . O
Steady-flow: Spen = ZHTFJ{E — znr;.sr. T2
k
Aow sinele-stream: S e g O
Steady-flow, single-stream. Spen = (s, = 5;) — T
k
Steady-flow, single-stream, adiabatic: Sgen = (s, — s;)
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Chapter 9

TI . l TL 11"1.':[ “Im:[
hCarnot — 1 T o M = of T =
th.Carnot Ty th Q. 111 Fin

Carnot cycle

P A

= J

=
]
I
I
|
I

Isentropic
Isentropic

I
L

II'I-.f‘['llJl
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Otto cycle

Pa

Hin

TDC
;o= Umﬂx . ||""Irli'-liflli':‘

||""Irmin ||""IITDC
17 ’
MEP = W net . W net
IIL"’ma:lt o IIL"’min II"’Fma.x. o 1"'!mm
Assuming constant heat capacities
]

Mmowo — 1 — pk—1

15

(kPa)



Diesel cycle

P A

Hin

(b)) T-5 diagram

Assuming constant heat capacities

w- ¥

| rf — 1
M Diesel — | ~ k=1 k(r, — 1)

|
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Stirling and Ericsson cycles

<y
=8 J
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Brayton cycle

T A

p="

(e1) T-5 diagram

=2 |

(b) P-v diagram

Assuming constant heat capacities

1
nLhBra}'mn =1- (k— 1k
!"p
P
» =
Pl

=
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Brayton cycle with regeneration

T A |
regen.act hf, - ffz
e = =
q regen.max h4 - hg

T, o
nth‘E‘g&n =1 — (T_’q)(!}?}”‘ LWk

Tsaved = qrcgq:n

I'r.f":'llLI.L

P

Ideal jet-propulsion cycle

T A

F= “ﬂvjv&xit o (ﬁiﬂ;)in]et - "rﬂ{vexit o Vinletj (N}

H}F = F Vaircraft - miv&xit o V’mlet)vaimraft (l{W)
Propulsive power WP

Mp = -

~ Energy input rate 0.,
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Chapter 10

Carnot vapor cycle

T A

-y

Rankine cycle

A

3
Winrb.out
'::ri i >
L 4
I q
I - 4
Efli WLLL
W :
LT, in
-
AN
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Pump (g = 0): Woumpin — hy — hy

or,
wpump,in - V(PZ o JF'I)
where
Boiler (w = 0): Gin = hy — h,
Turbine (g = 0): Wurbout = P — Py
Condenser (w = 0): Gou = Ny — 1y
Ny = Whet = 1 G out
th — - T
Gin Gin
Wiet = Qin = Yowe = wl:urh_.out o wpump_.in
3412 (Btu/kWh)
T Heat rate (Btu/k'Wh)
W, h,, — h,
i We o hy, = Iy
Wy hi o h-iu‘
Nr — -

W, hy — hy,
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The ideal reheat Rankine cycle

Ta

Reheating
High-pressure 3 5
turbine ;

Low-pressure

',.-"’tu rbine

Jin = qprimﬂr}-' + Areheat = (hi o hZZ) + “"5 o hi}
W

= + Wb = (hy — hy) + (hs — hy)

turb,out turh, I

The ideal regenerative Rankine cycle with an open feedwater heater

Ta

=
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Gin = hs — hy
ouwt = (] T }'}{h? - hl]
Wirb.out — (hi o h{,} + (1 — }’)(hﬁ — h?)

wpumpfin - ” _ }!}wpump Lin + wpump ILin

v = mg/ms  (fraction of steam extracted)

vi(P, — Py)

wpumpl.in
— V3(P4 - P})

wpump ILin

E,=E, — Dith= Y h

out

yhe + (1 — y)h, = 1(h;)

23
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Cogeneration . _
Qin = tizlhy — h3)

Qoul = my(h; — hy)
Q, = tishs + rirghg — ringhg
W, = (i, — ms)(hy — hg) + ris(h, — h-)

urb

Net power output + Process heat delivered W, T 0,

Total heat input 0.,

Combined gas-vapor power cycle

=

24



Chapter 11

COP Desired output ~ Cooling effect 0,
R Required input Work input W ietin
Desired output ~ Heating effect Oy
COPyp = = =

Reversed Carnot cycle

TA

Required input ~ Work input W

net.in

The ideal vapor-compression refrigeration cycle

TA

Saturated
liquid

Saturated vapor

]
C{)PR.CHI'HDI - T f'IIT . 1
H AL
1
C{)pHP.CMnD[ = l . T };T
L'tH
A
qr hy, — hy
COPg = =
3 Whetin h 2 h 1
_ qy hy, — Iy
COPHP - Waetin - "Ir'll o hl



Cascade refrigeration cycles

TA

Decrease in
COMpressor
work 4

/"l . ) ijA hz - hj
g(hs — hg) = ring(hy — h3) E - hs — hyg

my(he — hs) + mg(h, — hy)

R.cascade W
net.in

| - Increase in
refrigeration
capacity

=R )

Gas refrigeration cycles
TA
d; dr
COP, = =

W

net,in " compin Wineh,out

=% J
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Absorption refrigeration cycles

W= Tth, rev Qgen = (l -

Qp=COPp o, W= ( 4! )W

Iy-T;
Or ( T,)( I )
COP,. i = —2—=(1- 20| L
rev,absorption Qgen T\ Ty-Tg
cop Desired output Qr _ 9
absorption Reqllil’ﬂd iﬂput Qgen + Wpump - Qgen

QL Tﬂ TL
Copremnbscﬂjﬂﬂn - Q— - nthri-g\.-COPRJﬂ, = l — ? ﬁ
zen g 0 I
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