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FACTORS FOR UNIT CONVERSIONS 

Quantity    Equivalent Values 

Mass      1 kg = 1000 g = 0.001 metric ton = 2.20462 lbm = 35.27392 oz 

      1 lbm = 16 oz = 5 x 10‐4 ton = 453.593 g = 0.453593 kg 

 

Length      1 m = 100 cm = 1000 mm = 106  microns (µm) = 1010 angstroms (Å) 
              = 39.3701 in = 3.28084 ft = 1.09361 yd = 0.000621371 mile 

      1 ft = 12 in. = 1/3 yd = 0.3048 m = 30.48 cm 

 

Volume     1 m3 = 1000 liters = 106 cm3 = 106 ml 

               = 35.31467 ft3 = 219.969 imperial gallons = 264.172 gal  

         = 1056.69 qt 

1 ft3 = 1728 in3 = 7.48052 gal = 0.028317 m3 = 28.3168 liters 

         = 28,316.8 cm3 

 

Force      1 N = 1 kg.m/s2 = 105 dynes = 105 g.cm/s2 = 0.22481 lbf 

      1 lbf = 32.174 lbm.ft/s2 = 4.4482 N = 4.4482 x 105 dynes 

 

Pressure    1 atm = 1.01325 x 105 N/m2 (Pa) = 101.325 kPa = 1.01325 bars 

                 = 1.01325 x 106 dynes/cm2 

                 = 760 mm Hg at 0˚ C (torr) = 10.333 m H2O at 4˚ C 

                 = 14.696 lbf/in2 (psi) = 33.9 ft H2O at 4˚C 

      100 kPa = 1 bar 

 

Energy      1 J = 1 N.m = 107 ergs = 107 dyne.cm 

            = 2.778 x 10‐7 kW.h = 0.23901 cal 

            = 0.7376 ft.lbf = 9.47817 x 10‐4 Btu 

 

Power      1 W = 1 J/s = 0.23885 cal/s = 0.7376 ft.lbf/s = 9.47817 x 10‐4 Btu/s = 3.4121 Btu/h 

              = 1.341 x 10‐3 hp (horsepower) 

 

Viscosity    1 Pa.s = 1 N.s/m2 = 1 kg/m.s 

                = 10 poise = 10 dynes.s/cm2 = 10 g/cm.s 

                = 103 cp (centipoise)  

                = 0.67197 lbm/ft.s = 2419.088 lbm/ft.h 

 

Density     1 kg/m3    = 10‐3 g/cm3 

                                = 0.06243 lbm/ft3 

      103 kg/m3 = 1 g/cm3 = 62.428 lbm/ft3 

 

Volumetric Flow  1 m3/s= 35.31467 ft3/s=15,850.32 gal/min (gpm) 

  1 gpm = 6.30902 x 10‐5 m3/s=2.228009 x 10‐3 ft3/s=3.7854 liter/min 

  1 liter/min=0.26417 gpm 

Prof. Faith A. Morrison 
Department of Chemical Engineering 
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Temperature    5
9( ) ( ) 32o oT C T F     

    9
5( ) ( ) 32 1.8 ( ) 32o o oT F T C T C     

 

Absolute Temperature    T(K) = T(˚C) + 273.15 

    T(˚R) = T(˚F) + 459.67 

 

Temperature Interval (T)  1 C˚ = 1 K = 1.8 F˚ = 1.8 R˚ 

    1F˚ = 1 R˚ = (5/9) C˚ = (5/9) K 

 

 

 

USEFUL QUANTITIES 
 

  SG   = (20˚C)/ water (4˚C) 
 

 water(4˚C)  = 1000 kg/m3 = 62.43 lbm/ft3  = 1.000 g/cm3 

 water(25˚C)   = 997.08 kg/m3 = 62.25 lbm/ft3 = 0.99709 g/cm3 

 

  g   = 9.8066 m/s2 = 980.66 cm/s2 = 32.174 ft/s2 

 

  µwater (25˚C)   = 8.937 x 10‐4 Pa.s = 8.937 x 10‐4 kg/m.s  

    = 0.8937 cp  =0.8937 x 10‐2 g/cm.s  = 6.005 x 10‐4 lbm/ft.s 

 

Composition of air:    N2     78.03% 

      O2     20.99% 

      Ar       0.94% 

      CO2       0.03% 

  H2, He, Ne, Kr, Xe       0.01% 

      100.00% 

 

  Mair    = 29 g/mol = 29 kg/kmol = 29 lbm/lbmole 

 

  Ĉp,water (25˚C)  = 4.182 kJ/kg K = 0.9989 cal/g˚C = 0.9997 Btu/lbm˚F 

 

  R  = 8.314 m3.Pa/mol.K = 0.08314 liter.bar/mol.K = 0.08206 liter.atm/mol.K 

    = 62.36 liter.mm Hg/mol.K = 0.7302 ft3.atm/lbmole.˚R  

    = 10.73 ft3.psia/lbmole.˚R 

    = 8.314 J/mol.K 

    = 1.987 cal/mol.K = 1.987 Btu/lbmole.˚R 
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The Equation of Continuity and the Equation of Motion in Cartesian,
cylindrical, and spherical coordinates

CM3110 Fall 2011 Faith A. Morrison

Continuity Equation, Cartesian coordinates

∂ρ

∂t
+

(

vx
∂ρ

∂x
+ vy

∂ρ

∂y
+ vz

∂ρ

∂z

)

+ ρ

(

∂vx

∂x
+

∂vy

∂y
+

∂vz

∂z

)

= 0

Continuity Equation, cylindrical coordinates

∂ρ

∂t
+

1

r

∂(ρrvr)

∂r
+

1

r

∂(ρvθ)

∂θ
+

∂(ρvz)

∂z
= 0

Continuity Equation, spherical coordinates

∂ρ

∂t
+

1

r2
∂(ρr2vr)

∂r
+

1

r sin θ

∂(ρvθ sin θ)

∂θ
+

1

r sin θ

∂(ρvφ)

∂φ
= 0

Equation of Motion for an incompressible fluid, 3 components in Cartesian coordinates

ρ

(

∂vx

∂t
+ vx

∂vx

∂x
+ vy

∂vx

∂y
+ vz

∂vx

∂z

)

= −
∂P

∂x
+

(

∂τ̃xx

∂x
+

∂τ̃yx

∂y
+

∂τ̃zx

∂z

)

+ ρgx

ρ

(

∂vy

∂t
+ vx

∂vy

∂x
+ vy

∂vy

∂y
+ vz

∂vy

∂z

)

= −
∂P

∂y
+

(

∂τ̃xy

∂x
+

∂τ̃yy

∂y
+

∂τ̃zy

∂z

)

+ ρgy

ρ

(

∂vz

∂t
+ vx

∂vz

∂x
+ vy

∂vz

∂y
+ vz

∂vz

∂z

)

= −
∂P

∂z
+

(

∂τ̃xz

∂x
+

∂τ̃yz

∂y
+

∂τ̃zz

∂z

)

+ ρgz

Equation of Motion for an incompressible fluid, 3 components in cylindrical coordinates

ρ

(

∂vr

∂t
+ vr

∂vr

∂r
+

vθ

r

∂vr

∂θ
−

v2θ
r

+ vz
∂vr

∂z

)

= −
∂P

∂r
+

(

1

r

∂(rτ̃rr)

∂r
+

1

r

∂τ̃θr

∂θ
−

τ̃θθ

r
+

∂τ̃zr

∂z

)

+ ρgr

ρ

(

∂vθ

∂t
+ vr

∂vθ

∂r
+

vθ

r

∂vθ

∂θ
+

vθvr

r
+ vz

∂vθ

∂z

)

= −
1

r

∂P

∂θ
+

(

1

r2
∂(r2τ̃rθ)

∂r
+

1

r

∂τ̃θθ

∂θ
+

∂τ̃zθ

∂z
+

τ̃θr − τ̃rθ

r

)

+ ρgθ

ρ

(

∂vz

∂t
+ vr

∂vz

∂r
+

vθ

r

∂vz

∂θ
+ vz

∂vz

∂z

)

= −
∂P

∂z
+

(

1

r

∂(rτ̃rz)

∂r
+

1

r

∂τ̃θz

∂θ
+

∂τ̃zz

∂z

)

+ ρgz

Equation of Motion for an incompressible fluid, 3 components in spherical coordinates

ρ

(

∂vr

∂t
+ vr

∂vr

∂r
+

vθ

r

∂vr

∂θ
+

vφ

r sin θ

∂vr

∂φ
−

v2θ + v2φ

r

)

= −
∂P

∂r
+

(

1

r2
∂(r2τ̃rr)

∂r
+

1

r sin θ

∂(τ̃θr sin θ)

∂θ
+

1

r sin θ

∂τ̃φr

∂φ
−

τ̃θθ + τ̃φφ

r

)

+ ρgr

ρ

(

∂vθ

∂t
+ vr

∂vθ

∂r
+

vθ

r

∂vθ

∂θ
+

vφ

r sin θ

∂vθ

∂φ
+

vrvθ

r
−

v2φ cot θ

r

)

= −
1

r

∂P

∂θ
+

(

1

r3
∂(r3τ̃rθ)

∂r
+

1

r sin θ

∂(τ̃θθ sin θ)

∂θ
+

1

r sin θ

∂τ̃φθ

∂φ
+

τ̃θr − τ̃rθ

r
−

τ̃φφ cot θ

r

)

+ ρgθ

ρ

(

∂vφ

∂t
+ vr

∂vφ

∂r
+

vθ

r

∂vφ

∂θ
+

vφ

r sin θ

∂vφ

∂φ
+

vrvφ

r
+

vφvθ cot θ

r

)

= −
1

r sin θ

∂P

∂φ
+

(

1

r3
∂(r3τ̃rφ)

∂r
+

1

r sin θ

∂ (τ̃θφ sin θ)

∂θ
+

1

r sin θ

∂τ̃φφ

∂φ
+

τ̃φr − τ̃rφ

r
+

τ̃φθ cot θ

r

)

+ ρgφ
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Equation of Motion for incompressible, Newtonian fluid (Navier-Stokes equation) 3 components in Cartesian
coordinates

ρ

(

∂vx

∂t
+ vx

∂vx

∂x
+ vy

∂vx

∂y
+ vz

∂vx

∂z

)

= −
∂P

∂x
+ µ

(

∂2vx

∂x2
+

∂2vx

∂y2
+

∂2vx

∂z2

)

+ ρgx

ρ

(

∂vy

∂t
+ vx

∂vy

∂x
+ vy

∂vy

∂y
+ vz

∂vy

∂z

)

= −
∂P

∂y
+ µ

(

∂2vy

∂x2
+

∂2vy

∂y2
+

∂2vy

∂z2

)

+ ρgy

ρ

(

∂vz

∂t
+ vx

∂vz

∂x
+ vy

∂vz

∂y
+ vz

∂vz

∂z

)

= −
∂P

∂z
+ µ

(

∂2vz

∂x2
+

∂2vz

∂y2
+

∂2vz

∂z2

)

+ ρgz

Equation of Motion for incompressible, Newtonian fluid (Navier-Stokes equation), 3 components in cylin-
drical coordinates

ρ

(

∂vr

∂t
+ vr

∂vr

∂r
+

vθ

r

∂vr

∂θ
−

v2θ
r

+ vz
∂vr

∂z

)

= −
∂P

∂r
+ µ

(

∂

∂r

(

1

r

∂(rvr)

∂r

)

+
1

r2
∂2vr

∂θ2
−

2

r2
∂vθ

∂θ
+

∂2vr

∂z2

)

+ ρgr

ρ

(

∂vθ

∂t
+ vr

∂vθ

∂r
+

vθ

r

∂vθ

∂θ
+

vrvθ

r
+ vz

∂vθ

∂z

)

= −
1

r

∂P

∂θ
+ µ

(

∂

∂r

(

1

r

∂(rvθ)

∂r

)

+
1

r2
∂2vθ

∂θ2
+

2

r2
∂vr

∂θ
+

∂2vθ

∂z2

)

+ ρgθ

ρ

(

∂vz

∂t
+ vr

∂vz

∂r
+

vθ

r

∂vz

∂θ
+ vz

∂vz

∂z

)

= −
∂P

∂z
+ µ

(

1

r

∂

∂r

(

r
∂vz

∂r

)

+
1

r2
∂2vz

∂θ2
+

∂2vz

∂z2

)

+ ρgz

Equation of Motion for incompressible, Newtonian fluid (Navier-Stokes equation), 3 components in spherical
coordinates

ρ

(

∂vr

∂t
+ vr

∂vr

∂r
+

vθ

r

∂vr

∂θ
+

vφ

r sin θ

∂vr

∂φ
−

v2θ + v2φ

r

)

= −
∂P

∂r
+ µ

(

∂

∂r

(

1

r2
∂

∂r

(

r2vr

)

)

+
1

r2 sin θ

∂

∂θ

(

sin θ
∂vr

∂θ

)

+
1

r2 sin2 θ

∂2vr

∂φ2

−
2

r2 sin θ

∂

∂θ
(vθ sin θ)−

2

r2 sin θ

∂vφ

∂φ

)

+ ρgr

ρ

(

∂vθ

∂t
+ vr

∂vθ

∂r
+

vθ

r

∂vθ

∂θ
+

vφ

r sin θ

∂vθ

∂φ
+

vrvθ

r
−

v2φ cot θ

r

)

= −
1

r

∂P

∂θ
+ µ

(

1

r2
∂

∂r

(

r2
∂vθ

∂r

)

+
1

r2
∂

∂θ

(

1

sin θ

∂

∂θ
(vθ sin θ)

)

+
1

r2 sin2 θ

∂2vθ

∂φ2

+
2

r2
∂vr

∂θ
−

2 cot θ

r2 sin θ

∂vφ

∂φ

)

+ ρgθ

ρ

(

∂vφ

∂t
+ vr

∂vφ

∂r
+

vθ

r

∂vφ

∂θ
+

vφ

r sin θ

∂vφ

∂φ
+

vrvφ

r
+

vφvθ cot θ

r

)

= −
1

r sin θ

∂P

∂φ
+ µ

(

1

r2
∂

∂r

(

r2
∂vφ

∂r

)

+
1

r2
∂

∂θ

(

1

sin θ

∂

∂θ
(vφ sin θ)

)

+
1

r2 sin2 θ

∂2vφ

∂φ2

+
2

r2 sin θ

∂vr

∂φ
+

2cot θ

r2 sin θ

∂vθ

∂φ

)

+ ρgφ

Note: the r-component of the Navier-Stokes equation in spherical coordinates may be simplified by adding 0 =
2

r
∇ · v to the component shown above. This term is zero due to the continuity equation (mass conservation). See

Bird et. al.

References:

1. R. B. Bird, W. E. Stewart, and E. N. Lightfoot, Transport Phenomena, 2nd edition, Wiley: NY, 2002.

2. R. B. Bird, R. C. Armstrong, and O. Hassager, Dynamics of Polymeric Fluids: Volume 1 Fluid Mechanics,

Wiley: NY, 1987.
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The Equation of Energy in Cartesian, cylindrical, and spherical coordinates for 
Newtonian fluids of constant density, with source term ܵ.  Source could be electrical energy due to 
current flow, chemical energy, etc.  Two cases are presented:  the general case where thermal 

conductivity may be a function of temperature (vector flux ݍപ ൌ  appears in the equations); and the ܣ/പݍ

more usual case, where thermal conductivity is constant. 

Fall 2013 Faith A. Morrison, Michigan Technological University 

Microscopic energy balance, in terms of flux; Gibbs notation 

መܥߩ ൬
߲ܶ
ݐ߲

 പݒ ⋅ ൰ܶ ൌ െ ⋅ പݍ  ܵ 

Microscopic energy balance, in terms of flux; Cartesian coordinates 

መܥߩ ൬
߲ܶ
ݐ߲

 ௫ݒ
߲ܶ
ݔ߲

	 ௬ݒ
߲ܶ
ݕ߲

	 ௭ݒ
߲ܶ
ݖ߲
	൰ ൌ െቆ

௫ݍ߲
ݔ߲


௬ݍ߲
ݕ߲


௭ݍ߲
ݖ߲

ቇ  ܵ 

Microscopic energy balance, in terms of flux; cylindrical coordinates 

መܥߩ ൬
߲ܶ
ݐ߲

 ݒ
߲ܶ
ݎ߲
	

ఏݒ
ݎ
߲ܶ
ߠ߲

	 ௭ݒ
߲ܶ
ݖ߲
	൰ ൌ െ൬

1
ݎ
߲ሺݍݎሻ
ݎ߲


1
ݎ
ఏݍ߲
ߠ߲


௭ݍ߲
ݖ߲

൰  ܵ 

Microscopic energy balance, in terms of flux; spherical coordinates 

መܥߩ ൬
߲ܶ
ݐ߲

 ݒ
߲ܶ
ݎ߲
	

ఏݒ
ݎ
߲ܶ
ߠ߲

	
థݒ

ݎ sin ߠ
߲ܶ
߲߶

	൰ ൌ െቆ
1
ଶݎ
߲ሺݎଶݍሻ
ݎ߲


1

ݎ sin 	ߠ
߲ሺݍఏߠ݊݅ݏሻ

ߠ߲


1
ݎ sin ߠ

థݍ߲
߲߶

ቇ  ܵ 

 

Fourier’s law of heat conduction, Gibbs notation: ݍപ ൌ െ݇ܶ 

Fourier’s law of heat conduction, Cartesian coordinates:  ቌ
௫ݍ
௬ݍ
௭ݍ
ቍ

௫௬௭

ൌ

ۉ

ۈ
ۇ
െ݇

డ்

డ௫

െ݇
డ்

డ௬

െ݇
డ்

డ௭ی

ۋ
ۊ

௫௬௭

 

Fourier’s law of heat conduction, cylindrical coordinates:  ൭
ݍ
ఏݍ
௭ݍ
൱

௫௬௭

ൌ

ۉ

ۈ
ۇ
െ݇

డ்

డ

െ




డ்

డఏ

െ݇
డ்

డ௭ی

ۋ
ۊ

ఏ௭

 

Fourier’s law of heat conduction, spherical coordinates:  ቌ
ݍ
ఏݍ
థݍ
ቍ

௫௬௭

ൌ

ۉ

ۈ
ۇ

െ݇
డ்

డ

െ




డ்

డఏ

െ


 ୱ୧୬ ఏ

డ்

డథی

ۋ
ۊ

ఏథ
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2 
 

The Equation of Energy for systems with constant  

 

Microscopic energy balance, constant thermal conductivity; Gibbs notation 

መܥߩ ൬
߲ܶ
ݐ߲

 പݒ ⋅ ൰ܶ ൌ ଶܶ݇  ܵ 

Microscopic energy balance, constant thermal conductivity; Cartesian coordinates 

መܥߩ ൬
߲ܶ
ݐ߲

 ௫ݒ
߲ܶ
ݔ߲

	 ௬ݒ
߲ܶ
ݕ߲

	 ௭ݒ
߲ܶ
ݖ߲
	൰ ൌ ݇ ቆ

߲ଶܶ
ଶݔ߲


߲ଶܶ
ଶݕ߲


߲ଶܶ
ଶݖ߲

ቇ  ܵ 

Microscopic energy balance, constant thermal conductivity; cylindrical coordinates 

መܥߩ ൬
߲ܶ
ݐ߲

 ݒ
߲ܶ
ݎ߲
	

ఏݒ
ݎ
߲ܶ
ߠ߲

	 ௭ݒ
߲ܶ
ݖ߲
	൰ ൌ ݇ ቆ

1
ݎ
߲
ݎ߲
൬ݎ
߲ܶ
ݎ߲
൰ 

1
ଶݎ
߲ଶܶ
ଶߠ߲

	
߲ଶܶ
ଶݖ߲

ቇ  ܵ 

Microscopic energy balance, constant thermal conductivity; spherical coordinates 

መܥߩ ൬
߲ܶ
ݐ߲

 ݒ
߲ܶ
ݎ߲
	

ఏݒ
ݎ
߲ܶ
ߠ߲

	
థݒ

ݎ sin ߠ
߲ܶ
߲߶

	൰

ൌ ݇ ቆ
1
ଶݎ

߲
ݎ߲
൬ݎଶ

߲ܶ
ݎ߲
൰ 	

1
ଶݎ sin ߠ

߲
ߠ߲

൬sin ߠ
߲ܶ
ߠ߲
൰ 	

1
ଶݎ sinଶ ߠ

߲ଶܶ
߲߶ଶቇ  ܵ 

 

 

 

 

 

 

 

 

 

 

 

Reference:  F. A. Morrison, “Web Appendix to An Introduction to Fluid Mechanics,” Cambridge University 

Press, New York, 2013. On the web at www.chem.mtu.edu/~fmorriso/IFM_WebAppendixCD2013.pdf  
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