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1 Selected Constants, Conversions, & Definitions

ρwater =
62.43lbm

ft3
=

1000 kg
m3

=
1 g
cm3

g = 32.174
ft
s2

= 9.8066
m
s2

1 lbf =
32.174 lbm · ft

s2
1 gallon = 3.785L = 3.785E−3m3 = 231 in3
1 lbmol = 453.59mol

1 W =
1 kg ·m2

s3
= 1.34× 10−3 hp

T [K] = T [◦C] + 273.15
T [◦R] = T [◦F] + 459.67 = 1.8(T [K])
T [◦F] = 1.8(T [◦C]) + 32
∆T = 1K = 1◦C = 1.8◦F = 1.8◦R

x̂ ≡
x

m
x̌ ≡

x

n
for any quantity x

m = V ρ ṁ = V̇ ρ = v⃗Aσρ

ρ =
∑

i ρi ρR,A ≡
ρA

ρ


ni =
mi

m̌i

n2

n1
=

x2

x1

xi =
ni

nT
= wi

⟨m̌⟩
m̌i

wi =
mi

mT
=

ρi

ρ

⟨m̌⟩ =
mT,mix

nT,mix
=
∑

i xim̌i =

(∑
i

wi

m̌i

)−1

ci =
ni

V
=

ρi

m̌i
ci = xic c =

ρ

⟨m̌⟩

1.1 Scaling & Linear Interpolation

fs =
original basis

new basis

y = f(x) :
yhigh − y

yhigh − ylow
=

xhigh − x

xhigh − xlow
∆% = y2−y1

y1
× 100

2 Ideal Gases

PV = nRT PV̇ = ṅRT piV = niRT ρ =
P ⟨m̌⟩
RT

pi = yiP P =
∑

i pi Vi = yiV V =
∑

i Vi

3 Material Balances
Input + Generation = Output + Accumulation + Consumption

fexcess,A =
nA,fed − nA,stoich

nA,stoich

fconversion,A =
nA,reacted

nA,fed

fyield,P =
nP,formed

nP,theoretical
P : desired product

fselectivity,P/Q =
nP

nQ
P : desired prd. Q : undesired prd.

ni = ni0 + νiξ = ni0 − ni,reacted ni = ni0 +
∑

j νijξj

ξ =
ni − ni0

νi
=

ni,reacted

νi

ξ̇ =
ṅi − ṅi0

νi

4 Phase Equilibrium
Gibbs phase rule: ν = 2 +Nspecies −Nphases

4.1 Vapour Pressure
Clausius-Clapeyron:

ln
p⋆1
p⋆2

=

[
−∆vapȞ

R

][
1

T1
−

1

T2

]

ln p⋆1 =

[
−∆vapȞ

R

][
1

T1

]
+

[
ln p⋆1 +

∆vapȞ

RT1

]
[y = mx+ b]

Antoine: log p⋆i = A−
B

T + C

4.2 Ideal Solution Vapour-Liquid Equilibrium
Raoult’s law {xi ≈ 1} : pi = yiP = xip

⋆
i (T )

Henry’s law {xi ≈ 0} : pi = yiP = xiHi(T )

{T = Tbp} : yi =
pi

Pbp
pi = xip

⋆
i (Tbp) P =

∑
i xip

⋆
i (Tbp)

{T = Tdp} : xi =
yiP

p⋆i (Tdp)
Pdp =

(∑
i

yi

p⋆
i (T )

)−1

Saturated vapour: pi = p⋆i
Superheated vapour: yiP < p⋆i (T )

◦superheat ≡ T(g) − Tdp
{Tsh → Tdp} : pi = yiP = p⋆i (Tdp)

4.3 Saturation and Humidity

˙
S =

pim̌i

(P − pi)m̌dry

[
kg vapour
kg dry gas

]
˙
SM =

pi

P − pi

[
mol vapour
mol dry gas

]
˙
SP =

pi/(P − pi)

p⋆i /(P − p⋆i )

˙
SR =

pi

p⋆i (T )

˙
HX : gas→ air vapour→ H2O(v)

5 Energy Balance
← (−)Q(+)→ System ← (−)W (+)→

Ek =
mv⃗2

2
Ep = mgz

5.1 Closed System
∆U +∆Ek +∆Ep = Qin −Ws, by

∆U =
∑
out

miÛi −
∑
in
miÛi =

∑
final

niǓi −
∑

initial
niǓi

5.2 Open System at Steady State
∆Ḣ +∆Ėk +∆Ėp = Q̇in − Ẇs, by

Ẇ = Ẇs + Ẇfl
Ẇfl =

∑
out

PoutV̇out −
∑
in
PinV̇in

∆Ėk =
∑
out

ṁiv⃗
2
i

2
−
∑
in

ṁiv
2
i

2

∆Ėp =
∑
out

ṁigzi −
∑
in
ṁigzi

H = U + PV
∆Ḣ =

∑
out

ṁiĤi −
∑
in
ṁiĤi =

∑
out

ṅiȞi −
∑
in
ṅiȞi

{ṁout = ṁin} : ∆Ḣ = ṁ(Ĥout − Ĥin) = ṁ∆Ĥ

5.3 Mechanical System
∆P

ρ
+

∆(v⃗2)

2
+ g∆z +

∑
F̂ =

Ẇs, by

ṁ
F̂ = ∆Û −

Q̇

ṁ

6 Energy Balance on Nonreactive Processes

Liquid, solid: ∆H = V∆P +
T2�

T1

CP (T ) dT
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6.1 Isothermal: {∆T = 0,∆P ̸= 0}
Liquid, solid: ∆U = 0 ∆H = V∆P
Ideal gas: ∆U = 0 ∆H = 0

6.2 Isobaric: {∆P = 0,∆T ̸= 0}

Ideal gas, liquid, solid: ∆U =
T2�

T1

CV (T ) dT

Ideal gas: ∆H =
T2�

T1

CP (T ) dT

6.3 Heat Capacity Estimation
Liquid, solid: CP ≈ CV Ideal gas: ČP = ČV +R
ČP,mix(T ) =

∑
i xiČP,i(T ) ĈP,mix =

∑
i wiĈP,i

∆H =
T2�

T1

CP,mix(T ) dT

6.4 Phase Change Operations

Example: 1 ∆T−→ 2
∆phase−→ 3

∆T−→ 4

∆H =
Ttrs�

T

Cα

P dT ±∆trsH +
Tfinal�

Ttrs

Cβ
P dT

Trouton: ∆vapȞ = 88 J
molKTbp [nonpolar liquids]

Chen: ∆vapȞ = RTbp
3.978(Tbp/Tc)− 3.958 + 1.555 lnPc

1.07− Tbp/Tc

Watson: ∆vapȞ(T2) = ∆vapȞ(T1)
(

Tc−T2

Tc−T1

)0.38
Psychrometry: ṁwater(v) = ˙

HV̇air

VH

7 Energy Balance on Reactive Processes
7.1 Heat of Reaction

∆H =
∆rȞ(T
, P
)

|νi|
ni,reacted = ξ∆rȞ(T
, P
)

∆rȞ = Ȟprd − Ȟrct (+) : endo (−) : exo
Reference states: substance, phase, T , P
∆Ḣ =

∑
reactions

ξ̇⊜j ∆rȞ


j +

∑
out

ṅiȞi −
∑
in
ṅiȞi

Ȟi = (± phase change Ȟ) +
Tfinal�

T

ČP,i dT

Closed: ∆rǓ(T ) = ∆rȞ(T )−RT

 ∑
product
ideal gas

|νi| −
∑

reactant
ideal gas

|νi|


Hess’s law: ∆rȞ



3 = ∆rȞ



1 −∆rȞ



2

7.2 Heat of Formation
∆rȞ


 =
∑

i νi∆fȞ


i

Ȟ
: element in most stable form; T , P for ∆fȞ

; T , P uniform

∆Ḣ =
∑
out

ṅiȞi −
∑
in
ṅiȞi Ȟi = ∆fȞ



i +

T2�

Tref

ČP,i dT

7.3 Heat of Combustion
∆rȞ


 = −
∑

i νi∆cȞ


i

7.4 Fuels
ĤH = −∆cĤ


 (when H2O(l) produced)
ĤL = −∆cĤ


 (when H2O(g) produced)
ĤH = ĤL + nout,water∆vapȞwater(25

◦C)

ȞH∨L,mix =
∑

i xiȞH∨L,i ĤH∨L,mix =
∑

i wiĤH∨L,i

8 Balances on Transient Processes
dm
dt = ṁin − ṁout + ṙgen − ṙcons

Example: storage tank with increasing ṁout
dm
dt = ṁin − ṁout

ṁout(t) =
ṁout,f − ṁout,i

tf − ti
t+ ṁout,i

m�

mi

dm =
t�

t0

(ṁin − ṁout) dt→ m(t)−mi =
t�

t0

(ṁin − ṁout) dt
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