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Symbols used in this book
Greek
𝛼
Linear thermal exp. coeff.
𝑚/(𝑚.𝐾)
𝛽
Cubic thermal exp. coeff.
𝑚3/(𝑚3.𝐾)
𝛾
Solutal exp. coeff.
𝑚3/𝑘𝑔
𝜂
Dynamic viscosity
𝑃𝑎.𝑠
v
Kinematic viscosity
𝑚2/𝑠
𝜌
Mass density
𝑘𝑔/𝑚3
𝜆
Heat conductivity
𝑊/(𝑚𝐾)
𝜎
Surface tension
𝑁/𝑚
𝜏
Shear stress
𝑁/𝑚2
𝜙𝑉
Volumetric flow rate
𝑚3/𝑠
𝜙𝑚
Mass flow rate
𝑘𝑔/𝑠
𝜙𝑞
Heat flow rate
𝐽/𝑠
𝜙𝑊
Work
𝐽/𝑠
𝜙″
𝑞
Heat flux
𝑊/𝑚2
𝜙″
𝑚
Mass flux
𝑘𝑔/(𝑚2𝑠)
Latin
𝑎
Thermal diffusivity
𝑚2/𝑠
𝐴
Surface
𝑚2
𝑐
Concentration
𝑘𝑔/𝑚3
𝑚𝑜𝑙/𝑚3
𝐶𝐷
Drag coefficient
-
𝐶𝑝
Specific heat capacity
(at constant pressure)
𝐽/(𝑘𝑔.𝐾)
𝐷ℎ
Hydraulic diameter
𝑚
𝑒
Specific energy
𝐽/𝑘𝑔
𝐸
Energy
𝐽
𝑒𝑓𝑟
Energy dissipation
𝐽/𝑘𝑔
𝑓
Fanning friction factor
-
𝐹𝑏
Buoyancy force
𝑁
𝐹𝐷
Drag force
𝑁
𝑔
Gravity constant
𝑚/𝑠2
𝐹𝑔
Gravitational force
𝑁
𝑔
Gravity constant
𝑚/𝑠2
ℎ
Heat transfer coeff.
𝑊/(𝑚2𝐾)
𝐻
Height
𝑚
𝐻𝑠
Henry’s coefficient
𝑚𝑜𝑙/(𝑚3𝑃𝑎)
Latin (cont’d)
𝑘
Mass transfer coefficient
𝑚/𝑠
𝑘𝑟
Reaction constant
reaction-
specific
𝐾
Overall mass transfer coeff.
𝑚/𝑠
𝑚
Mass
𝑘𝑔
𝑚
Partition coefficient
-
𝑀𝑤
Molar weight
𝑔/𝑚𝑜𝑙
𝑁
Rotational rate
𝑠−1
𝑝
Pressure
𝑃𝑎
𝑃
Power
𝐽/𝑠
𝑝𝑖
Partial pressure of 𝑖
𝑃𝑎
𝑄
Heat source
𝐽/𝑠
𝑅𝐴
Reaction rate of A
𝑘𝑔/𝑠
𝑚𝑜𝑙/𝑠
𝑡
Time
𝑠
𝑇
Temperature
𝑜𝐶, 𝐾
𝑢
Specific internal energy
𝐽/𝑘𝑔
𝑈
Overall heat transfer coeff.
𝑊/(𝑚2𝐾)
𝑣
Velocity
𝑚/𝑠
𝑉
Volume
𝑚3
𝑥, 𝑦, 𝑧
Cartesian coordinates
𝑚
𝑥𝑖
Mole fraction of 𝑖
Other
𝔻
Diffusion coefficient
𝑚2/𝑠
ℓ
Characteristic length
𝑚
⟨⋅⟩
Cross-sectional average
Super/subscripts
′
Per 𝑚
″
Per 𝑚2
‴
Per 𝑚3
1
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ℓ= characteristic length scale of the problem, e.g. a diameter ℓ= 𝐷.
symbol
name
definition
relates to
𝐵𝑚
Bingham
𝜏0ℓ
𝜂𝑣
momentum
𝐵𝑖
Biot
ℎ1ℓ
𝜆2
heat
𝐵𝑖
Biot
𝑘1ℓ
𝔻2
species
𝐹𝑜
Fourier
𝔻𝑡
ℓ2
species
𝐹𝑜
Fourier
𝑎𝑡
ℓ2
heat
𝐺𝑧
Graetz
𝔻𝐿
ℓ2𝑣
species
𝐺𝑧
Graetz
𝑎𝐿
ℓ2𝑣
heat
𝐺𝑟
Grashof
𝑔ℓ3
v2 𝛽Δ𝑇
heat
𝐺𝑟
Grashof
𝑔ℓ3
v2 𝛾Δ𝑐
species
𝐿𝑒
Lewis
𝑎
𝔻
heat, species
𝑁𝑢
Nusselt
ℎℓ
𝜆
heat
𝑃𝑒
Peclet
𝑣ℓ
𝑎
heat
𝑃𝑒
Peclet
𝑣ℓ
𝔻
species
𝑃𝑜
Power number
𝑃
𝜌𝑁3𝐷5
Stirrers and pumps
𝑃𝑟
Prandtl
v
𝑎
heat
𝑅𝑎
Rayleigh
𝐺𝑟× 𝑃𝑟
heat
𝑅𝑎
Rayleigh
𝐺𝑟× 𝑆𝑐
species
𝑅𝑒
Reynolds
𝜌𝑣ℓ
𝜂
momentum
𝑆𝑐
Schmidt
v
𝔻
species
𝑆ℎ
Sherwood
𝑘ℓ
𝔻
species
2
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All equations are given in Cartesian coordinates (𝑥1, 𝑥2, 𝑥3) ≡(𝑥, 𝑦, 𝑧) where the index 𝑖indicates the direction.
E.g. 𝑣𝑦corresponds to 𝑣2, being the velocity component in the 𝑦direction.
Mass
𝜕𝜌
𝜕𝑡+
𝜕
𝜕𝑥1
(𝜌𝑣1) +
𝜕
𝜕𝑥2
(𝜌𝑣2) +
𝜕
𝜕𝑥3
(𝜌𝑣3) = 0
Momentum
For each velocity component 𝑣𝑖:
General form
𝜌(𝜕𝑣𝑖
𝜕𝑡+ 𝑣1
𝜕𝑣𝑖
𝜕𝑥1
+ 𝑣2
𝜕𝑣𝑖
𝜕𝑥2
+ 𝑣3
𝜕𝑣𝑖
𝜕𝑥3
) = −( 𝜕
𝜕𝑥1
𝜏1𝑖+
𝜕
𝜕𝑥2
𝜏2𝑖+
𝜕
𝜕𝑥3
𝜏3𝑖) −𝜕𝑝
𝜕𝑥𝑖
+ 𝜌𝑔𝑖
Newtonian fluids, constant 𝜂
𝜏𝑗𝑖= −𝜂(𝜕𝑣𝑗
𝜕𝑥𝑖
+ 𝜕𝑣𝑖
𝜕𝑥𝑗
) →𝜌(𝜕𝑣𝑖
𝜕𝑡+ 𝑣1
𝜕𝑣𝑖
𝜕𝑥1
+ 𝑣2
𝜕𝑣𝑖
𝜕𝑥2
+ 𝑣3
𝜕𝑣𝑖
𝜕𝑥3
) = 𝜂(𝜕2𝑣𝑖
𝜕𝑥2
1
+ 𝜕2𝑣𝑖
𝜕𝑥2
2
+ 𝜕2𝑣𝑖
𝜕𝑥2
3
) −𝜕𝑝
𝜕𝑥𝑖
+ 𝜌𝑔𝑖
Internal energy (no dissipation, no shock waves)
general form
𝜌𝐶𝑝(𝜕𝑇
𝜕𝑡+ 𝑣1
𝜕𝑇
𝜕𝑥1
+ 𝑣2
𝜕𝑇
𝜕𝑥2
+ 𝑣3
𝜕𝑇
𝜕𝑥3
) = −(𝜕𝜙″
𝑞,1
𝜕𝑥1
+ 𝜕𝜙″
𝑞,2
𝜕𝑥2
+ 𝜕𝜙″
𝑞,3
𝜕𝑥3
) + 𝑄‴
Fourier’s law, constant 𝜆
𝜙″
𝑞,𝑖= −𝜆𝜕𝑇
𝜕𝑥𝑖
→𝜌𝐶𝑝(𝜕𝑇
𝜕𝑡+ 𝑣1
𝜕𝑇
𝜕𝑥1
+ 𝑣2
𝜕𝑇
𝜕𝑥2
+ 𝑣3
𝜕𝑇
𝜕𝑥3
) = 𝜆(𝜕2𝑇
𝜕𝑥21
+ 𝜕2𝑇
𝜕𝑥22
+ 𝜕2𝑇
𝜕𝑥23
) + 𝑄‴
Species
general form for species A
(𝜕𝑐𝐴
𝜕𝑡+ 𝑣1
𝜕𝑐𝐴
𝜕𝑥1
+ 𝑣2
𝜕𝑐𝐴
𝜕𝑥2
+ 𝑣3
𝜕𝑐𝐴
𝜕𝑥3
) = −(𝜕𝜙″
𝐴,1
𝜕𝑥1
+ 𝜕𝜙″
𝐴,2
𝜕𝑥2
+ 𝜕𝜙″
𝐴,3
𝜕𝑥3
) + 𝑅‴
𝐴
Fick’s law, constant 𝔻
𝜙″
𝐴,𝑖= −𝔻𝐴
𝜕𝑐𝐴
𝜕𝑥𝑖
→(𝜕𝑐𝐴
𝜕𝑡+ 𝑣1
𝜕𝑐𝐴
𝜕𝑥1
+ 𝑣2
𝜕𝑐𝐴
𝜕𝑥2
+ 𝑣3
𝜕𝑐𝐴
𝜕𝑥3
) = 𝔻𝐴(𝜕2𝑐𝐴
𝜕𝑥2
1
+ 𝜕2𝑐𝐴
𝜕𝑥2
2
+ 𝜕2𝑐𝐴
𝜕𝑥2
3
) + 𝑅‴
𝐴
3
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subscript ’1’: inlet, subscript ’2’:outlet, 𝜙𝑚(𝑘𝑔/𝑠): mass flow rate, 𝜙𝑉(𝑚3/𝑠): flow rate, 𝜙𝑊(𝑊): mechanical en-
ergy added (work, e.g. pump) in , 𝜙𝑞(𝑊): internal energy added, 𝑉(𝑚3): control volume, 𝑐𝐴(𝑘𝑔/𝑚3, 𝑚𝑜𝑙/𝑚3):
concentration of species 𝐴, ⟨𝑣⟩(𝑚/𝑠): cross-sectional averaged velocity in a duct or in/upstream/downstream
of a local restriction, 𝑒𝑓𝑟(𝐽/𝑘𝑔): energy dissipation, which can be calculated by
𝑒𝑓𝑟= ∑
𝑖
(4𝑓1
2⟨𝑣⟩2 𝐿
𝐷ℎ
)
𝑖
⏟⏟⏟⏟⏟⏟⏟⏟⏟
ducts
+ ∑
𝑗
(𝐾𝑤
1
2⟨𝑣⟩2)
𝑗
⏟⏟⏟⏟⏟⏟⏟
restrictions
with 𝐾𝑊: local friction loss factor, 𝑓: Fanning friction coefficient, 𝐷ℎ≡4𝐴/𝑆: hydraulic diameter
Mass
transient
𝑑
𝑑𝑡(𝜌𝑉) = 𝜙𝑚,1 −𝜙𝑚,2
stationary
𝜙𝑚,1 = 𝜙𝑚,2
Total energy
𝑒≡𝑢+ 1
2⟨𝑣⟩2 + 𝑔𝑧
transient
𝑑
𝑑𝑡(𝜌𝑒𝑉) = 𝜙𝑚,1 (𝑒+ 𝑝
𝜌)
1
−𝜙𝑚,2 (𝑒+ 𝑝
𝜌)
2
+ 𝜙𝑞+ 𝜙𝑊
stationary
0 = 𝜙𝑚(𝑒1 −𝑒2 + (𝑝
𝜌)
1
−(𝑝
𝜌)
2
) + 𝜙𝑞+ 𝜙𝑊
Mechanical energy
𝑒𝑚≡1
2⟨𝑣⟩2 + 𝑔𝑧
transient
𝑑
𝑑𝑡(𝜌𝑒𝑚𝑉) = 𝜙𝑚(𝑒𝑚,1 −𝑒𝑚,2 + (𝑝
𝜌)
1
−(𝑝
𝜌)
2
) + ∫
𝑉(𝑡)
𝑝(𝜕𝑣𝑖
𝜕𝑥𝑖
) 𝑑𝑉+ 𝜙𝑊−𝜙𝑚𝑒𝑓𝑟
𝜙𝑚,1 = 𝜙𝑚,2
𝜌𝑉𝑑𝑒𝑚
𝑑𝑡
= 𝜙𝑚(𝑒𝑚,1 −𝑒𝑚,2 + 𝑝1
𝜌−𝑝2
𝜌) + 𝜙𝑊−𝜙𝑚𝑒𝑓𝑟
𝜙𝑚,1 = 𝜙𝑚,2, 𝜌= constant
stationary
0 = 𝜙𝑚(𝑒𝑚,1 −𝑒𝑚,2 −∫
2
1
(1
𝜌) 𝑑𝑝) + 𝜙𝑊−𝜙𝑚𝑒𝑓𝑟
4

[image: ]Bernoulli equation
𝑝
𝜌+ 𝑔𝑧+ 1
2⟨𝑣⟩2 = constant along a streamline.
Internal energy (heat)
transient
𝑑
𝑑𝑡(𝜌𝑢𝑉) = 𝜙𝑚(𝑢1 −𝑢2) −∫
𝑉(𝑡)
𝑝(𝜕𝑣𝑖
𝜕𝑥𝑖
) 𝑑𝑉+ 𝜙𝑞+ 𝜙𝑚𝑒𝑓𝑟
𝜙𝑚,1 = 𝜙𝑚,2
𝜌𝑉𝑑𝑢
𝑑𝑡= 𝜙𝑚(𝑢1 −𝑢2) + 𝜙𝑞+ 𝜙𝑚𝑒𝑓𝑟
𝜙𝑚,1 = 𝜙𝑚,2, 𝜌= constant
stationary
0 = 𝜙𝑚(𝑢1 −𝑢2 −∫
2
1
𝑝𝑑(1
𝜌)) + 𝜙𝑞+ 𝜙𝑚𝑒𝑓𝑟
Momentum
transient
𝑑
𝑑𝑡(𝜌𝑣𝑖𝑉) = 𝜙𝑚,1𝑣𝑖,1 −𝜙𝑚,2𝑣𝑖,2 + ∑𝐹𝑖
stationary
0 = 𝜙𝑚(𝑣𝑖,1 −𝑣𝑖,2) + ∑𝐹𝑖
Species
transient
𝑑
𝑑𝑡(𝑐𝐴𝑉) = 𝜙𝑉,1𝑐𝐴,1 −𝜙𝑉,2𝑐𝐴,2 + 𝑃𝐴
stationary
0 = 𝜙𝑉(𝑐𝐴,1 −𝑐𝐴,2) + 𝑃𝐴
5

[image: ]Important correlations
Heat transfer
Conduction only
Around a sphere in an infinite medium
𝑁𝑢= 2
stationary
Inside a large, flat plate
𝑁𝑢= 1
stationary
Inside a long annulus between diameters 𝐷1 and 𝐷2
𝑁𝑢𝐷2 =
2
ln(𝐷2/𝐷1)
stationary
Inside a large plate/sphere/long cylinder
𝑁𝑢= 4.93/6.6/5.8
Long terms
forced convection
Laminar flow in tubes:
developing along 𝑥
𝑁𝑢(𝑥) = 1.08𝐺𝑧(𝑥)−1/3
𝐺𝑧(𝑥) < 0.05
developing, averaged over
0 ≤𝑥≤𝐿
⟨𝑁𝑢⟩𝐿= 1.62𝐺𝑧(𝐿)−1/3
𝐺𝑧(𝐿) < 0.05
developed
𝑁𝑢= ⟨𝑁𝑢⟩= 3.66
𝐺𝑧(𝑥) > 0.1
Turbulent flow in tubes
𝑁𝑢= 0.027𝑅𝑒0.8𝑃𝑟1/3
𝑅𝑒> 104, 𝑃𝑟≥0.7
Flat plate parallel to the flow,
developing along 𝑥
𝑁𝑢(𝑥) = 0.332𝑅𝑒(𝑥)0.5𝑃𝑟1/3
𝑅𝑒(𝑥) ≡𝜌𝑣𝑥=0𝑥
𝜂
< 3 × 105
Long cylinders perpendicular to
flow
⟨𝑁𝑢⟩= 0.57𝑅𝑒0.5𝑃𝑟1/3
10 < 𝑅𝑒< 104, 𝑃𝑟> 0.7, 𝑃𝑒≫1
Flow around spheres
⟨𝑁𝑢⟩= 2 + 0.66𝑅𝑒0.5𝑃𝑟1/3
10 < 𝑅𝑒< 104, 𝑃𝑟> 0.7, 𝑃𝑒≫1
free convection
Single vertical plate
⟨𝑁𝑢⟩= 0.52𝑅𝑎1/4
104 < 𝑅𝑎< 108 (laminar)
⟨𝑁𝑢⟩= 0.12𝑅𝑎1/3
𝑅𝑎> 108 (turbulent)
Between two large horizontal plates
⟨𝑁𝑢⟩= 1
𝑅𝑎< 103
⟨𝑁𝑢⟩= 0.15𝑅𝑎1/4
104 < 𝑅𝑎< 107 (laminar)
⟨𝑁𝑢⟩= 0.17𝑅𝑎1/3
𝑅𝑎> 107 (turbulent)
Above single hot plate
⟨𝑁𝑢⟩= 0.17𝑅𝑎1/3
𝑅𝑎> 108
Species transfer
Diffusion only
Around a sphere in an infinite medium
𝑆ℎ= 2
stationary
Inside a large, flat plate
𝑆ℎ= 1
stationary
Inside a long annulus between diameters 𝐷1 and 𝐷2
𝑆ℎ𝐷2 =
2
ln(𝐷2/𝐷1)
stationary
Inside a large plate/sphere/long cylinder
𝑆ℎ= 4.93/6.6/5.8
Long terms
6

[image: ]forced convection
Laminar flow in tubes:
developing along 𝑥
𝑆ℎ(𝑥) = 1.08𝐺𝑧(𝑥)−1/3
𝐺𝑧(𝑥) < 0.05
developing, averaged over
0 ≤𝑥≤𝐿
⟨𝑆ℎ⟩𝐿= 1.62𝐺𝑧(𝐿)−1/3
𝐺𝑧(𝐿) < 0.05
developed
𝑆ℎ= ⟨𝑆ℎ⟩= 3.66
𝐺𝑧(𝑥) > 0.1
Turbulent flow in tubes
𝑆ℎ= 0.027𝑅𝑒0.8𝑆𝑐1/3
𝑅𝑒> 104, 𝑆𝑐≥0.7
Flat plate parallel to the flow,
developing along 𝑥
𝑆ℎ(𝑥) = 0.332𝑅𝑒(𝑥)0.5𝑆𝑐1/3
𝑅𝑒(𝑥) ≡𝜌𝑣𝑥=0𝑥
𝜂
< 3 × 105
Long cylinders perpendicular to
flow
⟨𝑆ℎ⟩= 0.42𝑆𝑐1/5 + 0.57𝑅𝑒0.5𝑆𝑐1/3
1 < 𝑅𝑒< 104, 𝑆𝑐> 0.7, 𝑃𝑒≫1
Flow around spheres
⟨𝑆ℎ⟩= 2 + 0.66𝑅𝑒0.5𝑆𝑐1/3
10 < 𝑅𝑒< 104, 𝑆𝑐> 0.7, 𝑃𝑒≫1
free convection
Single vertical plate
⟨𝑆ℎ⟩= 0.55𝑅𝑎1/4
104 < 𝑅𝑎< 108 (laminar)
⟨𝑆ℎ⟩= 0.13𝑅𝑎1/3
𝑅𝑎> 108 (turbulent)
Between two large horizontal plates
⟨𝑆ℎ⟩= 1
𝑅𝑎< 103
⟨𝑆ℎ⟩= 0.54𝑅𝑎1/4
104 < 𝑅𝑎< 107 (laminar)
⟨𝑆ℎ⟩= 0.17𝑅𝑎1/3
𝑅𝑎> 107 (turbulent)
Above singe plate of high concentration
⟨𝑆ℎ⟩= 0.54𝑅𝑎1/4
104 < 𝑅𝑎< 107
⟨𝑆ℎ⟩= 0.15𝑅𝑎1/3
107 < 𝑅𝑎< 1011
Flow
Laminar flow in tubes
4𝑓= 64
𝑅𝑒
Turbulent flow in smooth tubes (Blasius)
4𝑓= 0.316𝑅𝑒−0.25
4 × 103 < 𝑅𝑒< 105
Turbulent flow in smooth tubes (McAdams)
4𝑓= 0.184𝑅𝑒−0.20
104 < 𝑅𝑒< 106
7

[image: ]Combined species and heat transfer
Relation of Chilton and Colburn (for turbulent flow)
𝑘=
ℎ
𝜌𝐶𝑝
(𝔻
𝑎)
2/3
=
ℎ
𝜌𝐶𝑝
𝐿𝑒−2/3
Analogy
Heat
Species
𝜌𝐶𝑝𝑇
Concentration
𝑐𝑘𝑔,𝑚𝑜𝑙
Δ𝑇
Driving difference
Δ𝑐𝑘𝑔,𝑚𝑜𝑙
𝜙𝑞= 𝜙𝑉⋅𝜌⋅𝐶𝑝⋅𝑇
Convection
𝜙𝑘𝑔,𝑚𝑜𝑙= 𝜙𝑉⋅𝑐𝑘𝑔,𝑚𝑜𝑙
𝜙″
𝑞= −𝜆𝑑𝑇
𝑑𝑥
Molecular transport
𝜙″
𝑘𝑔,𝑚𝑜𝑙= −𝔻𝑑𝑐𝑘𝑔,𝑚𝑜𝑙
𝑑𝑥
𝜙𝑞= ℎ⋅𝐴⋅Δ𝑇
based on transfer coefficient
𝜙𝑘𝑔,𝑚𝑜𝑙= 𝑘⋅𝐴⋅Δ𝑐𝑘𝑔,𝑚𝑜𝑙
𝐹𝑜= 𝑎𝑡
ℓ2
Fourier number
𝐹𝑜= 𝔻𝑡
ℓ2
𝑁𝑢
Dimensionless transfer coefficient
𝑆ℎ
8

[image: ]Drag and friction
Drag coefficients around objects
𝐹𝐷= 𝐶𝐷⋅𝐴⟂⋅1
2𝜌𝑣2
∞
with 𝐴⟂the cross-sectional area
Object
𝑅𝑒
𝐶𝐷
Flat plate, perpendicular flow, width 𝑊, height 𝐷
𝑅𝑒> 103
𝑊/𝐷
1
1.18
5
1.2
10
1.2
20
1.5
30
1.6
∞
1.95
Flat plate, tangential flow, length 𝐿
Laminar
1.33𝑅𝑒−0.5
𝑅𝑒< 107
0.074𝑅𝑒−0.2
Sphere, diameter 𝐷
𝑅𝑒< 1
24/𝑅𝑒
Cylinder, perpendicular flow, width 𝑊, diameter 𝐷
103 < 𝑅𝑒< 3 × 105
𝑊/𝐷
1
0.63
5
0.8
10
0.83
20
0.93
30
1.0
∞
1.2
9

[image: ]Friction coefficients by local restrictions
sharp and smooth bends (𝑅𝑒> 3 × 105)
𝐾𝑊= 𝐴1𝐵1𝐶1
𝐷0, 𝐹0 = tube diameter/area
𝑎0, 𝑏0 = height/width rectangular duct
𝛿= bend angle
𝐷ℎ= hydraulic diameter
𝑤0 = average velocity
𝑅0 = bend radius
𝑅𝑒= 𝑤0𝐷ℎ/𝜈
0.5𝑅0
𝐷ℎ
< 1.5
𝑅0
𝐷ℎ
≥1.5
𝐴1
0
20
40
60
80
100
120
140
160
180
0.0
0.4
0.8
1.2
𝛿
0
20
40
60
80
100
120
140
160
180
0.0
0.4
0.8
1.2
𝛿
𝐵1
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
0.0
0.2
0.4
0.6
0.8
1.0
1.2
𝑅0/𝐷ℎ
1
2
3
4
5
6 7 8 910
20
30
40 50
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22
𝑅0/𝐷ℎ
𝐶1(▭)
0
1
2
3
4
5
6
7
8
0.8
0.9
1.0
1.1
1.2
1.3
𝑎0/𝑏0
0
2
4
6
8
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
𝑎0/𝑏0
𝐶1(○)
1
1
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[image: ]sudden expansion and contraction
Δ𝑝= 𝐾𝑊⋅1
2𝜌𝑤2
0
𝐷0, 𝐹0, 𝑆0 = inlet diameter/area/perimeter
𝑤0 = inlet average velocity
𝑤2 = outlet average velocity
𝐹2 = outlet area
𝑅𝑒= 𝑤0𝐷ℎ/𝜈, 𝐷ℎ= 4𝐹0/𝑆0
𝑅𝑒
𝐾𝑊
1 < 𝑅𝑒< 8
26
𝑅𝑒
10 < 𝑅𝑒< 3.5 × 103
10
2
 
 
5
 
   100
2
 
 
5
 
   1000
2
5
0.0
0.4
0.8
1.2
1.6
2.0
2.4
2.8
3.2
3.6
𝑅𝑒
𝑅𝑒≥3.5 × 103
(1 −𝐹0
𝐹2
)
2
Δ𝑝= 𝐾𝑊⋅1
2𝜌𝑤2
0
𝐷0, 𝐹0, 𝑆0 = outlet diameter/area/perimeter
𝑤0 = outlet average velocity
𝑤1 = inlet average velocity
𝐹1 = inlet area
𝑅𝑒= 𝑤0𝐷ℎ/𝜈, 𝐷ℎ= 4𝐹0/𝑆0
𝑅𝑒
𝐾𝑊
1 < 𝑅𝑒< 8
27
𝑅𝑒
10 < 𝑅𝑒< 104
10
2
 
 
5    100
2
 
 
5    1000
2
 
 
5    
10000
0.0
0.4
0.8
1.2
1.6
2.0
2.4
2.8
3.2
3.6
4.0
4.4
4.8
5.2
𝑅𝑒
𝑅𝑒≥104
0.5 (1 −𝐹0
𝐹1
)
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[image: ]sharp-edged orifices (thickness <1.5% of 𝐷ℎ)
𝐹0, 𝑆0, 𝐷0 = orifice area/perimeter/diameter
𝐹1 = inlet area
𝐹2 = outlet area
𝑤0, 𝑤1, 𝑤2 = average velocity
𝑅𝑒= 𝑤0𝐷ℎ/𝜈, 𝐷ℎ= 4𝐹0/𝑆0
𝐾𝑊= 𝐾𝜙+ 𝐴(0.707√1 −𝐹0
𝐹1
+ 1 −𝐹0
𝐹2
)
2
Δ𝑝= 𝐾𝑊⋅1
2𝜌𝑤2
0
𝑅𝑒
𝐾𝜙, 𝐴
𝑅𝑒< 105
2  5    
2  5    
2  5    
2  5    
2  5    
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
𝑅𝑒
𝑅𝑒≥105
𝐾𝜙= 0
𝐴= 1
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[image: ]converging and diverging T-junctions (𝑅𝑒≡𝑤3𝐷/𝜈> 105)
Δ𝑝= 𝐾𝑊⋅1
2𝜌𝑤2
3
converging
1⃝
𝐾1−3
=
0.045 + [1.38 −1.94 (́ 𝑟
𝐷)
0.5
+ 1.34 (́ 𝑟
𝐷)] (𝑄2
𝑄3
) −
[0.90 −0.95 (́ 𝑟
𝐷)
0.5
+ 1.23 (́ 𝑟
𝐷)] (𝑄2
𝑄3
)
2
2⃝
𝐾2−3
=
[1.09 −0.80 (́ 𝑟
𝐷)
0.5
] −[0.53 + 1.27 (́ 𝑟
𝐷)
0.5
−1.86 (́ 𝑟
𝐷)] (𝑄1
𝑄3
)
2
−
[1.48 −2.28 (́ 𝑟
𝐷)
0.5
+ 1.80 (́ 𝑟
𝐷)] (𝑄1
𝑄3
)
2
diverging
3⃝
𝐾3−1
=
1.55 [0.22 −(𝑄2
𝑄3
)]
2
−0.03
0 ≤(𝑄2
𝑄3
) ≤0.22
4⃝
𝐾3−1
=
0.65 [(𝑄2
𝑄3
) −0.22]
2
−0.03
0.22 ≤(𝑄2
𝑄3
) ≤1
5⃝
𝐾3−2
=
[0.99 −0.23 (́ 𝑟
𝐷)
0.5
] −[0.82 + 0.29 (́ 𝑟
𝐷)
0.5
+ 0.30 (́ 𝑟
𝐷)] (𝑄2
𝑄3
) +
[1.02 −0.64 (́ 𝑟
𝐷)
0.5
+ 0.76 (́ 𝑟
𝐷)] (𝑄2
𝑄3
)
2
Equation 1⃝
Equation 2⃝
Equation 5⃝
For sharp bends (́𝑟/𝐷= 0)
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[image: ]diffusors and contractions (𝑅𝑒≡𝑤0𝐷ℎ/𝜈> 104)
Δ𝑝= 𝐾𝑊⋅1
2𝜌𝑤2
0
𝐷ℎ= 4𝐹0/𝑆0
𝐷0, 𝐹0, 𝑆0 = inlet diameter/area/perimeter
𝑤0 = inlet average velocity
𝑤1 = outlet average velocity
𝐹1 = outlet area
𝛼= diffusor angle
𝐾𝑊
𝐹0/𝐹1
𝛼= 3∘
6
8
10
12
14
10
20
24
30
40
60
90
180
0
0.03
0.08
0.11
0.15
0.19
0.23
0.27
0.36
0.47
0.65
0.92
1.15
1.1
1 02
0.05
0.03
0.07
0.10
0.14
0.16
0.20
0.24
0.32
0.42
0.58
0.83
1.04
0.99
0.92
0.075
0.03
0.07
0.09
0.13
0.16
0.19
0.23
0.30
0.4
0.55
0.79
0.99
0.95
0.88
0.1
0.03
0.07
0.09
0.12
0.15
0.18
0.22
0.29
0.38
0.52
0.75
0.93
0.89
0.83
0.15
0.02
0.06
0.08
0.11
0.14
0.17
0.20
0.26
0.34
0.46
0.67
0.84
0.79
0.74
0.2
0.02
0.05
0.07
0.10
0.12
0.15
0.17
0.23
0.3
0.41
0.59
0.74
0.7
0.65
0.25
0.02
0.05
0.06
0.08
0.10
0.13
0.15
0.20
0.26
0.35
0.47
0.65
0.62
0.58
0.3
0.02
0.04
0.05
0.07
0.09
0.11
0.13
0.18
0.23
0.31
0.4
0.57
0.54
0.5
0.4
0.01
0.03
0.04
0.06
0.07
0.08
0.10
0.13
0.17
0.23
0.33
0.41
0.39
0.37
0.5
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.09
0.12
0.16
0.23
0.29
0.28
0.26
0.6
0.01
0.01
0.02
0.03
0.03
0.04
0.05
0.06
0.08
0.1
0.15
0.18
0.17
0.16
𝐾𝑊= 𝐾′ (1 −𝐹0
𝐹1
)
𝐷0, 𝐹0, 𝑆0 = outlet diameter/area/perimeter
𝑤0 = outlet average velocity
𝑤1 = inlet average velocity
𝐹1 = inlet area
𝛼= contraction angle
𝐾′
ℓ/𝐷ℎ
𝛼= 0∘
10
20
30
40
60
100
140
180
0.025
0.5
0.47
0.45
0.43
0.41
0.4
0.42
0.45
0.5
0.05
0.5
0.45
0.41
0.36
0.33
0.3
0.35
0.42
0.5
0.075
0.5
0.42
0.35
0.3
0.26
0.23
0.3
0.4
0.5
0.1
0.5
0.39
0.32
0.25
0.22
0.18
0.27
0.38
0.5
0.15
0.5
0.37
0.27
0.2
0.16
0.15
0.25
0.37
0.5
0.6
0.5
0.27
0.18
0.13
0.11
0.12
0.23
0.36
0.5
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[image: ]circular or square pipe entrances and exits
Δ𝑝= 𝐾𝑊
1
2𝜌𝑤2
0
𝐷0, 𝐹0, 𝑆0 = inlet diameter/area/perimeter
𝑤0 = inlet average velocity
𝛿= pipe wall thickness
𝑏= inlet length
𝑅𝑒= 𝑤0𝐷ℎ/𝜈, 𝐷ℎ= 4𝐹0/𝑆0
𝐾𝑊for pipe entrances (𝑅𝑒≡𝑤0𝐷ℎ/𝜈> 104)
𝛿/𝐷ℎ
𝑏/𝐷ℎ= 0
0.002
0.005
0.01
0.02
0.05
0.1
0.2
0.3
0.5
∞
0
0,50
0.57
0.63
0.68
0.73
0.8
0.86
0.92
0.97
1
1
0.004
0.5
0.54
0.58
0.63
0.67
0.74
0.8
0.86
0.9
0.94
0.94
0.008
0.5
0.53
0.55
0.58
0.62
0.68
0.74
0.81
0.85
0.88
0.88
0.012
0.5
0.52
0.53
0.55
0.58
0.63
0.68
0.75
0.79
0.83
0.83
0.016
0.5
0.51
0.51
0.53
0.55
0.58
0.64
0.7
0.74
0.77
0.77
0.02
0.5
0.51
0.51
0.52
0.53
0.55
0.6
0.66
0.69
0.72
0.72
0.024
0.5
0.5
0.5
0.51
0.52
0.53
0.58
0.62
0.65
0.68
0.68
0.03
0.5
0.5
0.5
0.51
0.52
0.52
0.54
0.57
0.59
0.61
0.61
0.04
0.5
0.5
0.5
0.51
0.51
0.51
0.51
0.52
0.52
0.54
0.54
0.05
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
∞
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
turbulent: 𝐾𝑊= 1
laminar: 𝐾𝑊= 2
All regimes: 𝐾𝑊= 0
𝐷0, 𝐹0, 𝑆0 = outlet diameter/area/perimeter
𝑤0 = outlet average velocity
𝑅𝑒= 𝑤0𝐷ℎ/𝜈, 𝐷ℎ= 4𝐹0/𝑆0
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[image: ]Fanning friction factor in tubes
Δ𝑝= 4𝑓⋅𝐿
𝐷ℎ
⋅1
2 ⋅𝜌⟨𝑣⟩2
with 𝐿the tube length
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[image: ]Fanning friction factor in tubes (turbulent range)
Δ𝑝= 4𝑓⋅𝐿
𝐷ℎ
⋅1
2 ⋅𝜌⟨𝑣⟩2
with 𝐿the tube length
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[image: ]Impellers: power number 𝑃𝑜vs 𝑅𝑒
𝑃= power applied (𝑊), 𝑁= impeller frequency (𝑠−1), 𝐷= impeller diameter (𝑚) and 𝑤= height of the impeller
blade (𝑚).
Hydraulic diameters
Hydraulic diameter
Wetted area
Wetted perimeter
𝐷ℎ≡4𝐴/𝑆
𝐴
𝑆
Fully filled, round
𝐷
𝜋
4𝐷2
𝜋𝐷
Partially filled, round
𝐷(𝜃−𝑠𝑖𝑛(𝜃))
𝜃+ 2𝑠𝑖𝑛(𝜃/2)
𝜃= 2𝑐𝑜𝑠−1(1 −2𝐻/𝐷)
1
8𝐷2 (𝜃−𝑠𝑖𝑛(𝜃))
𝐷
2 𝜃+ 𝐷𝑠𝑖𝑛(𝜃/2)
Fully filled, annulus
𝐷2 −𝐷1
1
4𝜋(𝐷2
2 −𝐷2
1)
𝜋(𝐷1 + 𝐷2)
Fully filled, rectangular
2𝑊𝐵
𝑊+ 𝐵
𝑊𝐵
2 (𝑊+ 𝐵)
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[image: ]Non-stationary transport in objects
based on the center value (large range)
Graph hereunder for temperatures, for concentrations use 𝑐1, 𝑐𝑐and 𝑐0.
𝐹𝑜≡𝑎𝑡
𝐷2 (heat), 𝐹𝑜≡𝔻𝑡
𝐷2 (species)
𝐷= 2𝑅
𝑥
0
𝑇
𝑇0
⟨𝑇⟩
𝑇1
KVD58DgoegakTPVHcty1tWY=">ACNHicbVDLSgMxFM3UV62v
VpfdBIvgQsuMSHVZEMSNUOkT2lIy6W0bmskMSUYoQz/Brf6J/y
K4E7d+g5lpwT68EDicy/n5LgBZ0rb9oeV2tjc2t5J72b29g8O
j7K54byQ0mhTn3uy5ZLFHAmoK6Z5tAKJBDP5dB0x3ex3nwGqZg
vanoSQNcjQ8EGjBJtqGqtR3vZgl20k8HrwJmDApPpZez8p2+T
0MPhKacKNV27EB3IyI1oxymU6oICB0TIbQNlAQD1Q3SrJO8Zl
h+njgS/OExgm7eBERT6mJ5pNj+iRWtVi8j+tHerBbTdiIg1CD
ozGoQcax/H8d9JoFqPjGAUMlMVkxHRBKqT1LqFg1O/DZWKV
6SjQMYrjRvdMEvy4wDPx1eJUFNTp7Na3jpoXBWdUrH0dF0oX8
yLTaM8OkXnyE3qIweUAXVEUVD9IJe0Zv1bn1aX9b3bDVlzW9O
0NJYP78h4Kr/</latexit>𝑇𝑐
𝑇(0)
−𝑅
+𝑅
𝑇(𝑡)
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[image: ]based on the center value (𝐹𝑜≤0.03)
Graph hereunder for temperatures, for concentrations use 𝑐1, 𝑐𝑐and 𝑐0.
𝐹𝑜≡𝑎𝑡
𝐷2 (heat), 𝐹𝑜≡𝔻𝑡
𝐷2 (species)
𝐷= 2𝑅
𝑥
wRNimSrbfiuyXU+yvNZQ45Q=">ACMnicbVDLSgMxFM34rPXV
6rKbYBFcaJkRqS4LgrgRWrQPaIeSW/b0ExmSDJCGfoFbvVP/Bn
diVs/wkw7YB9eCBzOuZdzcryQM6Vt+8NaW9/Y3NrO7GR39/YPD
nP5o4YKIkmhTgMeyJZHFHAmoK6Z5tAKJRDf49D0RreJ3nwGqVg
gnvQ4BNcnA8H6jBJtqJrdzRXtkj0dvAqcFBROtVu3ip0egGNfB
CacqJU27FD7cZEakY5TLKdSEFI6IgMoG2gID4oN54mneBTw/Rw
P5DmCY2n7PxFTHylxr5nNn2ih2pZS8j/tHak+zduzEQYaRB0ZtS
PONYBTr6Ne0wC1XxsAKGSmayYDokVJtyFlwiwWjQg4upVbajQ
CcoiRvfMUnwxzPxB/SISamDqd5fJWQeOy5JRL5dpVsXKeFpt
BXSCzpCDrlEF3aMqiOKAL2gV/RmvVuf1pf1PVtds9KbY7Qw1s
8vN0mqBQ=</latexit>0
𝑇
𝑇0
⟨𝑇⟩
𝑇1
KVD58DgoegakTPVHcty1tWY=">ACNHicbVDLSgMxFM3UV62v
VpfdBIvgQsuMSHVZEMSNUOkT2lIy6W0bmskMSUYoQz/Brf6J/y
K4E7d+g5lpwT68EDicy/n5LgBZ0rb9oeV2tjc2t5J72b29g8O
j7K54byQ0mhTn3uy5ZLFHAmoK6Z5tAKJBDP5dB0x3ex3nwGqZg
vanoSQNcjQ8EGjBJtqGqtR3vZgl20k8HrwJmDApPpZez8p2+T
0MPhKacKNV27EB3IyI1oxymU6oICB0TIbQNlAQD1Q3SrJO8Zl
h+njgS/OExgm7eBERT6mJ5pNj+iRWtVi8j+tHerBbTdiIg1CD
ozGoQcax/H8d9JoFqPjGAUMlMVkxHRBKqT1LqFg1O/DZWKV
6SjQMYrjRvdMEvy4wDPx1eJUFNTp7Na3jpoXBWdUrH0dF0oX8
yLTaM8OkXnyE3qIweUAXVEUVD9IJe0Zv1bn1aX9b3bDVlzW9O
0NJYP78h4Kr/</latexit>𝑇𝑐
𝑇(0)
−𝑅
+𝑅
𝑇(𝑡)
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[image: ]based on the average value (large range)
Graph hereunder for temperatures, for concentrations use 𝑐1, ⟨𝑐⟩and 𝑐0.
𝐹𝑜≡𝑎𝑡
𝐷2 (heat), 𝐹𝑜≡𝔻𝑡
𝐷2 (species)
𝐷= 2𝑅
𝑥
_base64="H43/wRNimSrbfiuy
XU+yvNZQ45Q=">ACMnicbVDL
SgMxFM34rPXV6rKbYBFcaJkRq
S4LgrgRWrQPaIeSW/b0ExmSD
JCGfoFbvVP/BndiVs/wkw7YB9
eCBzOuZdzcryQM6Vt+8NaW9/Y
3NrO7GR39/YPDnP5o4YKIkmhTg
MeyJZHFHAmoK6Z5tAKJRDf49D
0RreJ3nwGqVgnvQ4BNcnA8H6
jBJtqJrdzRXtkj0dvAqcFBRO
tVu3ip0egGNfBCacqJU27FD7c
ZEakY5TLKdSEFI6IgMoG2gID4o
N54mneBTw/RwP5DmCY2n7PxFT
Hylxr5nNn2ih2pZS8j/tHak+z
duzEQYaRB0ZtSPONYBTr6Ne0w
C1XxsAKGSmayYDokVJtyFlwi
wWjQg4upVbajQCcoiRvfMUnwx
zPxB/SISamDqd5fJWQeOy5JR
L5dpVsXKeFptBXSCzpCDrlEF
3aMqiOKAL2gV/RmvVuf1pf1P
Vtds9KbY7Qw1s8vN0mqBQ=</
latexit>0
𝑇
𝑇0
⟨𝑇⟩
𝑇1
KVD58DgoegakTPVHcty1tWY=">ACNHicbVDLSgMxFM3UV62v
VpfdBIvgQsuMSHVZEMSNUOkT2lIy6W0bmskMSUYoQz/Brf6J/y
K4E7d+g5lpwT68EDicy/n5LgBZ0rb9oeV2tjc2t5J72b29g8O
j7K54byQ0mhTn3uy5ZLFHAmoK6Z5tAKJBDP5dB0x3ex3nwGqZg
vanoSQNcjQ8EGjBJtqGqtR3vZgl20k8HrwJmDApPpZez8p2+T
0MPhKacKNV27EB3IyI1oxymU6oICB0TIbQNlAQD1Q3SrJO8Zl
h+njgS/OExgm7eBERT6mJ5pNj+iRWtVi8j+tHerBbTdiIg1CD
ozGoQcax/H8d9JoFqPjGAUMlMVkxHRBKqT1LqFg1O/DZWKV
6SjQMYrjRvdMEvy4wDPx1eJUFNTp7Na3jpoXBWdUrH0dF0oX8
yLTaM8OkXnyE3qIweUAXVEUVD9IJe0Zv1bn1aX9b3bDVlzW9O
0NJYP78h4Kr/</latexit>𝑇𝑐
𝑇(0)
−𝑅
+𝑅
𝑇(𝑡)
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[image: ]based on the average value (𝐹𝑜≤0.03)
Graph hereunder for temperatures, for concentrations use 𝑐1, ⟨𝑐⟩and 𝑐0.
𝐹𝑜≡𝑎𝑡
𝐷2 (heat), 𝐹𝑜≡𝔻𝑡
𝐷2 (species)
𝐷= 2𝑅
𝑥
wRNimSrbfiuyXU+yvNZQ45Q=">ACMnicbVDLSgMxFM34rPXV
6rKbYBFcaJkRqS4LgrgRWrQPaIeSW/b0ExmSDJCGfoFbvVP/Bn
diVs/wkw7YB9eCBzOuZdzcryQM6Vt+8NaW9/Y3NrO7GR39/YPD
nP5o4YKIkmhTgMeyJZHFHAmoK6Z5tAKJRDf49D0RreJ3nwGqVg
gnvQ4BNcnA8H6jBJtqJrdzRXtkj0dvAqcFBROtVu3ip0egGNfB
CacqJU27FD7cZEakY5TLKdSEFI6IgMoG2gID4oN54mneBTw/Rw
P5DmCY2n7PxFTHylxr5nNn2ih2pZS8j/tHak+zduzEQYaRB0ZtS
PONYBTr6Ne0wC1XxsAKGSmayYDokVJtyFlwiwWjQg4upVbajQ
CcoiRvfMUnwxzPxB/SISamDqd5fJWQeOy5JRL5dpVsXKeFpt
BXSCzpCDrlEF3aMqiOKAL2gV/RmvVuf1pf1PVtds9KbY7Qw1s
8vN0mqBQ=</latexit>0
𝑇
𝑇0
⟨𝑇⟩
𝑇1
KVD58DgoegakTPVHcty1tWY=">ACNHicbVDLSgMxFM3UV62v
VpfdBIvgQsuMSHVZEMSNUOkT2lIy6W0bmskMSUYoQz/Brf6J/y
K4E7d+g5lpwT68EDicy/n5LgBZ0rb9oeV2tjc2t5J72b29g8O
j7K54byQ0mhTn3uy5ZLFHAmoK6Z5tAKJBDP5dB0x3ex3nwGqZg
vanoSQNcjQ8EGjBJtqGqtR3vZgl20k8HrwJmDApPpZez8p2+T
0MPhKacKNV27EB3IyI1oxymU6oICB0TIbQNlAQD1Q3SrJO8Zl
h+njgS/OExgm7eBERT6mJ5pNj+iRWtVi8j+tHerBbTdiIg1CD
ozGoQcax/H8d9JoFqPjGAUMlMVkxHRBKqT1LqFg1O/DZWKV
6SjQMYrjRvdMEvy4wDPx1eJUFNTp7Na3jpoXBWdUrH0dF0oX8
yLTaM8OkXnyE3qIweUAXVEUVD9IJe0Zv1bn1aX9b3bDVlzW9O
0NJYP78h4Kr/</latexit>𝑇𝑐
𝑇(0)
−𝑅
+𝑅
𝑇(𝑡)
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[image: ]Radiation
Relevant formulas
Relation between form factors and surfaces
𝐹1→2
𝐹2→1
= 𝐴2
𝐴1
Effective emission coefficient between two bodies
𝑒𝑒𝑓𝑓= (1 −𝑒1
𝑒1
+ 𝐴1
𝐴2
1 −𝑒2
𝑒2
+
1
𝐹1→2
)
−1
Emission coefficients of materials (T=300K)
Alloy 24ST Polished
0.09
Black Body Matt
1
Alumina, Flame sprayed
0.8
Black Enamel Paint
0.8
Aluminum Anodized
0.77
Black Epoxy Paint
0.89
Aluminum Commercial sheet
0.09
Black lacquer on iron
0.875
Aluminum Commercial Sheet
0.09
Black Parson Optical
0.95
Aluminum Foil
0.04
Black Silicone Paint
0.93
Aluminum Heavily Oxidized
0.2 - 0.31
Brass Dull Plate
0.22
Aluminum Highly Polished
0.039 - 0.057
Brass Oxidized 600∘𝐶
0.6
Aluminum paint 
0.27 - 0.67
Brass Polished
0.03
Aluminum Rough
0.07
Brass Rolled Plate Natural Surface
0.06
Anodize black
0.88
Brick, fire-clay
0.75
Antimony, polished
0.28 - 0.31
Brick, red rough
0.93
Asbestos board 
0.96
Cadmium
0.02
Asbestos paper
0.93 - 0.945
Carbon filament
0.77
Asphalt
0.93
Carbon pressed filled surface
0.98
Basalt
0.72
Carbon, not oxidized
0.81
Beryllium
0.18
Cast Iron, newly turned
0.44
Beryllium, Anodized
0.9
Cast Iron, turned and heated
0.60 - 0.70
Bismuth, bright
0.34
Cement
0.54
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[image: ]Emission coefficients of materials (T=300K) (continued)
Clay
0.91
Paper offset
0.55
Coal
0.8
Pine
0.84
Concrete
0.85
Plaster
0.98
Concrete tiles
0.63
Plaster board
0.91
Concrete, rough
0.94
Plaster, rough
0.91
Copper electroplated
0.03
Plastics
0.90 - 0.97
Copper Nickel Alloy, polished
0.059
Platinum, polished plate
0.054 - 0.104
Copper Polished
0.023 - 0.052
Polyethylene, black plastic
0.92
Copper with thick oxide layer
0.78
Polypropylene
0.97
Cotton cloth
0.77
Polytetrafluoroethylene (PTFE)
0.92
Cromium polished
0.058
Porcelain glazed
0.93
Glass smooth
0.92 - 0.94
Porcelain, glazed
0.92
Glass, opal
0.87
PVC
0.91 - 0.93
Glass, pyrex
0.85 - 0.95
Pyrex
0.92
Gold highly polished
0.02 - 0.04
Quartz glass
0.93
Gold not polished
0.47
Rubber, foam
0.9
Granite, natural surface
0.96
Rubber, hard glossy plate
0.94
Gravel
0.28
Rubber, natural hard
0.91
Gypsum
0.85
Rubber, natural oft
0.86
Ice rough
0.985
Salt
0.34
Ice smooth
0.966
Sand
0.9
Inconel X Oxidized
0.71
Sandstone
0.59
Iron polished
0.14 - 0.38
Sapphire
0.48
Iron, dark gray surface
0.31
Sawdust
0.75
Iron, plate rusted red
0.61
Silica
0.79
Iron, rough ingot
0.87 - 0.95
Silicon Carbide
0.83 - 0.96
Lampblack paint
0.96
Silver Polished
0.02 - 0.03
Lead Oxidized
0.43
Snow
0.96 - 0.98
Lead pure unoxidized
0.057 - 0.075
Soil
0.90 - 0.95
Lime wash
0.91
Stainless Steel, polished
0.075
Limestone
0.90 - 0.93
Stainless Steel, type 301
0.54 - 0.63
Magnesia
0.72
Stainless Steel, weathered
0.85
Magnesite
0.38
Steel Galvanized New
0.23
Magnesium Oxide
0.20 - 0.55
Steel Galvanized Old
0.88
Magnesium Polished
0.07 - 0.13
Steel Oxidized
0.79
Marble White
0.95
Steel Polished
0.07
Masonry Plastered
0.93
Thoria
0.28
Mercury liquid
0.1
Tile
0.97
Mild Steel
0.20 - 0.32
Tin unoxidized
0.04
Molybdenum polished
0.05 - 0.18
Titanium polished
0.19
Mortar
0.87
Tungsten aged filament
0.032 - 0.35
Nichrome wire, bright
0.65 - 0.79
Tungsten polished
0.04
Nickel, elctroplated
0.03
Water (0 - 100∘𝐶)
0.95 - 0.963
Nickel, oxidized
0.59 - 0.86
Wood Beech, planned
0.935
Nickel, polished
0.072
Wood Oak, planned
0.885
Oak, planed
0.89
Wood, Pine
0.95
Oil paints, all colors
0.92 - 0.96
Wrought Iron
0.94
Paint
0.96
Zinc polished
0.045
Paper
0.93
Zinc Tarnished
0.25
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[image: ]Mathematics
error function
𝑥
erf(𝑥)
𝑥
erf(𝑥)
𝑥
erf(𝑥)
0.00
0.0000
1.00
0.8427
2.00
0.9953
0.05
0.0564
1.05
0.8624
2.05
0.9963
0.10
0.1125
1.10
0.8802
2.10
0.9970
0.15
0.1680
1.15
0.8961
2.15
0.9976
0.20
0.2227
1.20
0.9103
2.20
0.9981
0.25
0.2763
1.25
0.9229
2.25
0.9985
0.30
0.3286
1.30
0.9340
2.30
0.9989
0.35
0.3794
1.35
0.9438
2.35
0.9991
0.40
0.4284
1.40
0.9523
2.40
0.9993
0.45
0.4755
1.45
0.9597
2.45
0.9995
0.50
0.5205
1.50
0.9661
2.50
0.9996
0.55
0.5633
1.55
0.9716
2.55
0.9997
0.60
0.6039
1.60
0.9763
2.60
0.9998
0.65
0.6420
1.65
0.9804
2.65
0.9998
0.70
0.6778
1.70
0.9838
2.70
0.9999
0.75
0.7112
1.75
0.9867
2.75
0.9999
0.80
0.7421
1.80
0.9891
2.80
0.9999
0.85
0.7707
1.85
0.9911
2.85
0.9999
0.90
0.7969
1.90
0.9928
2.90
1.0000
0.95
0.8209
1.95
0.9942
2.95
1.0000
Basic integrals
∫𝑥𝑛𝑑𝑥= 𝑥𝑛+1
𝑛+ 1 + 𝐶
(𝑛≠−1)
∫𝑎𝑑𝑥= 𝑎𝑥+ 𝐶
∫1
𝑥𝑑𝑥= 𝑙𝑛(𝑥) + 𝐶
∫𝑎𝑥𝑑𝑥=
𝑎𝑥
𝑙𝑛(𝑎) + 𝐶
∫𝑒𝑥𝑑𝑥= 𝑒𝑥+ 𝐶
∫(𝑎𝑥+ 𝑏)𝑛= (𝑎𝑥+ 𝑏)𝑛+1
𝑎(𝑛+ 1)
+ 𝐶
∫𝑒𝑎𝑥𝑑𝑥= 1
𝑎𝑒𝑎𝑥+ 𝐶
∫
𝑐
𝑎𝑥+ 𝑏𝑑𝑥= 𝑐
𝑎𝑙𝑛(𝑎𝑥+ 𝑏) + 𝐶
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[image: ]Geometrical Measures
Cylinder
Outer surface = 𝜋𝐷(1
2𝐷+ 𝐻)
Curved surface = 𝜋𝐻𝐷
Volume = 1
4𝜋𝐻𝐷2
Tube
Volume = 1
4𝜋𝐻(𝐷2 −𝑑2)
Circle
Surface = 1
4𝜋𝐷2
Circumference = 𝜋𝐷
Sphere
Surface = 𝜋𝐷2
Volume = 1
6𝜋𝐷3
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[image: ]Properties of materials
water at 𝑝= 105 𝑃𝑎
𝑇
𝜌
𝜂
v
𝜆
𝐶𝑝
𝑎
Pr
𝛽
𝜎(∗)
(∘𝐶)
(𝑘𝑔/𝑚3)
(𝑃𝑎.𝑠)
(𝑚2/𝑠)
(𝑊/𝑚𝐾)
𝐽/(𝑘𝑔𝐾)
(𝑚2/𝑠)
-
(1/𝐾)
(𝑁/𝑚)
0.0
999.8
1.792e-03
1.792e-06
5.557e-01
4219.4
1.317e-07
13.6
-6.771e-05
7.571e-02
5.0
1000.0
1.518e-03
1.518e-06
5.678e-01
4205.0
1.350e-07
11.2
1.608e-05
7.501e-02
10.0
999.7
1.306e-03
1.306e-06
5.788e-01
4195.2
1.380e-07
9.5
8.797e-05
7.429e-02
15.0
999.1
1.137e-03
1.139e-06
5.888e-01
4188.5
1.407e-07
8.1
1.509e-04
7.356e-02
20.0
998.2
1.002e-03
1.003e-06
5.980e-01
4184.1
1.432e-07
7.0
2.068e-04
7.282e-02
25.0
997.0
8.900e-04
8.926e-07
6.065e-01
4181.3
1.455e-07
6.1
2.573e-04
7.205e-02
30.0
995.6
7.972e-04
8.007e-07
6.144e-01
4179.8
1.476e-07
5.4
3.034e-04
7.128e-02
35.0
994.0
7.191e-04
7.234e-07
6.217e-01
4179.3
1.497e-07
4.8
3.459e-04
7.049e-02
40.0
992.2
6.527e-04
6.578e-07
6.285e-01
4179.4
1.516e-07
4.3
3.855e-04
6.968e-02
45.0
990.2
5.957e-04
6.016e-07
6.348e-01
4180.1
1.534e-07
3.9
4.227e-04
6.886e-02
50.0
988.0
5.465e-04
5.531e-07
6.406e-01
4181.3
1.551e-07
3.6
4.578e-04
6.802e-02
55.0
985.7
5.036e-04
5.109e-07
6.460e-01
4183.0
1.567e-07
3.3
4.912e-04
6.717e-02
60.0
983.2
4.660e-04
4.740e-07
6.510e-01
4185.0
1.582e-07
3.0
5.233e-04
6.631e-02
65.0
980.5
4.329e-04
4.415e-07
6.556e-01
4187.3
1.597e-07
2.8
5.541e-04
6.543e-02
70.0
977.8
4.035e-04
4.127e-07
6.598e-01
4190.1
1.610e-07
2.6
5.840e-04
6.454e-02
75.0
974.8
3.774e-04
3.871e-07
6.636e-01
4193.2
1.623e-07
2.4
6.130e-04
6.363e-02
80.0
971.8
3.540e-04
3.643e-07
6.670e-01
4196.8
1.635e-07
2.2
6.414e-04
6.272e-02
85.0
968.6
3.331e-04
3.439e-07
6.701e-01
4200.7
1.647e-07
2.1
6.692e-04
6.179e-02
90.0
965.3
3.142e-04
3.255e-07
6.728e-01
4205.2
1.657e-07
2.0
6.966e-04
6.084e-02
95.0
961.9
2.971e-04
3.088e-07
6.752e-01
4210.2
1.667e-07
1.9
7.237e-04
5.989e-02
(*) at saturation pressure
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[image: ]air at 𝑝= 105 𝑃𝑎
𝑇
𝜌
𝜂
v
𝜆
𝐶𝑝
𝐶𝑣
𝑎
𝛽
(∘𝐶)
(𝑘𝑔/𝑚3)
(𝑃𝑎.𝑠)
(𝑚2/𝑠)
(𝑊/𝑚𝐾)
𝐽/(𝑘𝑔𝐾)
𝐽/(𝑘𝑔𝐾)
(𝑚2/𝑠)
(1/𝐾)
0.0
1.276
1.722e-05
1.349e-05
2.436e-02
1005.7
716.9
1.898e-05
3.674e-03
10.0
1.231
1.772e-05
1.439e-05
2.512e-02
1005.9
717.3
2.029e-05
3.543e-03
20.0
1.189
1.821e-05
1.531e-05
2.587e-02
1006.1
717.7
2.163e-05
3.421e-03
30.0
1.149
1.869e-05
1.626e-05
2.662e-02
1006.5
718.1
2.301e-05
3.307e-03
40.0
1.113
1.917e-05
1.722e-05
2.735e-02
1006.9
718.6
2.442e-05
3.201e-03
50.0
1.078
1.964e-05
1.821e-05
2.808e-02
1007.4
719.2
2.585e-05
3.101e-03
60.0
1.046
2.010e-05
1.922e-05
2.880e-02
1008.0
719.9
2.732e-05
3.007e-03
70.0
1.015
2.056e-05
2.025e-05
2.952e-02
1008.7
720.7
2.882e-05
2.919e-03
80.0
0.986
2.101e-05
2.130e-05
3.023e-02
1009.4
721.5
3.035e-05
2.836e-03
90.0
0.959
2.146e-05
2.237e-05
3.093e-02
1010.3
722.4
3.191e-05
2.758e-03
100.0
0.933
2.190e-05
2.346e-05
3.162e-02
1011.2
723.4
3.350e-05
2.683e-03
110.0
0.909
2.233e-05
2.457e-05
3.231e-02
1012.2
724.4
3.511e-05
2.613e-03
120.0
0.886
2.276e-05
2.569e-05
3.299e-02
1013.3
725.6
3.675e-05
2.546e-03
130.0
0.864
2.319e-05
2.684e-05
3.367e-02
1014.5
726.8
3.841e-05
2.483e-03
140.0
0.843
2.361e-05
2.801e-05
3.434e-02
1015.8
728.1
4.010e-05
2.423e-03
150.0
0.823
2.403e-05
2.919e-05
3.500e-02
1017.1
729.5
4.181e-05
2.365e-03
160.0
0.804
2.444e-05
3.039e-05
3.566e-02
1018.5
730.9
4.354e-05
2.310e-03
170.0
0.786
2.485e-05
3.162e-05
3.631e-02
1020.0
732.5
4.530e-05
2.258e-03
180.0
0.769
2.525e-05
3.285e-05
3.696e-02
1021.6
734.1
4.708e-05
2.208e-03
190.0
0.752
2.565e-05
3.411e-05
3.761e-02
1023.2
735.7
4.888e-05
2.160e-03
200.0
0.736
2.605e-05
3.539e-05
3.825e-02
1025.0
737.5
5.070e-05
2.115e-03
28

[image: ]other fluids and gases at 𝑝= 105 𝑃𝑎, 𝑇= 20 ∘𝐶
Fluid
𝜌
𝜂
v
𝜆
𝐶𝑝
𝑎
𝛽
(𝑘𝑔/𝑚3)
(𝑃𝑎.𝑠)
(𝑚2/𝑠)
(𝑊/𝑚𝐾)
𝐽/(𝑘𝑔𝐾)
(𝑚2/𝑠)
(1/𝐾)
1-Butene
2.371
1544.6
3.785e-03
Acetone
790.265
2131.0
1.404e-03
Air
1.189
1.821e-05
1.531e-05
2.587e-02
1006.1
2.163e-05
3.421e-03
Ammonia
0.707
9.911e-06
1.403e-05
2.449e-02
2162.2
1.603e-05
3.569e-03
Argon
1.640
2.231e-05
1.360e-05
1.750e-02
521.6
2.045e-05
3.422e-03
Benzene
878.832
6.468e-04
7.360e-07
1.429e-01
1722.2
9.440e-08
1.209e-03
CarbonDioxide
1.815
1.467e-05
8.085e-06
1.625e-02
846.0
1.058e-05
3.471e-03
CarbonMonoxide
1.150
1042.0
3.422e-03
CarbonylSulfide
2.494
697.3
3.536e-03
CycloHexane
778.673
9.724e-04
1.249e-06
1835.6
1.207e-03
CycloPropane
1.756
1334.2
3.616e-03
Cyclopentane
745.388
3.240e-04
4.347e-07
1.285e-01
1786.6
9.651e-08
1.316e-03
Deuterium
0.165
7247.3
3.410e-03
Dichloroethane
1252.628
1298.9
1.144e-03
DiethylEther
713.587
2317.1
1.601e-03
DimethylCarbonate
1069.892
1826.1
1.233e-03
DimethylEther
1.927
9.065e-06
4.704e-06
1455.1
3.657e-03
Ethane
1.243
9.207e-06
7.404e-06
2.036e-02
1737.7
9.421e-06
3.495e-03
Ethanol
789.418
1.194e-03
1.512e-06
1.645e-01
2396.0
8.697e-08
1.084e-03
EthylBenzene
866.895
6.476e-04
7.471e-07
1.290e-01
1730.1
8.603e-08
1.005e-03
Ethylene
1.158
1520.9
3.475e-03
EthyleneOxide
1.859
1138.8
3.808e-03
Fluorine
1.560
822.4
3.420e-03
HFE143m
4.214
928.5
3.756e-03
HeavyWater
1105.334
1.246e-03
1.127e-06
5.887e-01
4199.6
1.268e-07
1.247e-04
29

[image: ]other fluids and gases at 𝑝= 105 𝑃𝑎, 𝑇= 20 ∘𝐶(cont’d)
Fluid
𝜌
𝜂
v
𝜆
𝐶𝑝
𝑎
𝛽
(𝑘𝑔/𝑚3)
(𝑃𝑎.𝑠)
(𝑚2/𝑠)
(𝑊/𝑚𝐾)
𝐽/(𝑘𝑔𝐾)
(𝑚2/𝑠)
(1/𝐾)
Helium
0.164
1.962e-05
1.195e-04
1.535e-01
5193.2
1.801e-04
3.409e-03
Hydrogen
0.083
8.797e-06
1.064e-04
1.834e-01
14287.8
1.553e-04
3.410e-03
HydrogenChloride
1.505
810.3
3.480e-03
HydrogenSulfide
1.409
1.186e-05
8.418e-06
1013.1
3.498e-03
IsoButane
2.452
7.375e-06
3.007e-06
1.637e-02
1670.7
3.995e-06
3.735e-03
IsoButene
2.371
1612.5
3.789e-03
Isohexane
653.174
2211.6
1.395e-03
Isopentane
620.059
2.025e-04
3.266e-07
1.032e-01
2248.0
7.407e-08
1.628e-03
Krypton
3.445
249.2
3.435e-03
Methane
0.659
1.104e-05
1.674e-05
3.345e-02
2220.5
2.284e-05
3.434e-03
Methanol
791.311
5.864e-04
7.410e-07
2.013e-01
2501.4
1.017e-07
1.189e-03
MethylLinoleate
885.430
2306.0
8.399e-04
MethylLinolenate
899.230
2115.8
8.304e-04
MethylOleate
873.817
2239.4
8.390e-04
Neon
0.827
1030.4
3.410e-03
Neopentane
3.079
1691.4
3.891e-03
Nitrogen
1.150
1.757e-05
1.529e-05
2.547e-02
1041.3
2.128e-05
3.420e-03
NitrousOxide
1.816
878.2
3.473e-03
Novec649
1617.509
1099.2
1.840e-03
OrthoDeuterium
0.165
7250.4
3.410e-03
OrthoHydrogen
0.083
14086.2
3.410e-03
Oxygen
1.314
2.027e-05
1.543e-05
2.595e-02
918.9
2.149e-05
3.423e-03
ParaDeuterium
0.165
7247.5
3.410e-03
ParaHydrogen
0.083
1.906e-01
14892.2
1.548e-04
3.410e-03
Propylene
1.753
8.410e-06
4.799e-06
1.663e-02
1533.8
6.185e-06
3.577e-03
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[image: ]other fluids and gases at 𝑝= 105 𝑃𝑎, 𝑇= 20 ∘𝐶(cont’d)
Fluid
𝜌
𝜂
v
𝜆
𝐶𝑝
𝑎
𝛽
(𝑘𝑔/𝑚3)
(𝑃𝑎.𝑠)
(𝑚2/𝑠)
(𝑊/𝑚𝐾)
𝐽/(𝑘𝑔𝐾)
(𝑚2/𝑠)
(1/𝐾)
Propyne
1.673
1538.6
3.630e-03
R11
1488.101
4.556e-04
3.061e-07
8.824e-02
876.0
6.769e-08
1.584e-03
R113
1575.097
913.1
1.505e-03
R114
7.243
694.5
3.767e-03
R115
6.462
713.8
3.632e-03
R116
5.725
1.388e-05
2.425e-06
1.441e-02
768.0
3.277e-06
3.541e-03
R12
5.061
1.160e-05
2.292e-06
9.701e-03
607.7
3.154e-06
3.636e-03
R123
1476.668
4.427e-04
2.998e-07
7.783e-02
1013.5
5.201e-08
1.718e-03
R1233zd(E)
5.588
1.090e-05
1.951e-06
812.7
3.960e-03
R1234yf
4.790
1.216e-05
2.538e-06
1.342e-02
896.3
3.126e-06
3.699e-03
R1234ze(E)
4.798
1.214e-05
2.530e-06
1.336e-02
881.9
3.159e-06
3.717e-03
R1234ze(Z)
4.887
852.8
4.023e-03
R124
5.757
1.267e-05
2.201e-06
1.276e-02
735.7
3.013e-06
3.761e-03
R1243zf
4.036
939.2
3.705e-03
R125
5.004
1.275e-05
2.548e-06
1.364e-02
789.1
3.455e-06
3.609e-03
R13
4.327
1.413e-05
3.265e-06
1.201e-02
639.8
4.339e-06
3.522e-03
R134a
4.278
1.162e-05
2.717e-06
1.299e-02
843.5
3.600e-06
3.694e-03
R13I1
8.231
349.0
3.698e-03
R14
3.625
1.699e-05
4.688e-06
1.561e-02
689.2
6.251e-06
3.460e-03
R141b
1243.487
4.318e-04
3.472e-07
9.230e-02
1147.3
6.470e-08
1.546e-03
R142b
4.238
845.4
3.762e-03
R143a
3.511
1.094e-05
3.115e-06
1.443e-02
937.4
4.386e-06
3.635e-03
R152A
2.772
1.094e-05
3.946e-06
1.367e-02
1041.1
4.737e-06
3.706e-03
R161
2.004
1244.2
3.602e-03
R21
4.357
615.7
3.820e-03
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[image: ]other fluids and gases at 𝑝= 105 𝑃𝑎, 𝑇= 20 ∘𝐶(cont’d)
Fluid
𝜌
𝜂
v
𝜆
𝐶𝑝
𝑎
𝛽
(𝑘𝑔/𝑚3)
(𝑃𝑎.𝑠)
(𝑚2/𝑠)
(𝑊/𝑚𝐾)
𝐽/(𝑘𝑔𝐾)
(𝑚2/𝑠)
(1/𝐾)
R218
7.891
1.214e-05
1.539e-06
1.209e-02
789.6
1.941e-06
3.698e-03
R22
3.603
1.355e-05
3.761e-06
1.118e-02
656.8
4.724e-06
3.596e-03
R227EA
7.183
1.137e-05
1.583e-06
1.295e-02
806.1
2.237e-06
3.794e-03
R23
2.896
1.467e-05
5.066e-06
1.335e-02
729.9
6.316e-06
3.508e-03
R236EA
6.471
1.070e-05
1.654e-06
1.408e-02
860.6
2.528e-06
3.900e-03
R236FA
6.459
1.075e-05
1.665e-06
1.225e-02
831.1
2.282e-06
3.871e-03
R245ca
1399.792
1371.7
1.777e-03
R245fa
5.722
1.161e-05
2.030e-06
1.529e-02
880.7
3.035e-06
3.972e-03
R32
2.163
1.314e-05
6.076e-06
1.325e-02
842.0
7.277e-06
3.580e-03
R365MFC
1267.722
1367.0
1.668e-03
R40
2.110
833.5
3.646e-03
R404A
4.076
1.202e-05
2.948e-06
1.308e-02
869.2
3.693e-06
3.634e-03
R407C
3.598
1.203e-05
3.345e-06
1.286e-02
830.3
4.306e-06
3.633e-03
R41
1.409
1111.3
3.512e-03
R410A
3.020
1.265e-05
4.190e-06
1.296e-02
816.4
5.257e-06
3.590e-03
R507A
4.128
1.197e-05
2.900e-06
1.310e-02
864.1
3.674e-06
3.630e-03
RC318
8.472
783.7
3.789e-03
SES36
1384.757
1068.0
1.791e-03
SulfurDioxide
2.676
648.3
3.652e-03
SulfurHexafluoride
6.064
1.499e-05
2.472e-06
1.262e-02
661.0
3.147e-06
3.545e-03
Toluene
866.888
5.871e-04
6.773e-07
1.317e-01
1685.4
9.016e-08
1.072e-03
Water
998.206
1.002e-03
1.003e-06
5.980e-01
4184.1
1.432e-07
2.068e-04
Xenon
5.416
160.2
3.467e-03
cis-2-Butene
2.379
1477.3
3.840e-03
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[image: ]other fluids and gases at 𝑝= 105 𝑃𝑎, 𝑇= 20 ∘𝐶(cont’d)
Fluid
𝜌
𝜂
v
𝜆
𝐶𝑝
𝛼
𝛽
(𝑘𝑔/𝑚3)
(𝑃𝑎.𝑠)
(𝑚2/𝑠)
(𝑊/𝑚𝐾)
𝐽/(𝑘𝑔𝐾)
(𝑚2/𝑠)
(1/𝐾)
m-Xylene
864.208
6.176e-04
7.146e-07
1.311e-01
1695.6
8.948e-08
9.903e-04
n-Butane
2.462
7.279e-06
2.957e-06
1.607e-02
1712.3
3.813e-06
3.797e-03
n-Decane
730.407
9.134e-04
1.251e-06
1.308e-01
2174.2
8.236e-08
1.064e-03
n-Dodecane
749.433
1.488e-03
1.986e-06
1.365e-01
2196.4
8.293e-08
9.897e-04
n-Heptane
683.812
4.121e-04
6.026e-07
1.237e-01
2221.9
8.140e-08
1.231e-03
n-Hexane
659.380
3.132e-04
4.749e-07
1.215e-01
2252.0
8.185e-08
1.369e-03
n-Nonane
718.027
6.983e-04
9.725e-07
1.281e-01
2189.6
8.149e-08
1.097e-03
n-Octane
702.609
5.441e-04
7.744e-07
1.262e-01
2209.8
8.126e-08
1.146e-03
n-Pentane
626.189
1.891e-04
3.020e-07
1.138e-01
2293.7
7.925e-08
1.583e-03
n-Propane
1.840
8.012e-06
4.354e-06
1.776e-02
1663.7
5.802e-06
3.599e-03
n-Undecane
740.298
2198.6
1.032e-03
o-Xylene
880.230
8.112e-04
9.216e-07
1.319e-01
1750.0
8.563e-08
9.551e-04
p-Xylene
861.068
6.447e-04
7.487e-07
1.279e-01
1700.5
8.735e-08
1.005e-03
trans-2-Butene
2.379
1596.3
3.838e-03
Composition of air
Component
Volume %
Weight %
Nitrogen
78.09
75.53
Oxygen
20.95
23.14
Argon
0.93
1.28
CO2
3.00E-02
5.00E-02
Neon
1.80E-03
1.30E-03
Helium
5.00E-04
7.00E-05
Krypton
1.00E-04
3.00E-04
Xenon
8.00E-06
4.00E-05
Hydrogen
5.00E-05
3.00E-06
Ozon
1.00E-06
2.00E-06
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[image: ]Henry’s law constant for solubility of gases in water, 𝐻𝑠= 𝑝𝑖
𝑥𝑖
Nitrogen
Oxygen
Air
Hydrogen
CO2
𝑇∘𝐶
109 𝑃𝑎
109 𝑃𝑎
109 𝑃𝑎
109 𝑃𝑎
107 𝑃𝑎
0
5.36
2.58
4.38
5.87
7.62
5
6.05
2.95
4.95
6.16
9.61
10
6.77
3.31
5.59
6.44
10.9
15
7.48
3.69
6.15
6.7
12.8
20
8.15
4.06
6.73
6.92
14.8
25
8.77
4.44
7.3
7.16
17.1
30
9.36
4.81
7.81
7.38
19.5
35
9.98
5.14
8.34
7.52
40
10.5
5.42
8.82
7.61
24.5
45
11
5.71
9.23
7.7
50
11.5
5.96
9.59
7.75
29.8
60
12.2
6.37
10.2
7.75
35.7
80
12.8
6.96
10.8
7.65
90
12.8
7.08
10.9
7.61
100
12.8
7.1
10.8
7.55
Diffusion coefficients of gases in water
Gas
Temperature (∘𝐶)
Diffusion coefficient (10−9 𝑚2/𝑠)
Ammonia
20
1.46
CO2
21.7
1.60
Nitrogen
25
2.34
Oxygen
21
2.33
Diffusion coefficients of gases and vapors in air
Gas
Diffusion coefficient (10−9 𝑚2/𝑠)
Ammonia
28
CO2
16.4
Ethanol
11.9
Oxygen
20.6
Water
25.6
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Name
𝑇
𝜌
𝐶𝑝
𝜆
𝑎
𝛼
𝑇𝑚𝑒𝑙𝑡
(∘𝐶)
(𝑘𝑔/𝑚3)
(𝐽/(𝑘𝑔.𝐾))
(𝑊/(𝑚.𝐾))
(10−6𝑚2/𝑠)
(1/𝐾)
(∘𝐶)
Aluminium
20
2700
945
238
93.4
24
660
Austenitic steel
20
7900
470
14.5
3.9
15.6
1350 - 1400
Beryllium
20
1848
1780
180
54.7
12
1287
Bismuth
20
9800
129
8.4
6.6
13.3
271
Bronze
20
8800
377
61.7
18.6
17.8
870 - 950
Cadmium
100
8640
246
94.2
44.3
30
321
Carbon steel
20
7860
483
52
13.7
12
1425 - 1460
Cesium
20
1870
242
35.9
79.3
97
28
Chromium
20
7100
474
88.6
26.3
7
1907
Cobalt
20
8780
427
69.1
18.4
12
1495
Constantan
20
8900
410
22.6
6.19
15
1225 - 1300
Copper
20
8960
385
401
116
16.2
1085
Duralumin
20
2790
912
165
64.8
23
500 - 650
Gallium
20
5910
371
41
18.7
18
29.8
Gold
20
19290
128
310
125
14.2
1064
Indium
20
7280
239
81.8
47
33
157
Iridium
20
22400
133
147
49.3
6.4
2446
Iron
20
7870
456
75
20.9
12
1538
Lead
20
11340
127
35
24.3
28.9
327
Lithium
20
534
3570
85
44.5
46
180.5
pearlitic steel
20
7800
486
10.6
10.6
12.5
1400 - 1450
Magnesium
20
1740
1050
159
87
26
650
Manganese
20
7476
477
7.8
2.2
23.6
1246
Mercury
20
13545
139
8.7
4.6
60.4
-39
Molybdenum
20
10200
272
147
53
5
2623
Nickel
20
8900
450
92
23
13.2
1455
Niobium
20
8570
267
52.3
22.9
7
2477
Palladium
20
11970
242
71.2
24.6
11.8
1554
Platinum
20
21500
133
71.2
24.9
8.9
1768
Plutonium
20
19840
130
6.7
2.6
54
639
Potassium
20
860
760
100
153
83
63.5
Rhenium
20
21020
138
48.1
16.6
6.7
3186
Rhodium
20
12500
246
151
49.1
8
1964
Silver
20
10500
235
429
174
19.3
961.8
Sodium
20
970
1234
130
112
70
97.8
Tantalum
20
16500
142
57.5
24.5
6.5
3017
Thorium
25
11720
118
37
26.7
6.5
1750
Tin
20
7290
221
62.8
39
29
232
Titanium
20
4500
522
21.9
9.32
8.5
1668
Tungsten
20
19000
138
174
66.4
4.5
3422
Uranium
500
18600
174
30
9.26
13.4
1132
Vanadium
50
6120
498
31
10.2
8
1910
Wood’s metal
20
9730
147
12.8
8.96
20
70 - 80
Zinc
20
7130
385
113
41.2
30
419.5
Zirconium
70
6500
290
22.7
12
5.7
1855
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[image: ]other solid materials
Name
𝑇
𝜌
𝐶𝑝
𝜆
𝑎
(∘𝐶)
(𝑘𝑔/𝑚3)
(𝐽/(𝑘𝑔.𝐾))
(𝑊/(𝑚.𝐾))
(10−6𝑚2/𝑠)
Asbestos cardboard
20
900
816
0.16
0.22
Asbestos fiber
50
470
820
0.11
0.29
Asphalt
20
2120
-
0.7
0.19
Bakelite
20
1270
1590
0.23
0.114
Cement
20
1900
1130
0.3
0.14
Cement mortar
20
1900
800
0.93
0.61
Chalk stone
20
2000
880
0.93
0.53
Coal (brown)
20
1200
1260
0.26
0.18
Concrete
20
2200
879
1.28
0.66
Cotton
30
80
1150
0.059
0.63
Glass-wool
0
200
660
0.037
0.28
Granite
20
2750
890
2.9
1.2
Graphite (natural)
20
1700
710
100
0.83
Ground (compact)
20
1900
1150
1.5
0.69
Ice
0
917
2040
2.25
1.2
Laminated cloth
20
1350
1500
0.28
1.38
Lead glass
20
2890
680
0.8
0.4
Lime-sand brick
20
1900
840
0.81
0.51
Mineral wool
50
200
920
0.046
0.25
Paper
20
700
1200
0.12
0.14
Paper laminate
25
1350
1420
0.23
0.12
Paraffin
30
925
2260
0.27
0.13
Polyethylene
25
930
2500
0.28
0.12
Polystyrene
20
1050
1250
0.14
0.107
Polyurethane
20
1200
2090
0.32
0.128
Polyvinyl chloride
20
1380
960
0.15
0.113
Porcelain ware
25
2200
900
1
0.5
Quartz
20
2500
780
1.4
0.72
Quartz glass
20
2210
730
1.4
0.87
Red brick
20
1800
890
0.77
0.49
Reinforced concrete
20
2200
840
1.5
0.81
Sand
20
1500
1020
0.5
0.33
Slag concrete
0
1500
750
0.87
0.77
Slag-wool
25
200
800
0.05
0.31
Snow (dense)
0
350
2100
0.35
0.48
Snow (recent)
0
200
2100
0.1
0.24
Sponge rubber
20
250
2050
0.06
0.12
Sulfur
20
2070
720
0.27
0.18
White rubber
20
1100
1670
0.16-0.23
0.087-0.095
Window glass
20
2480
800
1.16
0.58
Wood (pine)
20
550
2700
0.16
0.1
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Physical constants
Name
Symbol
Value
Unit
Gas constant
𝑅
8.314463
𝐽/(𝑚𝑜𝑙.𝐾)
Avogadro number
𝑁𝐴
6.022045 × 1023
𝑚𝑜𝑙−1
Gravitational acceleration
𝑔
9.81
𝑚/𝑠2
Stefan Boltzmann constant
𝜎
5.67032 × 10−8
𝑊/(𝑚2𝐾4)
Boltzmann constant
𝑘
1.380662 × 10−23
𝐽/𝐾
Unit conversions
Examples: 105 𝑃𝑎= 105 ÷ 6.89 × 103 = 14.5 𝑝𝑠𝑖, 77 𝑜𝐹= 77 ÷ 1.8 + 255.37 = 298.15 𝐾
Symbol
Quantity
Unit
→
Conversion
←
SI units
𝑝
Pressure
𝑝𝑠𝑖
×
6.89 × 103
÷
𝑃𝑎or 𝑁/𝑚2
𝑎𝑡𝑚
×
1.1013 × 105
÷
𝑏𝑎𝑟
×
105
÷
𝑚𝑚𝐻𝑔
×
1.33 × 102
÷
𝜇
Dynamic viscosity
𝑐𝑃
×
10−3
÷
𝑃𝑎.𝑠
𝑇
Temperature
𝑜𝐶
+
273.15
-
𝐾
𝑜𝐹
÷1.8 + 𝐴
𝐴= 255.37
×1.8 + 𝐵
𝐵= −459.67
𝑄
Power
ℎ𝑝
×
745.7
÷
𝑊, 𝐽/𝑠or 𝑘𝑔.𝑚2/𝑠3
𝐹
Force
𝑙𝑏𝑓
×
4,44822
÷
𝑁or 𝑘𝑔.𝑚/𝑠2
𝐸
Energy
BTU
×
1.0551 × 103
÷
𝐽or 𝑘𝑔.𝑚2/𝑠2
𝑐𝑎𝑙
×
4.184
÷
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[image: ]Periodic table of chemical elements
1
1.0079
H
Hydrogen
3
6.941
Li
Lithium
11
22.990
Na
Sodium
19
39.098
K
Potassium
37
85.468
Rb
Rubidium
55
132.91
Cs
Caesium
87
223
Fr
Francium
4
9.0122
Be
Beryllium
12
24.305
Mg
Magnesium
20
40.078
Ca
Calcium
38
87.62
Sr
Strontium
56
137.33
Ba
Barium
88
226
Ra
Radium
21
44.956
Sc
Scandium
39
88.906
Y
Yttrium
57-71
La-Lu
Lanthanide
89-103
Ac-Lr
Actinide
22
47.867
Ti
Titanium
40
91.224
Zr
Zirconium
72
178.49
Hf
Halfnium
104
261
Rf
Rutherfordium
23
50.942
V
Vanadium
41
92.906
Nb
Niobium
73
180.95
Ta
Tantalum
105
262
Db
Dubnium
24
51.996
Cr
Chromium
42
95.94
Mo
Molybdenum
74
183.84
W
Tungsten
106
266
Sg
Seaborgium
25
54.938
Mn
Manganese
43
96
Tc
Technetium
75
186.21
Re
Rhenium
107
264
Bh
Bohrium
26
55.845
Fe
Iron
44
101.07
Ru
Ruthenium
76
190.23
Os
Osmium
108
277
Hs
Hassium
27
58.933
Co
Cobalt
45
102.91
Rh
Rhodium
77
192.22
Ir
Iridium
109
268
Mt
Meitnerium
28
58.693
Ni
Nickel
46
106.42
Pd
Palladium
78
195.08
Pt
Platinum
110
281
Ds
Darmstadtium
29
63.546
Cu
Copper
47
107.87
Ag
Silver
79
196.97
Au
Gold
111
280
Rg
Roentgenium
30
65.39
Zn
Zinc
48
112.41
Cd
Cadmium
80
200.59
Hg
Mercury
112
285
Uub
Ununbium
31
69.723
Ga
Gallium
13
26.982
Al
Aluminium
5
10.811
B
Boron
49
114.82
In
Indium
81
204.38
Tl
Thallium
113
284
Uut
Ununtrium
6
12.011
C
Carbon
14
28.086
Si
Silicon
32
72.64
Ge
Germanium
50
118.71
Sn
Tin
82
207.2
Pb
Lead
114
289
Uuq
Ununquadium
7
14.007
N
Nitrogen
15
30.974
P
Phosphorus
33
74.922
As
Arsenic
51
121.76
Sb
Antimony
83
208.98
Bi
Bismuth
115
288
Uup
Ununpentium
8
15.999
O
Oxygen
16
32.065
S
Sulphur
34
78.96
Se
Selenium
52
127.6
Te
Tellurium
84
209
Po
Polonium
116
293
Uuh
Ununhexium
9
18.998
F
Flourine
17
35.453
Cl
Chlorine
35
79.904
Br
Bromine
53
126.9
I
Iodine
85
210
At
Astatine
117
292
Uus
Ununseptium
10
20.180
Ne
Neon
2
4.0025
He
Helium
18
39.948
Ar
Argon
36
83.8
Kr
Krypton
54
131.29
Xe
Xenon
86
222
Rn
Radon
118
294
Uuo
Ununoctium
1
2
3
4
5
6
7
1 IA
2 IIA
3 IIIA
4 IVB
5 VB
6 VIB
7 VIIB
8 VIIIB
9 VIIIB
10 VIIIB
11 IB
12 IIB
13 IIIA
14 IVA
15 VA
16 VIA
17 VIIA
18 VIIIA
57
138.91
La
Lanthanum
58
140.12
Ce
Cerium
59
140.91
Pr
Praseodymium
60
144.24
Nd
Neodymium
61
145
Pm
Promethium
62
150.36
Sm
Samarium
63
151.96
Eu
Europium
64
157.25
Gd
Gadolinium
65
158.93
Tb
Terbium
66
162.50
Dy
Dysprosium
67
164.93
Ho
Holmium
68
167.26
Er
Erbium
69
168.93
Tm
Thulium
70
173.04
Yb
Ytterbium
71
174.97
Lu
Lutetium
89
227
Ac
Actinium
90
232.04
Th
Thorium
91
231.04
Pa
Protactinium
92
238.03
U
Uranium
93
237
Np
Neptunium
94
244
Pu
Plutonium
95
243
Am
Americium
96
247
Cm
Curium
97
247
Bk
Berkelium
98
251
Cf
Californium
99
252
Es
Einsteinium
100
257
Fm
Fermium
101
258
Md
Mendelevium
102
259
No
Nobelium
103
262
Lr
Lawrencium
Alkali Metal
Alkaline Earth Metal
Metal
Metalloid
Non-metal
Halogen
Noble Gas
Lanthanide/Actinide
Z
mass
Symbol
Name
man-
made
40
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