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FACTORS FOR UNIT CONVERSIONS Wrﬂﬂh
Quantity Equivalent Values
Mass 1 kg = 1000 g = 0.001 metric ton = 2.20462 lby, = 35.27392 oz
1lbm=16 0z=5x 10" ton =453.593 g = 0.453593 kg
Length 1 m =100 cm = 1000 mm = 10° microns (um) = 10%° angstroms (&)
=39.3701 in =3.28084 ft = 1.09361 yd = 0.000621371 mile
1ft=12in.=1/3yd=0.3048 m=30.48 cm
Volume 1 m3=1000 liters = 106 cm?® = 10° ml
=35.31467 ft> = 219.969 imperial gallons = 264.172 gal
= 1056.69 qt
1ft3 = 1728 in? = 7.48052 gal = 0.028317 m? = 28.3168 liters
=28,316.8 cm?
Force 1N =1 kgm/s?=10° dynes = 10° gcm/s? = 0.22481 lbs
1 lbs=32.174 Ibft/s* = 4.4482 N = 4.4482 x 10° dynes
Pressure 1 atm = 1.01325 x 10° N/m? (Pa) = 101.325 kPa = 1.01325 bars
=1.01325 x 10° dynes/cm?
=760 mm Hg at 0" C (torr) = 10.333 mH,0 at4° C
= 14.696 Ibs/in? (psi) = 33.9 ft H,0 at 4°C
100 kPa =1 bar
Energy 1J=1Nm=10" ergs = 10’ dyne‘cm
=2.778 x 107 kW'h = 0.23901 cal
=0.7376 ftlbf=9.47817 x 10 Btu
Power 1W =11J/s=0.23885 cal/s = 0.7376 ftlbs/s = 9.47817 x 10 Btu/s = 3.4121 Btu/h
=1.341 x 103 hp (horsepower)
Viscosity 1Pas=1Ns/m?=1kg/ms
=10 poise = 10 dynes's/cm? = 10 g/cm's
=103 cp (centipoise)
=0.67197 lbm/ft's = 2419.088 lb,,/fth
Density 1kg/m® =103g/cm3

Volumetric Flow

=0.06243 Iby/ft3
103 kg/m3 =1 g/cm® = 62.428 |bm/ft3

1 m3/s=35.31467 ft3/s=15,850.32 gal/min (gpm)
1 gpm = 6.30902 x 10° m3/s=2.228009 x 107 ft3/s=3.7854 liter/min
1 liter/min=0.26417 gpm
Ver. 30-Oct-2014



Temperature T(°C)= %[T (°F) —32]
TCF)=2T(°C)+32=1.8T(°C) +32

Absolute Temperature T(K) =T(°C) + 273.15
T(°R) = T(°F) + 459.67

Temperature Interval (AT) 1C°=1K=18F =18R’

°

1F° = 1R" = (5/9) C" = (5/9) K

USEFUL QUANTITIES

SG = p(20°C)/p water (4°C)

Pwater(4°C) =1000 kg/m3 = 62.43 lbn/ft> = 1.000 g/cm?
Pwater(25°C) =997.08 kg/m3 =62.25 |bm/ft3 = 0.99709 g/cm3

g =9.8066 m/s? =980.66 cm/s% = 32.174 ft/s?

Hwater (25°C) =8.937 x 10 Pa's = 8.937 x 10* kg/m's
=0.8937 cp =0.8937 x 102 g/cm's = 6.005 x 10** lby/ft's

Composition of air: N> 78.03%
(0]) 20.99%

Ar 0.94%

CO, 0.03%

H,, He, Ne, Kr, Xe 0.01%

100.00%

Mair =29 g/mol =29 kg/kmol = 29 lbm/Ibmole
Cowater (25°C) = 4.182 ki/kg K = 0.9989 cal/g’C = 0.9997 Btu/Ibm’F

R =8.314 m3Pa/molK = 0.08314 literbar/molK = 0.08206 literatm/mol-K
= 62.36 litermm Hg/molK = 0.7302 ft>atm/Ibmole°R
= 10.73 ft>psia/lbmole°R
=8.314 J/molK
=1.987 cal/molK = 1.987 Btu/Ibmole°R

Ver. 30-Oct-2014



A2-9 Properties of Saturated Steam and Water (Steam Table), SI Units

’ Specific Volume Enthalpy Entropy
Temper- Vapor {(m¥ke) (led/kg} (klkg - K)
atire Pressure
.......... N . s sesin (BC asisso (R PR v csasross L AGUE s eince Sat ' Vapor......Liguid....Sat'd Yapor... Liguid .. Sat’d Mapor-... .
0.01 0.6113 0.0010002  206.136 ® 000 25014  0.0000 9.1562
3 07577 0.001000t 168.132 12.57 25069 0.0457 9.0773
6 0.9349  0.0010001  137.734 2520 25124 0.0912  9.0003
9 1.1477 . 0.0010003 . 113.386 37.80 = 25179 0.1362 = 89253
12 1.4022  0.0010005 93.784 3041 25234 01806  B.8524
13 1.7051  0.0010009 77.926 62.99 25289 02245 87814
18 2.0640  0.0010014 65.038 7558 25344 02679 87123
21 2.487 0.0010020 54.514 88.14  2539.9 03109  B.6450
24 2.985 0.0010027 45,883 100,70 25454  0.3334  8.5794
25 3.169 0.0010029 43.360 104.89 25472 03674  B.5580
27 3.567 0.0010035 a8.774 113.25  2550.8 03934  B.5136
30 4.246 0.0010043 32.894 125.79 25563 04369 84333
33 5.034 0.0010053 28.011 138.33  2561.7 04781 8.3927
36 5.047 (.0010063 23.540 150.86 23671 05188 8.3336
40 7.384 (0.0010078 19.523 167.57 25743 (0.5725 82570
45 4.593 0.0010009 15.258 188.45  2383.2 0.6387 8.1648
50 12.349 0.0010121 12.032 20933 25921 07038 B.0763
55 15.758 0.0010146 9.568 23023 26009 0.7679 79913
60 19.940 0.0010172 7.671 25113 26006 0.8312  7.9096 -
65 25.03 0.06010199 6.197 272.06 26183 (.8933 7.8310
70 31.19 0.0010228 5.042 20298 26266 09549  7.7333
75 38.538 0.0010259 4.131 313.93 26353  1.0155  7.6824
80 47.39 0.0010291 3.407 334.91 26437  1.0753  7.6122
85 57.83 0.0010325 2.828 355.90 26519 11343  7.5445
g0 70.14 0.0010360 2.361 37692  2660.1 11925 74791 .
95 84.55 0.0010397 1.0819 39796  2668.1 12300 74159
160 101.35 0.0010435 1.6729 419.04 26761 13069  7.3549
- 105 120.82 0.00:0475 1.4194 440.15  2683.8 13630 7.2958
110 143.27 0.0010516 1.2102 46130 2691.5 1.4185  7.2387
115 169.06 0.0010559 1.0366 48248 2699.0 14734  7.1833
120 198.53 0.0010603 0.8919 303.71 27063 15276 7.1296
125 232.1 0.0010649 0.7706 52499 27133 15813 7.0775
130 270.1 0.0010697 0.6685 546,31 27205 1.6344  7.0269
135 313.0 0.0010746 0.5822 567.69 27273 1.6870 69777
T 140 ‘. 3163 0.0010797 0.5089 389.13 27339 1.7391 6.9299
145 4154 0.0010850 0.4463 610.63 27403 17907 6.8833
150 475.8 3.0010%905 0.3928 632.20 27465  1.8418  6.8379
155 543.1 0.0010961 0.3468 653.84 27524  1.8925  6.7935
160 617.8 0.0011020 0.3071 675.55 27581 19427  6.7502
165 700.5 0.0011080 0.2727 697.34 27635 19923  6.77078
170' 791.7 0.0011143 0.2428 71921 27687 20419  6.6663
175 892.0 0.0011207 0.2168 74117 27736 20909  6.6236
180 1002.1 0.0011274 0.15405 763.22 27782  2.1396  6.5857
180 12544 0.0011414 0.15654 807.62 27864 22359  6.5079
200 1553.8 0.0011565 0.12736 85245 27932 23309 6.4323
225 2548 0.0011992 0.07849 966.78 28033 25639 6.2503
250 3973 0.0012512 0.05013 108536 28015 27927 6.0730
275 5942 0.0013168 0.03279  1210.07 27830 3.0208 5.8938
300 8581 0.0010436 0.02167 13440 2749.0  3.2534 57045

Sonrce: Abridged from 1 H. Keenan, E G. Keyes, P. G, Hill, and I. G. Moore, Stearn Tables—Meiric Units. New York: John Wiley & Sons,
Inc., 1969. Reprinted by permission of Jahr Wiley & Sons, Inc.



A.3-3 Physical Properties of Air at 101.325 kPa (1 Atm Abs), SI Units
w X 107
T T p & (Pa-s, or k B x 10} eBp*/p’
(°C) (K) (kg/m®y (kikg-K) kglm-s) (Winm-K) Np, (I/K) (I/K - ™)
—-17.8 2554 1.379 1.0048 1.62 0.02250 0.720 3.92 2.79 x 108
0 2732 1.293 1.0048 .72 0.02423 0.715 3.65 2.04 x 10%
10.0 283.2 1.246 1.0048 1.78 0.02492 0.713 353 1.72 x 108
37.8 311.0 1.137 1.0048 1.90 0.02700 0.705 3.22 112 & 10°
65.6 338.8 1.043 1.0090 2.03 0.02925 0.702 2.95 0,775 = 16"
93.3 366.5 (0.964 1.0090 2.15 0.03115 (0.694 2.74 0.534 x 108
121.1 3943 0.895 1.0132 2.27 0.03323 0.692 2.54 0.386 x 10%
148.9 422.1 0.838 1.0174 2.37 0.03531 0.689 2.38 0.289 x 10®
176.7 449.9 0.785 1.0216 2.50 0.03721 0.687 2.21 0214 x 10°
204.4 477.6 0.740 1.0258 2.60 (0.03894 0.686 2.09 0.168 x 10%
232.2 505.4 0.700 1.0300 2.71 0.04084 0.684 1.98 0.130 x 108
260.0 533.2 0.662 1.0341 2.80 0.04258 0.680 1.87 0.104 x 108
A.2-11 Heat-Transfer Properties of Liquid Water, ST Units
g 107 (gBp*/p’)
T T p € (Pa-s, or k g x 10° X 1078
(°C) (K) (kg/m®) (kitkg-K) kgim-s) (Wim-K) Np; (I/K) (1/K + )
0 273.2 999.6 4,229 1.786 0.5694 13.3 -0.630
15.6 288.8 998.0 4.187 1.131 0.5884 8.07 1.44 10.93
26.7 299.9 996.4 4,183 0.860 0.6109 5.89 2.34 30.70
37.8 311.0 9947 4,183 0.682 0.6283 4,51 3.24 68.0
65.6 338.8 981.9 4,187 0.432 0.6629 2.72 5.04 256.2
933 366.5 962.7 4229 0.3066 0.6802 1.91 6.66 642
121.1 3943 9435 4271 (0.2381 0.6836 1.49 8.46 1300
148.9 422.1 917.9 4312 0.1935 0.6836 1.22 10.08 2231
204.4 477.6 858.6 4522 0.1384 0.6611 0.950 14.04 5308
260.0 533.2 784.9 4.982 0.1042 0.6040 0.859 19.8 11 030
315.6 588.8 679.2 6.322 0.0862 0.5071 1.07 315 19 260

Source: Geankoplis, Transport Processes and Separation
Process Principles, 4" Edition, Prentice Hall, 2003



Welty, Rorrer, Foster, “Fundamentals of Momentum, Heat, and Mass Transfer, 6™ ed., Wiley 2015

Typo in value of a, corrected, 24Feb2019.

Appeﬁdix H

Physical Properties of Solids

k
p cp a (Btw/h ft°F) (W/m-K)
Material (bo/fd) (kg/m’) Bwlby’F)  (Jkg- 1K) (th)  (m?s)- 10° °F K
(68°F) (293K) (293K x1072 (293K) (68°F) (293k) (68) (212) (572) (293) (313 (573)
Metals
Aluminum 168.6 2,701.1 0.224 9.383 3.55 9.16 132 133 133 229 229 230
Copper 555 8,890 0.092 3.854 3.98 11.27 223 219 213 386 379 369
Gold 1206 19,320 0.031 1.299 4.52 11.66 169 170 172 293 294 298
Iron 492 7,880 0.122 5110 0.83 2.14 42.3 39 316 732 68 54
Lead 708 11,300 0.030 1.257 0.80 2.06 203 193 172 351 334 29.8
Magnesium 109 1,750 0.248 10.39 3.68 9.50 99.5 96.8 914 172 168 158
Nickel 556 8,910 0.111 4.560 0.87 2.24 537 417 369  93.0 82.6 63.9
Platinum 1340 21,500 0.032 1.340 0.09 0.23 40.5 41.9 435 70.1 72.5 753
Silver 656 10,500 0.057 2.388 6.42 16.57 240 237 209 415 410 362
Tin 450 7,210 0.051 2.136 1.57 4.05 36 34 — 62 59 —
Tungsten 1206 19,320 0.032 1.340 244 6.30 94 87 7 160 150 130
Uranium 1167 18,700 0.027 1.131 0.53 1.37 169 17.2 196 293 29.8 33.9
Zinc 446 7,150 0.094 3.937 1.55 4.00 65 63 58 110 110 100
Alloys
Aluminum 2024 173 2,770 0.230 9.634 1.76 4.54 70.2 122
Brass 532 8,520 0.091 3.812 1.27 3.28 61.8 73.9 853 107 128 148
(70% Cu, 30% Ni)
Constantan 557 8,920 0.098 4.105 0.24 0.62 13.1 154 227 26.7
(60% Cu, 40% Ni)
Iron, cast 455 7,920 0.100 4.189 " 0.65 1.68 29.6 26.8 512 464
Nichrome V 530 8,490 0.106 4.440 0.12 0.31 7.06 7.99 9.94 12.2 13.8 17.2
Stainless steel 488 7,820 0.110 4.608 0.17 0.44 94 10.0 13 16 17.3 23
Steel, mild 488 7,820 0.113 4733 045 1.16 24.8 24.8 229 429 42.9 39.0
(1% C)
Nonmetals
Asbestos 36 580 0.25 105 0.092 011 0125 0159 019 021
Brick (fire clay) 144 2,310 0.22 9.22 0.65 . 1.13
Brick (masonry) 106 1,670 0.20 8.38 0.38 0.66
Brick (chrome) 188 3,010 0.20 8.38 0.67 1.16
Concrete 144 2,310 0.21 8.80 0.70 1.21
Corkboard 10 160 0.4 17 0.025 0.043
Diatomaceous 14 220 0.2 84 0.03 0.05
earth, powdered
Glass, window 170 2,720 0.2 8.4 045 0.78
Glass, Pyrex 140 2,240 0.2 84 0.63 0.67 0.84 1.09 1.16 1.45
Kaolin firebrick 19 300 0.052 0.09
85% Magnesia 17 270 0.038 0.041 0.066 0.071
Sandy loam, 104 1,670 0.4 17 0.54 0.94
4% H,0
Sandy loam, 121 1,940 1.08 1.87
10% H,0
Rock wool 10 160 0.2 84 0.023 0.033 0.040  0.057
Wood, oak L 51 820 0.57 239 0.12 0.21
to grain
Wood, oak i 51 820 0.57 23.9 0.23 0.40

to grain



kT

Stokes-Einstein equation (for diffusion of a sphere): Dap =
6TTRU
. . . %4
Lumped parameter analysis characteristic length: Dchar = "
L L]
Mass-Transfer Diffusion
[ [ d [ 3

Coefficients in Binary Systems

Table J.1 Binary mass diffusivities in gases!

System T (K) DABP(CHIZ atmy/s) DapP(m? Pa/s)

Air
Ammonia 273 0.198 2.006
Aniline 298 0.0726 0.735
Benzene 298 0.0962 0.974
Bromine 293 0.091 0.923
Carbon dioxide 273 0.136 1.378
Carbon disulfide 273 0.0883 0.894
Chlorine 273 0.124 1.256
Diphenyl 491 0.160 1.621
Ethyl acetate 273 0.0709 0.718
Ethanol 298 0.132 1.337
Ethyl ether 293 0.0896 0.908
Jodine 298 0.0834 0.845
Methanol 298 0.162 1.641
Mercury 614 0473 4,791
Naphthalene 298 0.0611 0.619
Nitrobenzene 298 0.0868 0.879
n-QOctane 298 0.0602 0.610
Oxygen 273 0.175 1.773
Propy! acetate 315 0.092 0.932
Sulfur dioxide 273 0.122 1.236
Toluene 298 0.0844 0.855
Water 298 0.260 2.634

Ammonia
Ethylene 293 0.177 1.793

Argon

Neon 293 0.329 3.333

Carbon dioxide
Benzene 318 0.0715 0.724
Carbon disulfide 318 0.0715 0.724
Ethyl acetate 319 0.0666 0.675

Source: Welty, Rorrer, Foster, 6" ed, 2015, Appendix J, first page only.




Unsteady Macroscopic Energy Balance

see Felder and Rousseau or Himmelblau
balance over
time interval At Macroscopic

control volume

iy

o R

Unsteady Macroscopic Energy Balance accumulation =

input — output

Qin = Heat into the chosen macroscopic control volume

d
E(Usys + Ek,sys + Ep,sys) = —AH — AEk - AEp + Qin + M/s,on

‘ Qin = X qin,; comes from a variety of sources:

2 2 . dT
T S . AV Signsmust mmmp e Thermal conduction: q;;, = —kA—
e H+—+ 8z At Moy H+—+ 8z At match transfer ) dx
2 - 2 out from outside ==+ Convection: q;; = hA(T, —T)
J - (bulk fluid) to N L _ 4 4
amount\o/f amount\()/f inside (metal) Radiation: qin = €0A(Tqurroundings — Teurface)
. i . — 72
energy that energy that exits * Electric current: q;, = [*Rgpecl
enters with the with the flow * Chemical Reaction: qi, = Syxn Veys
flow between t between t and
energy
and t + At t+ At S=lee e —
time volume
. d
Unsteady Macroscopic Energy Balance E(U”‘ + Eisys + Epsys) |
= —AH - AE;, — AE, +Wson Table: Emissivity € of solids (300K)
Qin = X.; Qin,; comes from a variety of sources: Material "
. _ ar Aluminum foil 0.04
* Thermal conduction: q;, = —kA i “Asbestos board 0.96
e.g. device held by bracket; a solid phase that extends through Brass, polished 0.03
boundaries of control volume Brass, dull plate 0.22
* Convection: q;, = hA(T, — T) Cast iron, turned and heated 0.60-0.70
e.g. device dropped in stirred liquid; forced air stream flows past, Concrete 0.85
natural convection occurs outside system; phase change at boundary Ice, smooth 0.966
Ice, rough 0.985
. PP _ 4 _ 4 s 4
Radiation: qin = €04 (Tsurroundings Tsurface) S-Bconstant: Plaster 0.98
eAgAddevice at high iempA Z)l(pzsed toa ghas/vaa;t{mf' hot enough to 1702—35-6'”76 X Rooﬁng paper 0.91
produce nat. conv.=possibly hot enough for radiation T Sand 076
* Electric current: q;,, = I?R, L Steel, Oxidized 0.79
e.g. if electric current is flowing within the device/control volume/ Wrought Iron 0.94
system
. . Reference: Engineering Toolbox,
N g =
Chemical Reaction: qin = SyxnVsys www.engineeringtoolbox.com/emissivity-coefficients-d_447.html
e.g. if a homogeneous reaction is taking place throughout the
device/ control volume/system

Mechanical Energy Balance:

Pz_P1+<V)§_<U>%
p 2a

+ 9z, —z) +Fp =

WS,OTl,Zl




1D Heat Transfer: Unsteady State Heat
Conductionin a Semi-Infinite Slab
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FIGURE 5.3-10. Chart for determining the temperature ar the center of a sphere for unsteady-state
heat conduction. [From H. P. Heisler, Trans. A.S.M.E., 69, 227 (1947). With

permission]  From Geankpolis, 4" edition, page 374



Unsteady Macroscopic Species A Mass Balance m

accumulation = net flow in + production + introduction

d i
Tt (MA,SyS) = —AM, + RAVsys - z_(NAS)i
i

R4 = net rate of production
of moles of A inthe CV. by
reaction, per unit volume

moles of A that flows out of the

moies of A that fiows into A
e control volume between t and
the control volume P4 AL

between tand ¢ + At

: —(N,5);
My sys = caVsys = total moles of A in the C.V. y

Sy introduction of moles of A
into the CV. by mass transfer

ik
AMa = X outs Maj = Zjins Ma,; = bulk out i iaiig y 3
R, = net rate of production of moles of A in the
C.V. by reaction, per unit volume Ssys = = 2iSi
V t I A IS Out” ll’ JI
= system volume
sys =Y CS.= control surface
Ny, = kc(ca — cy;) =molar flux of A out C.V. = control volume

through the it" C.S.
© Faith A. Morrison, Michigan Tech U.

Example:
WRF Example 1 page 604 (solution in text)

0.04
A Eq. Line
) |
003 FPA_ -

pA
(atm) 0.02 | Pai

e..'__........

1
|
0.01 A E (Pmi%.)
: |
” ; :
' CAL L CaLi  C
0.00 . " DO dshenr 5. ‘..AL!', : .. ) “AL |
0.0 1.0 2.0 3.0 4.0

Ca. (gmole H,5/m?)
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The Equation Of Energy in Cartesian, cylindrical, and spherical coordinates for

Newtonian fluids of constant density, with source term S. 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 g = g/A appears in the equations); and the

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

. (0T 5
pCp(E+1_J-VT)=—V-q+S

Microscopic energy balance, in terms of flux; Cartesian coordinates

T T  oT  orT 03, 0q, 94,
(T T T, Ty (20, % 0
Plo\Gr T Vx5 Ty T V25, <6x+6y+62 +

Microscopic energy balance, in terms of flux; cylindrical coordinates

L (T OT wedT 9T\ (10(rG,) 104 aqz)
pC”(atJ"’rarJ’rae”Zaz)‘ (r ar trae T o)

Microscopic energy balance, in terms of flux; spherical coordinates

. (0T 0T vy OT vy OT 1 9(r%g 1 9(ggsind 1 03
pCp<—+vr—+—9— ._¢_)__ 10074) 1 0@esind) 1 0dp) o
at dr r 00 rsinfd¢ r2  or rsin @ a0 rsinf d¢

Fourier’s law of heat conduction, Gibbs notation: 6_7 = —kVT
aT
~ _ka_
qx a?
Fourier’s law of heat conduction, Cartesian coordinates: C7y =| -k %
C~Iz xyz _ka_T
0z/ xyz
d
i —k =
Ir k g;
Fourier’s law of heat conduction, cylindrical coordinates: | gg =73
T e\ o
0z/ roz
d
i —k =
qr or
., . . . ~ k oT
Fourier’s law of heat conduction, spherical coordinates: | qp = ~ T3
e\
rsinf 0¢ r0¢




the Equation of Energy forsystems with constant k

Microscopic energy balance, constant thermal conductivity; Gibbs notation

. (0T ,
pCp(a+1_J-VT>=kV T+S

Microscopic energy balance, constant thermal conductivity; Cartesian coordinates

é<aT+ or , oT aT)_ 0°T 0T 0T\
P \ar " ax Ty TV, ) T "\ ax2 T ay2 T 922

Microscopic energy balance, constant thermal conductivity; cylindrical coordinates

é(6T+ 6T+v96T+ aT)_ 16(6T) 162T+62T S
Per ot " or T o0 T29z) T “\rar\"ar) T 2907 T 9.2

Microscopic energy balance, constant thermal conductivity; spherical coordinates

@<6T+ 6T+v96T Vg 6T>
Po\ae " ar T a6 rsin@ d¢

_k1a<zaT)+ 1 6(_96T>+ 1 62T+S
~\r2ar\" or r2sing 2o """ 39 r2sin? 6 d¢p?

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




The Equation Of SpECies NIaSS Balance in Cartesian, cylindrical, and spherical

coordinates for binary mixtures of A and B. Two cases are presented: the general case, where the mass flux with
respect to mass-average velocity (j4) appears (p. 1), and the more usual case (p. 2), where the diffusion

coefficient is constant and Fick’s law has been incorporated.

Spring 2019 Faith A. Morrison, Michigan Technological University

In terms of mass flux, j,

Microscopic species mass balance, in terms of mass flux; Gibbs notation

dwy
p(?+y-VwA)=—V-lA+rA

Microscopic species mass balance, in terms of mass flux; Cartesian coordinates

dwy dwy dwy awA) _ (0jax , 9Jay  Ojaz
p( Ty T Y ) T T TTay T ez )T

Microscopic species mass balance, in terms of mass flux; cylindrical coordinates

(aﬂw Owy  VoOws 6wA) _ _(la(rjA,r) 10jap +61'A,z)+r
P\ "ot T or r 06 Z 9z r or r 00 0z 4

Microscopic species mass balance, in terms of mass flux; spherical coordinates

dwy dw, vyowy vy Owy 19(%,,) 1 0(jsgsind) 1 0jag
p( + v, +— . ) =—|= —+ ' : Ta
ot or r 00  rsinf d¢p rz2  or rsinf 20 rsinf d¢

Fick’s law of diffusion, Gibbs notation: j4, = —pDspVw,

= pws(va —v)

p BwA
AB
Jax a@x
. . . . . . w
Fick’s law of diffusion, Cartesian coordinates: | Ja,y = | —pDyp _ayA
jA z \ dwy
e xyz —oD
48737/ vyz
awA
—pDyp
Jar b aar
. . . . . . . w
Fick’s law of diffusion, cylindrical coordinates: | Ja,0 =| - p%a—;
jA z w
“/ rlz — 224
PYaB oz
awA
. —PUgp
]A,r / D aar
. o . . . . w
Fick’s law of diffusion, spherical coordinates: | Ja,6 =| -2 rAB _aeA
Ja,p o __ PDap dwy
rsinf 6¢v T9¢




e EQuation of Species Mass Balance, constant pD 4. ror binary

systems, and Fick’s law has been incorporated. Good for dilute liquid solutions at constant temperature and
pressure.

Microscopic species mass balance, constant thermal conductivity; Gibbs notation

dwy )
P (W"‘ v VwA) = pDppVwys +1y4

Microscopic species mass balance, constant thermal conductivity; Cartesian coordinates

dw, dw, dwy dw, 0%w, 0%w, 0%wy
( Ty Yy, Ty, )Zp a\Gxz Y2 Y o2 )T

Microscopic species mass balance, constant thermal conductivity; cylindrical coordinates

dw dw Vg 0w dw 10/ dw 1 0%w 0%w
p( 4 A4 0y A)=pDAB< ( A)+ 44 A>+rA

ot "V T a8 TV ror\ar ) T2 902 T o2

Microscopic species mass balance, constant thermal conductivity; spherical coordinates

Y q ‘AInIsnyiig Jo swudy uj

ot " or "7 90 rsing P

. 1a(zawA)+ 1 6(_66wA)+ 1 aZwA+
PP\ 25 \" Tor ) Trzsing0a\*" " 90 ) T rZsinze a2 )" A

((')a)A dw, vglwy Vg E)wA>

CXr = Cr = 1 ( ) _ 1 ( w ) (units- C[—] mol mix [_] mass mix [_] molA [_] massA)
AT ATy, Pa) = My p®a U ot som PV worsoin P AV vot sotn? FAY T vot soin
_ . . . , . . mass A

Ja = mass flux of species A relative to a mixture’s mass average velocity, v (units: j4[=] W)
= pa(va —v)

Ja +]g = 0, i.e. these fluxes are measured relative to the mixture’s center of mass

Ny = PaVs = a4 + pav = combined mass flux relative to stationary coordinates

nyg +ng =pv

v, = velocity of species A in a mixture, i.e. average velocity of all molecules of species A within a small volume

UV = wyV,4 + WpVp = mass average velocity; same velocity as in the microscopic momentum and energy balances

Reference: R. B. Bird, W. E. Stewart, and E. N. Lightfoot, Transport Phenomena, 2" edition, Wiley, 2002.



e Equation of Species Mass Balance in Terms of Combined

MOIar q ua ntltles in Cartesian, cylindrical, and spherical coordinates for binary mixtures of A and B.

The general case, where the combined molar flux with respect to molar velocity (N,), is given on page 1.
Spring 2019 Faith A. Morrison, Michigan Technological University

In terms of total molar flux, N 4

Microscopic species mass balance, in terms of molar flux; Gibbs notation

dea _ V-N,+R
ot =4 T4

Microscopic species mass balance, in terms of combined molar flux; Cartesian coordinates

— = : . ’ R
ot <ax Ty TToz )T

Microscopic species mass balance, in terms of combined molar flux; cylindrical coordinates

dcy (1 0(rNy,) N 10Ny ONy,

ot r or r 90 T oz >+RA

Microscopic species mass balance, in terms of combined molar flux; spherical coordinates

dcy la(rZNA,r)_i_ 1 9(Nygsin®) 1 0Ny, TR
at \rz2  or rsinf 00 rsin@ d¢ A

Fick’s law of diffusion, Gibbs notation: N, = x4(N4 + Ng) — cDy45Vxy

—_— *
= cpV" — cDypVxy

axA
Nyx %4(Nax + Ng ) — cDap Bx
. . d
Fick’s law of diffusion, Cartesian coordinates: | Ny =1 x4 (NA,y + NB,y) —cDyp ai;
NA z ax
xyz X4(Ny, + N —cDyg—2
A( A,z B,z) AB 9z xyz
%a(Nyy + N, ) — cDyp 24
NA,r A AT B,r DAB aar
Fick’s law of diffusion, cylindrical coordinates: | Nag = x4 (NA,g + NB,g) —=: rAB%
NA Z x4
roz %4(Nyz + Ng ;) — cDyp e
rfz
6XA
Ny, %4(Nay + Ng ) CIZAB aar
o . . . . C X
Fick’s law of diffusion, spherical coordinates: | Nag =] x4 (NA’Q + NB,G) - rAB a—gA
Nag cDap 0xa

0 _
ré¢ xA(NA,fl) + NBr‘P) rsin@ d¢ r0¢




NOTES:

e If component A has no sink, Ny = 0.

e |f A diffuses through stagnant B, Ny = 0.

e If a binary mixture of A and B are undergoing steady equimolar counterdiffusion, Ny, = —Np.

e If, for example, two moles of A diffuse to a surface at which a rapid, irreversible reaction coverts it to one
mole of B, then at steady state —0.5N, = Nj.

=m0 = o (units el I gl P ¢y peld (e
* — . . . * . % mole A
Ja = molar flux relative to a mixture’s molar average velocity, v (unlts: Ja [=] W)
=cp(vy —v")
JatJs=0

Ny = cqvq = J4 + c4v* = combined molar flux relative to stationary coordinates
Ny + Np = cv”

= velocity of species A in a mixture, i.e. average velocity of all molecules of species A within a small volume

S

= X,V4 + XgVp = molar average velocity

I

Reference: R. B. Bird, W. E. Stewart, and E. N. Lightfoot, Transport Phenomena, 2™ edition, Wiley, 2002.



e Equation of Species Mass Balance in Terms of Molar

quantltles in Cartesian, cylindrical, and spherical coordinates for binary mixtures of A and B. Two cases are

presented: the general case, where the molar flux with respect to molar velocity Qj‘l) appears (p. 1), and the more

usual case (p. 2), where the diffusion coefficient is constant and Fick’s law has been incorporated.

Spring 2019 Faith A. Morrison, Michigan Technological University

In terms of molar flux, J

Microscopic species mass balance, in terms of molar flux; Gibbs notation

0xy
c(¥+v VxA) =V Ji+ (xgRy — x4Rp)

Microscopic species mass balance, in terms of molar flux; Cartesian coordinates

(axA L 0% aa)A L 0x4 ) B (6];‘1,,6 N 9ay

+v +v +v ox T oy

o;
e Ve TGy TG, * azz> + Ry = x4Rs)

Microscopic species mass balance, in terms of molar flux; cylindrical coordinates

or r or r 00 0z

axA . axA Vg axA . axA _ 1 6(7‘]:1]) 1 61:1,9 6]:1'2
C<6t+vr6r+r69 TV, )T * *

) + (xgR4 — x4Rp)

Microscopic species mass balance, in terms of molar flux; spherical coordinates

<6xA L0xs 15 0x, vy x4 > ( 1 9(r?J,, r) 1 0(J4sin6) 1 0Jae

Nt "% * 730 T7sine op 2 or ' rsind 06 rsinf d¢

Fick’s law of diffusion, Gibbs notation: [ = —cD,Vx,

= cxy(vy — V")

—cD
]A X 4B 5x 6ax
Fick’s law of diffusion, Cartesian coordinates: ]Ay cDAB -4
ax
A Z xyz _CDAB oxa
xXyz
6xA
]:1,1" CDAB ar
. L2 . . . . . * CDAB axA
Fick’s law of diffusion, cylindrical coordinates: | /40 = -
]AZ r0z _CDAB axA
rfz
—cD
Jar 5 o
. . . . . cD dx
Fick’s law of diffusion, spherical coordinates: ]Z,g = —4B =4
;'(p \ CDAB axA
rsinf 0¢ 06

> + (xgR4 — x4Rp)



e Equation of Species Mass Balance in Terms of Molar

Quantities, Consta nt CDAB' For binary systems, and Fick’s law has been incorporated. Good

for low density gases at constant temperature and pressure.

Microscopic species mass balance, constant thermal conductivity; Gibbs notation

axA 2
c (? +v- VXA) = cDapV°xy + (xpRy — x4Rp)

Microscopic species mass balance, constant thermal conductivity; Cartesian coordinates

axA *axA *axA *axA azxA azxA azxA
C( + Uxa + Uya— ) = cDyp

at K o2 Ty T oz ) + (xBRs = xaRp)

Microscopic species mass balance, constant thermal conductivity; cylindrical coordinates

Ox,  ,0xq vpox, L0xg ) 16( axA> 10%x, 0%x,
C(Gt U Y5 T2y, | T Pas\ 15 TG ) Y2 ge T o + (xgRa — x4Rp)

Microscopic species mass balance, constant thermal conductivity; spherical coordinates

ot "V T e rsin® d¢

= et (e (2 22) 4 O (o) LT L o, )
—Pam\2gr " Tor r2sinf 06 \" = 90 r2sin2 6 0¢2 Xplta — Xals

0x ox v 0x Vy 0x
C( A «ZTA L T007A ¢ A>

gV q ‘AnIsnyiig Jo swudy uj

exp = ¢4 = - (pa) = 5 (p0y) (units: c[=] 2222, p[=] B o [=] O p, [=] Tt )

vol soln”’ vol soln vol soln vol soln

. . . . mole
Ja = molar flux relative to a mixture’s molar average velocity, v* (umts: Jal=] W)

Ny = cquq =] + cqv* = combined molar flux relative to stationary coordinates

Ny + Np =cv”
v, = velocity of species A in a mixture, i.e. average velocity of all molecules of species A within a small volume
v* = x4v,4 + xgVg = molar average velocity

Reference: R. B. Bird, W. E. Stewart, and E. N. Lightfoot, Transport Phenomena, 2™ edition, Wiley, 2002.
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