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Table A-1. First law of thermodynamics for flow systems and the energy balance
equations

1. General equation
d . o
I(E+pV)(on)dA +;;!Epdv =g+l

A

2 L]
E=U+gz+(for L kg of fluid), e=Em; q=%; t

2. For multiple homogeneous streams

01 . 02 . de ¢ .
Z[(H +gz+7jzmz]‘ —Z[(H +gz+7J mll +E=q+l

i 1

3. For a finite process

:[ L[ (E+ PVXl)n)dA]dt + ;[[% j Epdv]dt =g+l

4. For an unsteady-state flow

Au_, =(Zl:h11 —(Zt:hzl +q+!

Av?

h=H,m; Az=0 =0

5. For steady state flow (homogeneous streams)

Z[(H +gz +222—er;,2:|, —Z[[H +gz +°72] r;n:I‘ =gl

! 1

6. For a single stream, with respect to 1 kg of fluid (accounting for velocity profile)
v 2

2
[H +gz+ ] —(H +gz+°—] =Q+L,
20/, 20/,
0= —q—; L, = IT'; o — constant in expression for kinetic energy of fluid
m

7. Mechanical energy balance accounted for the work lost
2

I%+g(zz -z,)+

1

2
02
o

2
~2 L 4L =0
200, 2o,
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Table A-2. Basic thermodynamic relationships

1. Maxwell equations
&)
o/,

2. Some important relationships

(9@ @ (@A)
@) @ @)

p/, g

3. Relationships referring to heat capacities
Ep_z(a_V] (6_1’] =(§] C. =(_6£J (6_"] _(6_5’]
T 6TF6TS 6Tp T or/) \oT/, or/,

2 2
c,-c,=-1(2) [1] -1(2) (2]
4 or/ \dp/, T/ \OV

cc-[Q L) Y)Y

2 D@ ©-0 5
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Table A-4. Equations of state of a real gas

1. Gas constant

R =831439]/(K-mol)

R = 00820544 dm’ - atm/ (K - mol)
R = 198719 cal/ (K - mol)

2. General equation

W =zRT
3. The virial equation

P =A+Bp+Cp +Dp'+...
A4 RT

B=V-==V -—=V-V" =(z—l)% for C,D,..=0

p p
4. The Van der Waals equation

a 3
(p+—V—2—J(V—b)=RT; (p, +V’2](3V,—1)=8T,
8a | _a -
TR’ P V.=3b

for mixtures: .’ =x,a” +x,d%; b, =xb +x,b,
5. The Berthelot equation

[p+}%,—2J(V—b’)=RT

6. The Beattie-Bridgeman equation

w’ =RT[V +B°[l—§]][l_V;3j —Ao(l—f;'—)

2
T '
constants are recaltulated by: A4, =A4; (T—‘J [%J
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Table A-4 (continued)

4
T\ p' T !
T//\p. T} \p,

for mixtures: 4,7 =Zx,A;j’; B,,a,b,c,a, =ina,

7. The Benedict-Webb-Rubin equation

CI
BT, -A!-=2 .
R N A . A P A Vo,
p=—=+ 2 Tttt 7|1+ le®;, o=—F
¢ ¢ ? o 9T\ o RT,
A;=031315 a' =0.059748 '=0,0016081
B! =013464 b =0.043070 v’ =0.042113
C!=016920 ¢ =0.059416
8. Cubic equations of state
(a) Redlich-Kwong equation
RT a , 042748R°T>* 0.08664 RT,
p= - ; a=——""—; b=———=
V-b JTV({ +b) p. p.
22 +(4-B-BY-AB=0; A= _ 042748p, . , _ bp _ 008664p,
’ RT™ T RT T,
for mixtures;

a’"=zzx’x/aij; b’l:lebi; Am =zzx1xjAy; B,,,=2x,,B,.
CTOSS — parameters: ay=‘/—a—,71; 4,=J4.4,

(b) Soave equation

RT ao. 042748 R*T 008664 RT,

p=————p——; a=—————;  h=——=
V-b V({ +b) ». p.

a=[l+s(1—-T,"2)]2; 5=048+1570 —017607;

where o is the Pitzer parameter,

® =-log, p,(at T, =0.7)-1000
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Table A-4 (continued)

0.42 0
-2 +(4-B-B*)z-AB =0, A=—af - 2748ap, . o _ bp _008664p,
RT T RT T

r r

for mixtures:

=ZZx,xj(oca)u; b= xb; A,=Y Y xx,4,; B, =) x,B,

Cross — parameters:

(oca)y = (l—ku) (oca)l (ona)j

Values of the cross-parameters k; for a number of substances are listed in.!

(c) Peng-Robinson equation

_ BT ax Q4SRRI | OOTIR4RT,
PRy T v o b 2 T 5

o= [1 +s(1- T,”’)]z; 5= 037464 +152260 — 0269920 %;
where o is the Pitzer parameter;

® = —log,, p(at 7, = 0.7) - 1.000

2 ~(1-B)z’ +(4-3B>-2B): (4B - B*-B*) =0

aap _ 0457240p, B = bp _ 0077804p

RT? T ’ RT T

r r

A=

for mixtures:

aa) — sz x, oca b, = lebl; A, = ZZX‘XJAU; B, =Zx[Bi
Cross — parameters:
(aa)v = (I-kt!) (aa)l(aa).l; AU = (l_k"l) A‘AJ; k=0

Values of the cross-parameters k; for a number of substances are listed in.'

9. Lee-Kesler equation of state

z—&p_’.—l.}._B_.}._C_.}_g.}. ) [ Je [__LJ
T o o o e\l o)

r

d
B=b-2-—2 -2 C:cl—&-+—3‘ D=d +*%
r r r T’ r T’

V T
®, = P =z_'; z=z" +_C0_(Z(’) ‘Z(O)); 0" =03978
RT. p, o



Table A-4 (continued)
Constant Simple fluids Reference fluids
b 0.11811193 0.2026579
b, 0.265728 0.331511
bs 0.154790 0.027655
by 0.030323 0.203488
c 0.0236744 0.0313385
c 0.0186984 0.0503618
C3 0.0 0.016901
C4 0.042724 0.041577
d-10° 0.155488 0.48736
d,-10* 0.623689 0.0740336
B 0.65392 1.226
¥ 0.060167 0.03754

for mixtures, pseudocritical parameters:

RT
v,=24""¢. 7 =02905-00850,;
ptl

WY e RIS Y
[ !
1
g ST ) T

z RT, (002905-00850)RT,
Pe==py—= 7%

[ [
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! Walas S. M., Phase Equilibria in Chemical Engineering, Butterworth Publishers, Stoneham, MAS, 1985.
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Table A-8. List of the more important equations describing the relation between
the activity coefficients and solution composition for ternary solutions’

+2x|(A:| —Au)]"'xzxa[An +Au —A:u +
+2x,(4, - 4,)+2x, 4, - 4,)-C(1-2x)]

Type and . Simpli- ' :
order of ! fication ! z : log 71
equation ! :
: : x i
WOhI 4 : ° : z‘ = ql % : zzz A]2 + 221 [A’l —qJ— - A]Z - QZ] + 3zlz‘Dll + z: *
: X, +x, x> 9,
\ H A 9
s i x 2 E ’ Au+2zl[A31q_l—Au_Dn_ql—]+3zlan'q_l:|+
H H 2 q, i 9, q, 3
i 1z, = )
i i 9%
] i * +xz_1+x:._3_ i +zzz'3|:Aui+Au_A:n_ql_"'zzl[Amq_l_ ]+
; g S 4, g, 4,
: ) 9 i
i P Py b4 223[,43, G _ 4, i] +32,2D, 8 ~Cz,.
i E Z, = q q i q, 2 q,
; ; X, X, T 4x,
: i 1 o -(2—-321)—-C,z,(1—3zl)gL—C323(l —321)51-'—]
E E E q: 9,
S | \
a e :I zz2 [All + 221 (Ani _Au :|+
) : ! 9, /
g é ‘E +z: |:A13 + 221 [An 4 . AuJ :I +
: H H 9
i E i +zzzs|:A21i+A13 —A32i+221(A:1&'—A13J +
h H , 9, 9, q,
E E 5 +223[A312L—A13g'1_] —C(l_zzl)
i 5 : 3 9,
Margules 4 ; % - 1 i 2 =% ? x;[An +2xl(AZI _Au _Dlz)+3x|2Du]+
o 2=, P +x2[A +2x,(4, - 4, - D)+ 3xID, |+
. 1 V&5 TX ‘:
E q, E i +xzx:[A21 +Au _An +2x1(A:| —A13)+
‘g P 42x,(4,, —4,) +3x,x,D,, -Cyx,(2 - 3x,) +
% {~Cpx,(1-3x,) = Cox,(1-3x,)]
3 ; :
; e 3[4, +2x (4, - 4,)]+ x4, +
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Table A-8. (continued)

log 12 ' log 3

z:[Au +zz,[4,§—Au -D, "—*J+3z:Du ; }

1 1

l

+z:|:AB+222[An§’——AB—D,J]+3z:DB:|+ [A,z+2z(A,,Z’ ~A, -D, Z’J+3Z’D Z’]
3 | 2 2 2

+zlz,[An-Zi+An—A“%+222[Au%— ]+ +22[A,, + Ay + 4, +22[Auq’ Am)

3 1 1

l 1

1 3 3

E q q q
+27’1[An%'_A:ng]+3zxzaDu'gz_—C;z;' :+2 [An_a_Au 3} 37’17’1Duj—caza'

l 2

-(2—322)—C,z,(1-3z,)q—’—C,zl(1—3z,)q—’:| -2-32)-Ca(1- 32)&-C2(1—32)q—’]
q

3 1

z [A,, +2z, [Au Z—z —An]:l + |:A,1 +2z (A f; - A,IJ:I +
+z; [A,, +2z, (A,, Z—’ - A,,H + Lzt [A,, +2z, (A,, g’— - A,,J] +
3 ! 2
+2,2, [A Goyg, -4, 82 (Au 4 _ A,,] + 12,2, [Al, booa, 4,542, (Am 4 A,,] +
4 ql 4 : 4 4 4,

+2z, (Au Z—j -4, ‘E’ﬂ ~C(1-2g, )‘;—:] +2z, (A,, Z—: -4, -ZIAJ -C(1- 22,)3—:}

x4, +25,(4, -4, -D,)+3D ]+ Do v2n (4, -4, -D,)+3D,J+
+x3[4,, +2x,(4,, - 4, - D,,) +3xD, |+ : | x 1[4. +2x,(4,,- 4, -D,)+3¢;D,] +
0,1 [Ay, + A, - A, +2x,(4, - 4,) + A, A, - A, +2x,(4, - 4,)+
+2x,(4,, - 4,)+3x 2D, -Cyx, (2= 3x, ) + P 42x, (4, - 4,) +3x,x,D,, ~Cyx,(2 - 3x,) +
—C,x3(1 - 3x1) —Clx,(l - 3x1)] i -C,x,(l - 3x,) —C,xz(l - 3x,)]

%2 [An + 2%, (4, - 4,)]+x3[ 4, +
+2x1 (Aaz - An)] + XX, [Aaz + Azx _An +
+2x, (4, ~ Ay ) +2x,(4,, - 4,)-C(1-2x,)]

xi[4y, +2x,(4, - 4,,)]+ %2[4,, +
+2x3(A,, -4, )] +x,5,[4, + A,y — 4, +
42,4, — 4,,) + 2%, (4, - 4,,) - C(1-2x,)|

H
)
!
l
l
:
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Table A-8 (continued)

log 11

+

<
+_
=7
2x1.2
+ 3
p— .
g R
A ¥
N+
| I
I
g8
®» |
+
o N
=
W o+

b
o
t
o
A
e
I
q
o
Q
m.ﬁ.\
n ¥
+
-
»
I
-
N
]
|
& &

2
Au +x3Au +xzx=[Au +A|3 —Azz +

p—

-

o

)

R
WY
FEd
oo
AR Gl
[o2

g g g

N m a =2
» A
+ i + Mn Au
b 2 & = o« [T
= zA < zA << <<
< < = #
I \ zAl ~
2 ] x: i
< ~ " Au
+ + o — +
< < <|< 2
L N - A
N N ® ~—
N N + =B,
+ + - << x
2 = o
X 5 < A
N Y AR
+ 1 + + A.._A1
s = o LD~
T N
N’ N' ] <
<& << <<
s ® ®»
+ s o + al o +
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Table A-8 (continued)

log 12 log v3

xnz[Au +xz(3xz - 2)Du]+x:[Au +
+xz(3xz —2)Dn]+x1x3[Au +Au —Au +
+3xx,D, - x,2 -3x,)C, +x,(1-3x,)C, +

- x1(1 - 3x2r1]

x! [A‘3 + x,(3x3 - 2)Du] +x; [Az3 +
+x3(3x3 - 2)D13] + xlxz[Als +A23 _Au +
+3x,x,D,, ~ x,(2 - 3x,¥?, —xl(l - 3x,r1 +

~x,(1-3x,)C, ]

XA, + x4, +xx A, + A, - AL+
~C(1-2x,)]

x12A1: +x22A2= +x1x2[‘41: +A13 —All +
~C(1-2x,)|

zlA4, +2:4 +zlzs[A23 +4, —Anj" +

Z’A, +24,, + 2.2, [An +4,-4, %— +

1“7 34723 1773t

12 23

-C(1-22, )%]

13

(1 —uz)%]

12

ZlA, +2IA4, +2.z (A,_, +4, -4 A“]

1440 17y zlen +z;‘4n +zxzz(‘4n +4, _Azn An] =
2
2
4,

A
2
&)
A 2
S Y 7N
( 4 A J 4,
x, +x

12 23

21 31

gy g e QPR S L L LR R T

xl+sz;1 +x,A—13 "4 +x321—3
2 2
A A, 14,4 A A4, 14,4
A 32 + A +4 -4 Tun|ixln A 23 + A +4. -4 32 134223
23[A23] xlxl( 23 21 13 Alz)AzaAZI} 32 [A;zj x1x2( 31 32 21 An]AnAniI

Note: In multiplying 4, C, and D by 2.303, equations adjusted to get Iny; can be obtained.

! After Héla E., Pick J., Fried V., and Vilim O., Vapour-Liquid Equilibrium, 2nd ed., Pergamon Press, London,
1967 (by permission).
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Table A-10. Equations of continuity’

Rectangular coordinates

op O 0 0

2 + E(p\)x ) + @(pu,) +5;(pu,) =0
Cylindrical coordinates

0,10 3,100 1,000y,

—6;+ r &(pm’)+ r 66(p09)+ az(p"’) =0
Spherical coordinates

p 10, ,

a_t + m(pr Ur) +

o, . 1 o
mesr A CUbL) Rgmer % (pos)=0

1Aﬂer Bird R. B., Stewart W. E., and Lightfoot E. N., Transport Phenomena, John Wiley, New York, 1960
(by permission).

Table A-11. Equations of motion'

1. Rectangular coordinates
a. General equation
x-component

[ao, +v —a—o‘—+o %, +v ﬂ] = ap—[at“ +at” +£J+
p at x ax > ay z - ay aZ pgx

y-component
oo oo 1) o op (ot, on, on,
p( at’ +v, ax’ +0, ay’ +v, az’J =——— (?’+—5}%+E’J +pg,
z-component
(601 +v %, +v v, +v aU’J ——@—(ﬂ+@i+?t—”J +
Ao " "y ) o oy @) P&
b. Equation for Newtonian fluids at constant values of p and p
(The Navier-Stokes equation)
x-component

(ao, v, v, au,J op (6’01 d*v, aZU,J
p—=+v +v +U,— 5| =~——4} L4 —F 44— +pg,
Ox oy 0z

ot ¥ ox oy C ooz ox
y-component
v v v v op &'v, v, o
p(—z‘th+U’ ax, +v, 8; +v, aZ’J=—-5y—+u[6xz’ + ay’, + 62’, +pg,
z-component
dv %ZJ op [6’oz o', 610‘}
v, | =-—=4p + +pg,

p(_iq.ux - +U; =+ z : t 2 2
ot ox oy 0z ox oy 0z
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Table A-11 (continued)

2. Cylindrical coordinates
a. General equation
r-component
NCTE LS P T [13(”~)+13%_h+£

— 8 +
a o roe r ta r o roe r 62] PE.

6-component
2
o0, D0 VB0 VY W) B (10%,) 10 ),
ot "o r 00 ¥ oz o (r or ro® oz
z-component
v, v, 6uj op (108rm,) 160 J
4y —2 404y —F|=-F | Bl & =y
p(ﬁt "o Tr e el @ (r’@r r o oz ) P&
b. Equation for Newtonian fluids at constant values of p and p
r-component
[ r a“)r UO a“)r 0: 6\),)
pl —=—=+v, —L+—L—r-——L 4y —
ot or r 00 r oz

ap |o[18(r0,)) 1&v, 2dv, o,
=——4pl— + - + +pg,
or or\r or oot e o
9-component
O, % DDV VY, %9J=

ot "o r OO r * oz
o

1p [o(10 10, 200, &v
=——_+“'|:—[— ( G)J+rz 6eze+r2 ) + 6zis:|+pge

(60‘+u o ’+u&]———+ —(r——‘—j+—lﬂ+alo‘ +
Ao " "7 a) a Mral ) e o | P

3. Spherical coordinates
a. General equation
r-component

L4 r 4 +
p[@t o T r 0 rsmb 0 r
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Table A-11 (continued)

©-component
p[aus +0 _639__,_ Ly aus + D¢ aus + Urue - D:COte] =
ot "o r 00 rsind 8 r r
190 (18r't,) 1 Ht,esin®) 1 &, 1, 7,000
= T R = == + P8,
ro8 (r* or rsin®6 90 rsin 69  r
$-component
v, d, v, v, v, d, v ueo,cotOJ
—+u,—+ + +— =
p( ot ™ r 00 rsin® 0¢ r r
__ 1 op _ 126(;"1")4-_1_%‘_4_ 1 61:_”+r_,‘_+21:“c0t9 +pg,
rsinb o | Or r 96 rsin® 0§ r r
b. Equation for Newtonian fluids at constant values of p and p
r-component
[60, v, v,dv, v, dv, UV + D:J
Pl —— ,.__+ +— - =
ot or r 00 rsind 8¢ r
oo
SOV CANE TN L PP .
or r oo r r*sin® o
8-component
p(a“)s +v 608 + UO 609 + U¢ aue + DrUB - DZCOteJ =
ot "odr r 90 rsind® 0 r r
19p ( 2 2 dv v 2¢ot0 60,}
=——=+p| Vv, + L — & +
700 MU T 00 Fsine rsm@ o) Lo
$-component
P(ﬁw.) -6&+ v, P, e ®, 200y D"D‘COteJ =
ot "ér r 00 rsinb 8 r r
1 op ( 2 B, 2cot® B, J
=— VZ + r 4 [: L]
rsin0ap "\ T i sin’0 0p | rsind 0p s f) B
10 ( a) 1 2 ( . a) 1 &
V= P —|+———| sinf— [+ ——————
7or\ or) Fsmooo " o0) 7 sin’ 008

lAiter Bird R. B., Stewart W. E., and Lightfoot E. N., Transport Phenomena, John Wiley, New York, 1960
(by permission).
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Table A-12. Equations for free settling

Spherical particles Nonspherical particles

Stokes law range

Re< 04 Re< 005+04 (depending on \y)
_2A LN S
" Re Re 0.843log(y/0.065)
_d'(p.- p)g e d: (p, - p)g0.843log(y/0.065)
18p 18p

Allen law range

2 <Re <500
\ =185
Re A = f(Re,y)
e 0.153d" (p’ _ p)""”go.n
po'l9 llo'“ u= f(dz yP.-,P,P-,W)
Newton law range
Re > 1000 Re >1000+2000 (depending on y)
A =044 A =532~-488y

u= 1.74[ﬂ(p’;—p)g]"z u= 1.74[‘)_":_(_"_:“_P)g_ﬂ”z

(121-111y
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Table A-14. Forms of energy equation’

1. General equation of energy at a constant value of A
DT Dp
— =AVT +q, +Tp=—+npd
P Dy 9, +TB—+p
2. For a gas, P = 1/T (as for an ideal gas)
DT Dp
— =AVT +q, +—+pd
pe, Dt q, Dt u
3. For an incompressible fluid, f =0
DT
——=AV'T +g, +pd
pe, Dt q, +H
4, For a motionless continuum
DT
—=AV'T +
pc, Dt 4.
Notation:
Rectangular coordinates
VT = 61—7: + 6—7; +—a—17;
ox' &' oz
Cylindrical coordinates
10 ( 6TJ 16T o'T
=
ror\ &) r oo ozt
Spherical coordinates

v e L3(p ) L850, _L_oT
"o\ o) rsin®oe 0./ rsin*6 69

VT =

! Rhosenow W. M., and Choi H., Heat, Mass and Momentum Transfer, Prentice Hall, New York, 1961.

Table A-15. Equations of continuity for a component of mixture’

1. General equation
a. Rectangular coordinates

oc, (0N, Ny ON, J

Fx—"{ x o e R

b. Cylindrical coordinates

o, (1ANy) Ny ON,) o
r or b33 oz A

c. Spherical coordinates

ax [ 1rNy) 1 oN,sind) 1 aN“J=RA

or rsmO a0 rsinf d¢
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Table A-15. (continued)

2. Equation at constant values of p and Dap
a. Rectangular coordinates

oc, ( dc, de,
+|v. —2+v +v

ot *ox oy oz

b. Cylindrical coordinates

dc, ( dc, . v, Oc, ac,\) (1 0 (&' ] Fe, Oc J
+|o,—2+2—2 49,2 =D, |—|2A|+5—2+—2|+R

a o roe e mGa\a) i e o) A

c. Spherical coordinates

E‘L+(u oc, + v, Oc, + v, 6cAJ _

ot "o  r 80 rsind 0

190 dc 1 0 oc 1 dc
=D == ’—‘]+ —( (& ‘]+ A +R
'“’[r’@r(r o) im0\ ) ame ag | A

6cAj _ [ach AN achj +R
- AB axz ayz azz A

1Aﬁer Bird R. B., Stewart W. E., and Lightfoot E. N., Transport Phenomena, John Wiley, New York, 1960

(by permission).

Table A-16. Forms of mass transfer equation’

1. General equation for incompressible fluid at constant value of Dap

DDCIA =D, V', +R,
2. For nonreacting systems
DD c; =DV,

3. For steady-state convection (rectangular coordinates)
0 0
U,%+Ui 2‘ +1),%=DM,V’0A
4. For a motionless continuum

oc
atA =D, Vic,

Notation:
Rectangular coordinates
2 v4 2

Vch=6cA +6cA +6cA

axz @}2 azl
Cylindrical coordinates

1 2

Vch =_1.i(r.a.£‘\_J + 12 0 C: + 9 c:
rér\ or ¥ 00 oz
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Table A-16. (continued)

Spherical coordinates

Vie, = Li[r’ Q&) + ! —6—[sineac‘) +—1 o,
A Fory or/) rsinboe o0/  r'sin’0 6p°

! After Bird R. B., Stewart W. E,, and Lightfoot E. N., Transport Phenomena, John Wiley, New York, 1960
(by permission).

Table A-17. Equations for steady-state diffusion

1. Equimolar counterdiffusion

@) N, =-D, ‘f;* b N, = . —mx, (e —Cx)
~ ='ﬁ—;%‘ N, '—‘m(m - Px)
NM=—cDM(Z: N, =xiD_";l(yA. ~Ya)
2. Diffusion through a stationary component
a N, = -cd_)—:‘% by N, = E—c:%,a)cj(c” ~c,)
o "%‘Z Ne = RT(:IiA;,)pM (P ~ )

Table A-18. Relationships between the mass transfer coefficients (film model)

Equimolar counterdiffusion Diffusion through a stationary component
k=_‘D+AB.’ k=DAB; k.____DABc kv=DABc, k' = DABP - kI=DABc
T 8’ " RIS 7 8 ‘" 8c,,  ° RTSp, '’ B8y,
kc=kpRT=k’_1.=kc"cﬂ=k;m_pM_=k'!J'"_; ezt _P. P
c c P 7o RT M, ¢, D
sno kLl _KLRT kL _kle, _KLRTp, _ KLy,
D, D, Dy,c D,ec D, P D, c
jD = EE_SCZIS = ﬂscﬂ:! - kme Scl/: = k;Mmcnm ScﬂS = kame Scﬂ/S = k;Mmme Sc2lJ
u u up up up up
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Table A-22. List of dimensionless parameters for heat and mass transfer

Mass transfer Heat transfer
Y=cAl~cA Y=T1—T
Ca1 ~ Cao Tl - To
Fourier number
Fo = 2as! Fo=2%
)é'1 X,
Biot number
Bi = &4 Bi =25
D, A
Schmidt number Prandt]l number
|1 v U v
Sc=——=-— Pr=-——-Y
pD,, D, A a
Sherwood number Nusselt number
sh= XL Nuz=2L
5 A
Grashof number
s 3
Gr=gL|32Ac Gr=gL |32AT
A%
Péclet number
ul ul
Pe=ReSc=— Pe =RePr=—
D,, a
Stanton number
St = Sh ___&_ St = Nu __Q
ReSc RePr c,up
Jp = StSc™ ju = StPr”
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Table A-23. Cases of mass transfer with an irreversible first order
homogeneous chemical reaction (film model)

Reaction Conditions Coefficients
k, Haanda k k: [k,
L Veryslow k. >> kD,  pa«<1 K=k, LANN T
2 a
k, >> ~k, aHa <<1 ¢
a
2 Slow k >> ,/leA Ha <<1 Kk =k, k. =1
k, << Xkl oHa® >>1 ¢
a
3 Intermediate ; -5 [z D L oHa®
3 1A Ha <<1 . _ 1 a o
case between k.= (k— + W] k  oHa®+1
1and 2 ¢ !
4 Fast kc <<Vk1DA Ha >>1 k: = leA —:=Ha
kC
5 Intermediate ; kK _ a (x—1)Ha + tanh Ha
case between - - k. (a-1)HatanhHa +1
2 and 4
© D vk,  v-the ratio of liquid volume to the total volume,
Ha = ;‘ 2. a= 2D a-the ratio of the interfacial area to the total volume.
A

Table A-24. Cases of mass transfer with an irreversible second order
homogeneous chemical reaction (film model)

Reaction Conditions Coefficients
k, Ha, o0, M K K [k,
1 Very slow k. >> vk, ¢, D, Ha<<1 k= sz Cao k—‘ = aHa®
v Ha® <<1 a k.
k, >>—k,c, aHa® <<
a
2 Slow k. >> yJk, ¢y, D, Ha<<l g =g k_ i
kc << 'Y'kz Coo aHa® >>1 ¢
a
3 In ediate kc >> sz cBODA Ha <<} k- - 1 a N k—: = __(X;I_'Ii_
case between = ;—+ ro k. oHa?+1
1and 2 4 280

4 Fast [t.c.D.
as k. << kD, Ha>>1 - froDo < =Ha

k(1+M)>> Jk,c,,D, Ha <<M k.
5 Instantaneous kc(1+M) << sz cnoDA Ha >> M k: = kc(l +M) I;—: =1+M

6 Other cases Van Krevelen and Hoftijzer diagram (C-22)

Ha:\/kzcno A, a:Vk" M:c’“—l)ﬂ_

k i aDA ’ bcAlDA

3
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Table A-25. Selected dimensionless numbers

No. Dimensionless Definition Physical Applications
number interpretation
1 Archimedes gl® (p - P,,) A measure of the ratio Characterizes an effect
number Ar= Vs of buoyancy force and  of buoyancy force on
p internal friction force  settling or rising
phenomena in fluids
2 Bingham t,L A measure of the ratio Characterizes
number Bm = b of shear stress to a Bingham fluid flow
i viscosity force in
a Bingham fluid
3 Biot . ol A measure of the ratio Characterizes an effect
number Bi= Y of thermal resistance  of heat transfer condi-
‘ of solid to thermal tions at the surface on
resistance of fluid the heating or cooling
course of a solid
4 Bodenstein ul, A measure of the ratio Characterizes mass
number Bo = D of convective mass transfer (in particular
‘ transfer rate to diffu-  dispersion) in reactors
sive mass transfer rate and mass exchangers;
(or dispersion rate) corresponds to the
Péclet number
5 Brinkman nut A measure of theratio Characterizes viscous
number Br= AT of heat generation due  fluid flow with heat
to internal frictionin  generation due to
a fluid to heat transfer internal friction
rate
6 Capillary KAp A measure of the ratio  Characterizes wetting
number =T ocosd of the external of porous solid by
pressure forces and liquid, it serves to
( k=4 “LJ capillary forces calculate maximum
Ap bound saturation
7 Cauchy pu A measure of the ratio Characterizes flow of
number Ca= E of internal force to a compressible liquid
elastic force
8 Damkuhler rL A measure of the ratio Characterizes a course
number Da, = we of chemical reaction  of chemical reaction in
rate to convective a continuous flow
mass transfer rate system
9 Damkoéhler ri? A measure of the ratio Characterizes an effect
number Da, = De of chemical reaction  of diffussion on

rate to diffusion rate

chemical reaction



Table A-25. (continued)
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No. Dimensionless Definition Physical Applications
number interpretation
10 Damkéhler grL A measure of the ratio Characterizes an effect
number m = m of heat generation rate  of heat convection on
F due to chemical chemical reaction
reaction to convective
heat transfer rate
11  Damkéohler q,rL’ A measure of the ratio Characterizes an effect
number Ay = AAT of heat generation due of heat conduction on
to chemical reaction to chemical reaction
conductive heat
transfer rate
12 Deborah u0, A measure of the ratio Characterizes a flow
number Deb = of relaxation time to  of viscoelactic fluids
? time of deformation
endurance
13  Fotvds gd’ (Pa - p) A measure of the ratio  Characterizes disper-
number Eo==—~——= of gravity force to sion and disintegration
¢ surface tension force  of phases phenomena
in a two-phase flow
14 Euler Ap A measure of the ratio  Characterizes pressure
number Eu= Pl of hydraulic resistance drop in fluid flow; it
force to kinetic energy denotes a criterion of
of a stream a dynamic flow
similarity
15 Fourier at A relation between the Characterizes unstea-
number Fo= 52 variation rate of dy-state heat transfer
temperature field and  (heating, cooling), it
physical properties denotes a criterion of
and geometrical temperature field
dimensions similarity
16 Fourier Dt As above with respect  Characterizes unstea-
number Fo= 72 to concentration field ~ dy-state diffusion; it
(diffusive) denotes a criterion of
concentration field
similarity
17 Froude u A measure of the ratio  Characterizes an effect
number Fr= oL of inertial force to of gravity force on
gravity force fluid flow
18 Gallileo Re' gI? A measure of the ratio  Characterizes an effect
number Ga = Fr v of gravity force to of gravity fluid flow

internal friction force
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Table A-25. (continued)

No. Dimensionless Definition Physical Applications
number interpretation
19  Graetz We, A measure of the con- Characterizes laminar
number Gz= V] vective heat transfer  heat transfer
rate to conductive heat
transfer rate
20 Grashof gl’BAT A measure of the ratio Characterizes natural
number Gr = Y I of buoyancy force due  (temperature)
to temperature convection
difference at different
fluid points to internal
friction force
21  Grashof gl’B'Ac A measure of the ratio  Characterizes natural
number Gr = R of buoyancy force due  (concentration)
(diffusive) to concentration convection
difference at different
fluid points to internal
friction force
22 Hatta For m,n-th order A relation between Characterizes an effect
number irreversible reaction: chemical reaction rate  of chemical reaction
' .. and mass transfer rate on mass transfer
Ha= k_‘ (m—-e-lk""D‘ c:,"c;,J
23 Hedstrom 1,L’p A relation between Characterizes
number He=ReBm=—"—" g.ar stresses, Bingham fluid flow
i viscosity forces, and
inertial forces during
a Bingham fluid flow
24 Knudsen i A ratio of the mean Characterizes gas flow
number Kn= A free path of molecules in capillary under low
to a characteristic pressure; it denotes
linear size of the a criterion of medium
system discontinuity
25 Lewis S¢ a A ratio of the Characterizes
number Le= Pr D coefficient of thermal  phenomena of
diffusivity to mass simultaneous heat
diffusivity; a measure and mass transfer
of the ratio of the
variation rate of temp-
erature field to that of

concentration field
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No. Dimensionless Definition Physical Applications
number interpretation
26 Mach A ratio of flow Characterizes gas flow
number Ma = u velocity to the sonic ~  at large velocities
: velocity; a measure of  (effect of medium
the ratio of kinetic compressibility)
energy and internal
energy of a gas
27 Nusselt al, A measure of the ratio  Characterizes heat
number Nu = K of heat transfer rate ~ tramsfer
and conductive heat
transfer rate
28 Péclet ul A measure of the ratio Characterizes heat
number Pe=RePr= 7 of convective heat transfer in a flowing
transfer rate and fluid
conductive heat
transfer rate
29 Péclet ul A measure of the ratio Characterizes mass
number Pe=ReSc = D of convective mass transfer in a flowing
(diffusive) transfer rate and fluid
diffusion rate
30 Power N A measure of the ratio Characterizes energy
number Po= Trp of drag force and demand at mechanical
inertial force agitation of liquids
31 Prandil A measure of the ratio Characterizes
number Pr=— of molecular a similarity of velocity
momentum transfer and- temperature fields
rate and conductive in a flowing fluid; it
heat rate in a fluid denotes a similarity
criterion of physical
properties of substan-
ces during heat
transfer
32 Reynolds ul A measure of the ratio Characterizes
number Re=—"— of inertial forceand  hydrodynamic simila-
internal friction force  rity of fluid flow; it
denotes a criterion of
flow turbulence
33 Schmidt v A measure of the ratio Characterizes
number Se=o of molecular a similarity of velocity
momentum transfer and concentration
rate and diffusion rate  fields in a flowing

fluid; it denotes
a similarity criterion
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Table A-25. (continued)

No. Dimensionless Definition Physical Applications
number interpretation
of physical properties
of substances during
mass transfer
34 Sherwood kL A measure of the ratio  Characterizes mass
number Sh= D of mass transfer rate  transfer
and diffusion rate
35 Stanton Nu o A measure of the ratio Characterizes heat
number St= Pe ¢ up of heat transfer rate transfer phenomena in
i and convective heat a turbulent fluid flow
transfer rate through
a fluid stream
36 Stokes P, A measure of the ratio  Characterizes settling
number Stk = pL of inertial forceand  phenomena of solid in
| - . :
friction force acting on  fluids
a particle moving in a
fluid
37 Strouhal ut A measure of the ratio Characterizes
number 8= A of variation rate of unsteady-state fluid
velocity field in a fluid - flow
38 Weber wLp A measure of the ratio  Characterizes an effect
number We = a of inertial force and of surface tension on

surface.tension force

liquid flow or
dispersion
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Table B-1 Constants in the van der Waals equation of state

Table B-2 Constants in the Beattie-Bridgeman equation of state

Table B-3a  Group contributions to molar liquid volume at the normal boiling point
(according to Le Bas)

Table B-3b  Molar volumes of liquefied gases at the normal boiling point

Table B-4  Reduced liquid density (after Lydersen, Greenkorn, and Hougen)

Table B-5  Coefficients in the equation C,=a+bT+cT>+dT° [J/molK] for gases
(inorganic substances)

Table B-6 Coefficients in the equation C,=a+bT+cT>+dT° [J/mol-K] for gases
(organic substances)

Table B-7  Force parameters in the Lennard-Jones potential equation
(based on viscosities)

Table B-8  Functions in determination of nonpolar gas properties

Table B-9  Values of the function f;(7") in gas viscosity determination by the
Bromley and Wilke method

Table B-10  Correction factors for viscosity, ., thermal conductivity, A, and
diffusivity, D, of nonpolar gases

Table B-11  The Sutherland constants for some gases and vapors
(within the range 0-250°C)

Table B-12  Values of the function A/pW,=AT,) (low pressure)

Table B-13  Correction factors, B, and solubility parameters, 8, in determination
of absorption equilibrium according to the method of Hildebrand

Table B-14  Partial molar volumes of dissolved gases at 25°C

Table B-15a Partial molar volumes of dissolved gases at different temperatures

Table B-15b  Apparent partial molar volumes of dissolved gases at different
temperatures

Table B-16  Contribution of ions and solutes in determination of the Henry's
constant

Table B-17  Values of functions ®, @, and ®@" in the solution due to Blasius for
flow along a flat, thin plate

Table B-18  Values of the constants in the heat transfer equation for laminar flow
of generalized Newtonian fluid

n
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Table B-1. Constants in the van der Waals equation of state

Gas a [N-m*mol?] 5-10° [m’-mol’]
H, 0.0247 2.66
He 0.0035 2.34
N, 0.1408 3.91
O, 0.1378 3.18
H,O 0.5796 3.19
NH; 0.4235 3.72
NO 0.1361 2.79
CH, 0.2283 4,28
CO 0.1509 3.99
CO, 0.3658 4.29

Table B-2. Constants in the Beattie-Bridgeman equation of state
p INm?], T[K], ¥ [m’/mol]

Gas Ao a-10° By-10° b-10° ¢
Air - 0.13186 | 0.01931 | 0.04611 |[-0.01101 43.4
Ammonia NH; 0.24250 | 0.17031 | 0.03415 | 0.19112 | 4768.7
Argon A 0.13080 | 0.02328 | 0.03931 | 0 59.9
n-Buthane CH,, | 1.80319 | 0.12161 | 0.24620 | 0.09423 | 3500.0
Carbon dioxide | CO; 0.50734 | 0.07132 | 0.10476 | 0.07235 660.0
Carbon monoxide | CO 0.13625 | 0.02617 | 0.05046 |-0.00691 420.0
Ethane C,H; 0.59586 | 0.05861 | 0.09400 | 0.01915 900.0
Ethylene CH, 0.62343 | 0.04964 | 0.12156 | 0.03597 226.8
Freon 12 CF.Cl; | 2.40169 | 0.30500 | 0.59000 | 0.62200 0.0
Helium He 0.00219 | 0.05984 | 0.01400 | O 0.04
Hydrogen H, 0.02001 |-0.00506 | 0.02096 |-0.04359 0.5
Methane CH, 0.23073 | 0.01855 | 0.05587 |-0.01587 128.3
Methanol CH,OH | 3.37543 | 0.09246 | 0.60362 | 0.09928 320.31
Neon Ne 0.02153 | 0.02196 | 0.02060 | © 1.01
Nitrogen N, 0.13625 | 0.02617 | 0.05046 |-0.00691 2.0
Oxygen 0, 0.15110 | 0.02562 | 0.04624 | 0.00421 48.0
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Table B-3a. Group contributions to molar liquid volume [cm’/mol] at the normal boiling
point (according to Le Bas)

Carbon 14.8 Fluorine 8.7
Hydrogen 3.7 | Chlorine (R-Cl) 21.6
Oxygen Chlorine (R-CHCI-R) 24.6
double bond 7.4 | Bromine 27.0
bound with N, P, S 8.3 |lodine 37.0
in methyl esters and ethers 9.1 |[Tin 423
in ethyl esters and cthers 9.9 |Lead 46.5-50.1
in higher esters and ethers 110 | Mercury 19.0
in acids 12.0 Ring
Nitrogen three-membered 6.0
in primary amines 10.5 four-membered -85
in secondary amines 12.0 five-membered -11.5
Silicon 32.0 six-membered ~-15.0
Phosphor 27.0 naphthalene-ring -30.0
Sulfur 25.6 anthracene-ring -47.0

Table B-3b. Molar volumes of liquefied gases at the normal boiling point [cm’/mol]

Air - 29.9 Todine I, 71.5
Ammonia NH; 258 Nitrogen N, 31.2
Bromine Br, 532 Nitric oxide NO 23.6
Carbon dioxide CO, 34.0 Nitrous oxide N,O 36.4
Carbon monoxide CO 30.7 Oxide 0O, 25.6
Chlorine Cl, 484 Sulfur dioxide SO, 44.8
Hydrogen H, 14.3 Water HO 18.9
Hydrogen sulfide H,S 32.9
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Table B-4. Reduced ligquid density (after Lydersen, Greenkorn, and Hougen)'

T, Saturated liquid p=1.0
2~0.23 | z2=0.25 | 2=0.27 | z2=0.29 | z=0.23 | z=0.25 | z=0.27 | 2=0.29
0.30 3.487 | 3.287 | 3.081 3.490 | 3.290 | 3.084
0.32 3450 | 3.253 | 3.049 3.454 | 3.256 | 3.052
0.34 3419 | 3.223 | 3.021 3.423 | 3.227 | 3.025
0.36 3.383 | 3.189 | 2.989 3.387 | 3.193 | 2.993
0.38 3348 | 3.156 | 2.959 3.354 | 3.162 | 2.964
0.40 3.306 | 3.118 | 2.922 3313 | 3.123 | 2.928

0.42 3.140 | 3271 | 3.084 | 2.891 | 3.181 | 3.278 | 3.090 | 2.897
0.44 3.138 | 3.234 | 3.049 | 2.858 | 3.174 | 3.239 | 3.054 | 2.863
0.46 3.130 | 3.195 | 3.012 | 2.824 | 3.164 | 3.203 | 3.020 | 2.831
0.48 3.118 | 3.156 | 2975 | 2.789 | 3.149 | 3.165 | 2.984 | 2.797
0.50 3.101 | 3.115 | 2.937 | 2.753 | 3.132 | 3.126 | 2.947 | 2.763
0.52 3.082 | 3.076 | 2.900 | 2.719 | 3.115 | 3.088 ( 2911 | 2.729
0.54 3032 | 2996 | 2.825 | 2,648 | 3.071 | 3.012 | 2.840 | 2.662
0.56 3.060 | 3.036 | 2.862 | 2.683 | 3.099 | 3.050 | 2.875 | 2.6%
0.58 3.005 | 2956 | 2.787 | 2.613 | 3.040 | 2.974 | 2.800 | 2.630
0.60 2973 | 2913 | 2746 | 2.574 | 3.007 | 2.932 | 2.764 | 2.591
0.61 2957 | 2.893 | 2.727 | 2.556 | 2.989 | 2913 | 2.746 | 2.574
0.62 2940 [ 2.868 | 2.704 | 2.535 | 2.965 | 2.888 | 2.723 | 2.553
0.63 2923 | 2.849 | 2.686 | 2.518 | 2.954 | 2.868 | 2.704 | 2.535
0.64 2904 | 2.825 | 2663 | 2.496 | 2938 | 2.845 | 2.682 | 2.514
0.65 2.889 | 2.800 | 2.640 | 2.475 | 2919 | 2.824 | 2.660 | 2.494
0.66 2868 | 2.781 | 2.622 | 2.458 | 2.900 | 2.800 | 2.640 | 2.475
0.67 2.848 | 2.757 | 2.599 | 2.436 | 2.882 | 2.784 | 2.625 | 2.461
0.68 2827 | 2733 | 2577 | 2416 | 2.864 | 2.761 | 2.603 | 2.400
0.69 2810 | 2.709 | 2554 | 2394 | 2.846 | 2.737 | 2.580 | 2.419
0.70 2785 | 2.686 | 2.532 | 2.374 | 2.828 | 2.718 | 2.562 | 2.402
0.71 2768 | 2.661 | 2.509 | 2.352 | 2.805 | 2.693 | 2.539 | 2.380
0.72 2741 | 2.637 | 2.486 | 2.330 | 2.782 | 2.673 | 2.520 | 2.362
0.73 2717 | 2.614 | 2460 | 2.310 | 2.759 | 2.650 | 2.498 | 2.342
0.74 2693 | 2.586 | 2.438 | 2.285 | 2.736 | 2.621 | 2.471 | 2.316
0.75 2,667 | 2.557 | 2.411 | 2260 | 2.714 | 2.598 | 2.449 | 2.296
0.76 2,643 | 2534 | 2389 | 2240 | 2690 | 2.573 | 2426 | 2.274
0.77 2617 | 2505 | 2.363 | 2.215 | 2.668 | 2.546 | 2.400 | 2.250
0.78 2593 | 2478 | 2336 | 2.190 | 2.664 | 2.522 | 2.378 | 2.229
0.79 2.566 | 2.450 | 2310 | 2.168 | 2.621 | 2.494 | 2351 | 2.204
0.80 2535 | 2420 | 2284 | 2.145 | 2597 | 2470 | 2.329 | 2.183
0.81 2502 | 2390 | 2.257 | 2.121 | 2577 | 2.446 | 2.306 | 2.160
0.82 2478 | 2359 | 2.231 | 2.096 | 2.553 | 2418 | 2.280 | 2.137
0.83 2442 | 2327 | 2201 | 2.070 | 2.526 | 2.387 | 2.250 | 2.109
0.84 2407 | 2295 | 2171 | 2.044 | 2498 | 2.359 | 2.224 | 2.085
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T, Saturated liquid p~=1.0

z=~0.23 | z2=0.25 | z=0.27 | z=0.29 | z=0.23 | z=0.25 | z~=0.27 | z=0.29
0.85 2370 | 2.263 | 2.141 | 2.014 | 2468 | 2.327 | 2.194 | 2.057
0.86 2340 | 2.227 | 2.107 | 1.984 | 2.436 | 2.290 | 2.161 | 2.038
0.87 2297 | 2,191 | 2077 | 1.957 | 2.402 | 2.253 | 2.131 | 2.002
0.88 2.256 | 2.155 | 2.043 1.925 | 2364 | 2217 | 2.098 | 1.972
0.89 2216 | 2.116 | 2.006 | 1.891 | 2.324 | 2.179 | 2.063 1.941
0.90 2,191 | 2.076 | 1969 | 1.859 | 2.285 | 2.140 | 2.027 | 1911
0.91 2.131 | 2.032 1.932 | 1.824 | 2232 | 2.094 | 1.990 | 1.877
0.92 2.077 | 1.989 | 1.890 | 1.789 | 2.174 | 2.051 1.948 | 1.843
0.93 2.020 | 1940 | 1846 | 1.747 | 2.113 | 2.000 | 1.904 | 1.802
0.94 1965 | 1.888 | 1.797 | 1.707 | 2.057 | 1.948 | 1.855 | 1.762
0.95 1.898 | 1.829 | 1.745 | 1657 | 1.994 | 1.889 | 1.803 1.713
0.96 1.784 | 1.765 1685 | 1.645 | 1920 | 1.824 | 1.743 1.661
0.97 1.729 | 1.689 | 1.617 | 1.605 | 1.850 | 1.740 | 1.667 | 1.594
0.98 1.628 | 1.598 | 1.535 | 1469 | 1.748 | 1.644 | 1.580 | 1.513
0.99 1.475 | 1470 | 1420 | 1.368 | 1.624 | 1450 | 1450 | 1.397
1.00 1.000 | 1.000 | 1.000 | 1.000 [ 1.000 | 1.000 | 1.000 | 1.000

T, p=2.0 p=4.0 ,=6.0
2=0.2512=0.27|2=0.29|2=0.25|2~=0.27|2~0.29 | z=0.25 | z=0.27 | 2=0.29

0.30] 3.494 | 3.294 | 3.088 | 3.500 | 3.300 | 3.094 | 3.506 | 3.305 | 3.098
0.32] 3.458 | 3.260 | 3.056 | 3.465 | 3.267 | 3.063 | 3.471 | 3.272 | 3.067
0.34 | 3.427 | 3.231 | 3.029 | 3.437 | 3.240 | 3.037 | 3.442 | 3.245 | 3.041
0361 3.392 | 3.198 | 2.988 | 3.402 | 3.207 | 3.006 | 3.407 | 3.212 | 3.011
0.38] 3.358 | 3.170 | 2.970 | 3.373 | 3.180 | 2.981 | 3.378 | 3.185 | 2.986
040 3.322 | 3.132 | 2.936 | 3.334 | 3.143 | 2.946 | 3.339 | 3.148 | 2.951
0421 3.287 | 3.099 | 2905 | 3.301 | 3.112 | 2917 | 3.306 | 3.117 |} 2.922
0.44 | 3.251 | 3.065 | 2.873 | 3.267 | 3.080 | 2.887 | 3.273 | 3.086 | 2.894
046 3.215 | 3.031 | 2.841 | 3.232 | 3.047 | 2.856 | 3.239 | 3.054 | 2.863
0.48 | 3.177 | 2.995 | 2.808 | 3.195 | 3.012 | 2.824 | 3.208 | 3.024 | 2.835
0.50 | 3.136 | 2.957 | 2.772 | 3.165 | 2.975 | 2.789 | 3.171 | 2.990 | 2.803
0.52| 3.099 | 2922 | 2.739 | 3.120 | 2.941 | 2.757 | 3.140 | 2.960 | 2.775
0.54| 3.063 | 2.888 | 2.707 | 3.088 | 2.911 | 2.729 | 3.104 | 2.926 | 2.743
0.56| 3.028 | 2.855 | 2.676 | 3.056 | 2.881 | 2.701 | 3.072 | 2.896 | 2.715
0.58 2.990 | 2.823 | 2.646 | 3.020 | 2.847 | 2.669 | 3.040 | 2.870 | 2.691
0.60( 2.952 | 2.783 | 2.609 | 2.984 | 2.813 | 2.637 | 3.008 | 2.836 | 2.659
0.61] 2,936 | 2.768 | 2.595 | 2.964 | 2.794 | 2.619 | 2.996 | 2.825 | 2.649
0.62] 2916 | 2.749 | 2.577 | 2945 | 2776 | 2.602 | 2.980 | 2.809 | 2.634
0.63] 2.897 | 2.731 | 2.560 | 2.929 | 2.761 | 2.588 | 2.964 | 2.794 | 2.620
064 2877 | 2.712 | 2.542 | 2913 | 2.746 | 2.574 | 2.948 | 2.779 | 2.606
0.65]| 2.852 | 2.689 | 2.521 | 2.893 | 2.727 | 2.556 | 2.932 | 2.764 | 2.591
066 2.836 | 2.674 | 2.507 | 2.877 | 2.712 | 2.542 | 2.916 | 2.749 | 2.577
0.67] 2.816 | 2.655 | 2.489 | 2.856 | 2.693 | 2.524 | 2.900 | 2.734 | 2.563
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T, p~2.0 p—=4.0 p,=6.0
z~0.2512~0.27]2~0.29 | 2=0.25 [ 2=0.27 [ 2=0.29 | z=0.25 | z=0.27 [ z.=0.29
0.68] 2.797 | 2.637 | 2.472 | 2.836 | 2.676 | 2.507 | 2.881 | 2.716 | 2.546
0.69| 2.777 | 2618 | 2454 | 2.820 | 2.660 | 2494 | 2.865 | 2.701 | 2.532
0.70 | 2757 | 2.599 | 2436 | 2.802 | 2.642 | 2.477 | 2.849 | 2.686 | 2.518
0.71| 2.733 | 2.577 | 2416 | 2.784 | 2.625 | 2461 | 2.833 | 2.671 | 2.500
0.72| 2711 | 2.555 | 2.395 | 2.765 | 2.607 | 2.444 | 2.816 | 2.655 | 2.489
0.73| 2.687 | 2.533 | 2.376 | 2.747 | 2.590 | 2,428 | 2.799 | 2.639 | 2474
0.74| 2.662 | 2.512 | 2.351 | 2.729 | 2,573 | 2.412 | 2,781 | 2.622 | 2458
0.75( 2.640 | 2490 | 2.333 | 2.709 | 2.554 | 2.394 | 2.761 | 2.603 | 2.441
0.76 | 2.620 | 2473 | 2317 | 2.689 | 2.535 | 2.376 | 2.745 | 2.588 | 2.426
077 2.594 | 2.445 | 2292 | 2.672 | 2.518 | 2360 | 2.729 | 2.573 | 2.412
0.78 | 2.571 | 2.423 | 2.271 | 2.652 | 2.500 | 2.344 | 2,709 | 2.554 | 2.394
0.79 | 2.546 | 2.400 | 2.250 | 2.631 | 2.480 | 2.325 | 2,693 | 2.539 | 2.380
0.80| 2.524 | 2.377 | 2.230 | 2.609 | 2.460 | 2.306 | 2.673 | 2.520 | 2.362
0.81( 2.500 | 2.354 | 2.206 | 2.588 | 2.440 | 2.287 | 2.656 | 2.504 | 2.347
0.82( 2.472 | 2.330 | 2.183 | 2.567 | 2.420 | 2.269 | 2.638 | 2.487 | 2.331
0.83| 2.447 | 2.306 | 2.161 | 2.546 | 2.400 | 2.250 | 2.619 | 2470 | 2.315
0.84| 2.420 | 2.281 | 2.137 | 2.524 | 2.380 | 2.232 | 2.606 | 2.449 | 2.295
0.85] 2.394 | 2.256 | 2.114 | 2.503 | 2.360 | 2.214 | 2.580 | 2.433 | 2.281
0.86] 2.358 | 2.231 | 2.098 | 2.482 | 2.340 | 2.195 | 2.562 | 2.416 | 2.265
0.87] 2.330 | 2.204 | 2.070 | 2.461 | 2.320 | 2.176 | 2.543 | 2.398 | 2.248
0.88] 2.302 | 2.177 | 2.049 | 2438 | 2.299 | 2.156 | 2.524 | 2.380 | 2.232
0.89| 2.274 | 2.150 | 2.022 | 2.415 | 2.277 | 2.136 | 2.505 | 2.362 | 2.216
0.90 | 2.243 | 2.122 | 1.998 | 2.390 | 2.257 | 2.119 | 2.486 | 2.344 | 2.200
091 2.211 | 2.092 | 1.970 | 2.365 | 2.235 | 2.100 | 2466 | 2.325 | 2.182
0.92| 2.180 | 2.064 | 1.943 | 2.342 | 2.214 | 2.080 | 2.440 | 2.307 | 2.165
0.93| 2.145 | 2.033 | 1.913 | 2.316 | 2.191 | 2.060 | 2.420 | 2.288 | 2.147
0.94| 2.104 | 2.001 | 1.887 | 2.292 | 2.168 | 2.039 | 2.400 | 2.268 | 2.129
0.95| 2.063 | 1.965' | 1.856 | 2.267 | 2.145 | 2.018 | 2.378 | 2.249 | 2.113
0.96| 2.028 | 1.931 | 1.825 | 2.240 | 2.120 | 1,995 | 2.356 | 2.229 | 2.096
0.97| 1.988 | 1.892 | 1.790 | 2.211 | 2.095 | 1.973 | 2.334 | 2.208 | 2.077
0.98| 1.946 | 1.852 | 1.755 | 2.184 | 2.072 | 1.950 | 2.313 | 2.188 | 2.059
0.99| 1902 | 1.810 | 1.719 | 2.155 | 2.043 | 1.925 | 2.289 | 2.165 | 2.038
1.00| 1.854 | 1.764 | 1.676 | 2.127 | 2.016 | 1.900 | 2.266 | 2.143 [ 2.018
T, =10 p=15 =20
z=0,2512~0.27|2~0.29 | 2~0.25 | z2~=0.27 | z2=0.29 | z=0.25 | z=0.27 | z=0.29
0.30| 3.512 | 3.320 | 3.112 | 3.527 | 3.325 | 3.116 | 3.535 | 3.333 | 3.124
032 3.484 | 3.285 | 3.079 | 3.495 | 3.295 | 3.088 | 3.506 | 3.305 | 3.098
0.34| 3.453 | 3.255 | 3.051 | 3.463 | 3.265 | 3.060 | 3.474 | 3.275 | 3.070
0.36| 3.421 | 3.225 | 3.028 | 3.431 | 2.235 | 3.032 | 3.442 | 3.245 | 3.042
0.38| 3.389 [ 3.195 | 2.995 | 3.401 | 3.206 | 3.005 | 3.410 | 3.215 | 3.013
0.40| 3.357 | 3.165 | 2.967 | 3.370 | 3.177 | 2.978 | 3.378 | 3.185 | 2.985
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T, p=10 p=15 =20
z~0.2512~027|2z~0.29 | 2=0.25 | 2~=0.27 | 2=0.29 | 2=0.25 | 2=0.27 | z=0.29

0.42] 3.325 | 3.135 | 2.938 | 3.340 | 3.147 | 2.950 | 3.350 | 3.158 | 2.960
0.44| 3.292 | 3.104 | 2.909 | 3.307 | 3.118 | 2.923 | 3.319 | 3.129 | 2.933
046 3262 | 3.075 | 2.882 | 3.278 | 3.090 | 2.896 | 3.288 | 3,100 | 2.906
048] 3.230 | 3.045 | 2.854 | 3.242 | 3.068 | 2.876 | 3.257 | 3.071 | 2.878
0.50| 3.198 | 3.015 | 2.826 | 3.214 | 3.030 | 2.840 | 3.226 | 3.041 | 2.850
052 3.166 | 2,985 | 2.798 | 3.182 | 3.000 | 2.812 | 3.197 | 3.014 | 2.825
0.54| 3.134 | 2,955 | 2.770 | 3.153 | 2.973 | 2.787 | 3.167 | 2.986 | 2.799
0.56 | 3.103 | 2.925 | 2.742 | 3.120 | 2.949 | 2.764 | 3.139 | 2,959 | 2.773
0.58( 3.072 | 2.896 | 2.714 | 3.093 | 2.916 | 2.733 | 3.109 | 2.931 | 2.750
0.60 | 3.044 | 2.870 | 2.690 | 3.063 | 2.888 | 2.707 | 3.081 | 2.905 | 2.723
0.61 3.028 | 2.855 | 2.676 | 3.050 | 2.875 | 2.695 | 3.070 | 2.894 | 2.713
0.62| 3.013 | 2.841 | 2.663 | 3.036 | 2.862 | 2.683 | 3.056 | 2.881 | 2.700
0.63 | 2.998 | 2.828 | 2.651 | 3.022 | 2.849 | 2.670 | 3.044 | 2.870 | 2.690
064 2985 | 2.814 | 2.638 | 3.008 | 2.836 | 2.660 | 3.031 | 2.858 | 2.679
0.65( 2.970 | 2.800 | 2.624 | 2.995 | 2.824 | 2.647 | 3.018 | 2.845 | 2.667
066 2951 | 2.782 | 2.602 | 2.982 | 2.811 | 2.635 | 3.005 | 2.833 | 2.655
067 2.940 | 2.772 | 2.598 | 2.968 | 2.798 | 2.623 | 2.991 | 2.820 | 2.643
0.68| 2918 | 2751 | 2.579 | 2.954 | 2.785 | 2.610 | 2.980 | 2.809 | 2.633
069 2.910 | 2.743 | 2.571 | 2.940 | 2.776 | 2.602 | 2.967 | 2.797 | 2.622
0.70| 2.890 | 2.730 | 2.560 | 2928 | 2.760 | 2.586 | 2.955 | 2.786 | 2.613
071 2.872 | 2.716 | 2.547 | 2.915 | 2.748 | 2.577 | 2.943 | 2.775 | 2.600
0.72 | 2.860 | 2.701 | 2.533 | 2.901 | 2.735 | 2.565 | 2.931 | 2.763 | 2.591
0.73| 2.851 ] 2.688 | 2.521 | 2.894 ( 2.720 | 2.559 | 2.917 | 2.750 | 2.579
074 2.837 | 2.675 | 2.509 | 2.874 | 2.710 | 2.542 | 2.906 | 2.740 | 2.570
0.75| 2.812 | 2,661 | 2.495 | 2.861 | 2.697 | 2.530 | 2.896 | 2.730 | 2.560
0.76 | 2.800 [ 2.646 | 2.480 | 2.848 | 2.685 | 2.518 | 2.886 | 2.721 | 2.552
0.77]| 2.784 | 2.631 | 2.468 | 2.833 | 2.671 | 2.505 | 2.870 | 2.706 | 2.538
078 2.770 | 2.617 | 2.454 | 2.820 | 2.659 | 2.494 | 2.859 | 2.695 | 2.528
079 2750 | 2.602 | 2.440 | 2.807 | 2.646 | 2.482 | 2,847 | 2.684 | 2.517
0.80( 2.735 | 2.587 | 2.432 | 2.790 | 2.634 | 2.476 | 2.830 | 2.673 | 2.513
081] 2719 | 2.572 | 2.418 | 2.778 | 2.621 | 2.464 | 2.820 | 2.661 | 2.501
0.82( 2.704 | 2.558 | 2.405 | 2.762 | 2.609 | 2.452 | 2.810 | 2.650 | 2.490
0.83| 2,687 | 2.542 | 2.389 | 2.750 | 2.595 | 2.439 | 2.792 | 2.639 | 2.481
0.84( 2.671 | 2.527 | 2375 | 2.740 | 2.583 | 2.428 | 2.784 | 2.628 | 2.470
0.85( 2655 | 2.512 | 2361 | 2.720 | 2.571 | 2417 | 2,772 | 2.616 | 2.459
0.86| 2.639 | 2.496 | 2.346 | 2.708 | 2.559 | 2.405 | 2.762 | 2.605 | 2.449
0.87 2.621 | 2479 | 2.330 | 2.698 | 2.545 | 2.392 | 2,752 | 2.595 | 2.439
0.88| 2.606 | 2465 | 2.317 | 2.682 | 2.532 | 2.380 | 2.740 | 2.585 | 2.430
0.89| 2.590 | 2.450 | 2.303 | 2.670 | 2.519 | 2.368 | 2.730 | 2.574 | 2.420
090 2.572 | 2.434 | 2.282 | 2.658 | 2.506 | 2.349 | 2.719 | 2.563 | 2.403
091] 2560 | 2.418 | 2.267 | 2.644 | 2.493 | 2.340 | 2.707 | 2.552 | 2.392
0.92] 2540 | 2402 | 2.252 | 2.632 | 2.481 | 2.330 | 2.695 | 2.541 | 2.382
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T, p=10 p=15 p=20
z~0.2512~0.27|2~0.29 | z=0.25]2=0.27 | 2=0.29 | z=0.25 | 2=0.27 | z=0.29
0.93 | 2.532 | 2.387 | 2.238 | 2.620 | 2.470 | 2.316 | 2.685 | 2.531 | 2.373
094 2.514 | 2370 | 2.222 | 2.606 | 2.457 | 2.303 | 2.674 | 2.521 | 2.363
095 2498 | 2.355 | 2.208 | 2.592 | 2.445 | 2.292 | 2.663 | 2.511 | 2.354
096 2.480 | 2.338 | 2.192 | 2.581 | 2.433 | 2.281 | 2.652 | 2.500 | 2.344
093] 2.532 | 2.387 | 2.238 | 2.620 | 2.470 | 2.316 | 2.685 | 2.531 | 2.373
094 | 2514 | 2.370 | 2.222 | 2606 | 2.457 | 2303 | 2.674 | 2.521 | 2.363
0.95] 2.498 | 2.355 | 2.208 | 2.592 | 2.445 | 2.292 | 2.663 | 2.511 | 2.354
0.96| 2.480 | 2.338 | 2.192 | 2.581 | 2.433 | 2.281 | 2.652 | 2.500 | 2.344
0.97| 2.463 | 2.322 | 2.177 | 2.567 | 2.420 | 2.269 | 2.640 | 2.489 | 2.333
098 | 2.446 | 2.306 | 2.162 | 2.555 | 2409 | 2.258 | 2.628 | 2.480 | 2.323
099 2429 | 2290 | 2.147 | 2.541 | 2.396 | 2.246 | 2.617 | 2.467 | 2.313
1.00| 2,412 | 2.274 | 2,132 | 2.532 | 2.383 | 2.234 | 2.606 | 2.457 | 2.303
T, p,=25 p,=30
z=0.25 z=0.27 z=0.29 z2~0.25 z=0.27 z2:=~0.29
0.30 3.540 3.337 3.128 3.546 3.343 3/133
0.32 3.511 3.310 3.102 3.517 3.316 3.108
0.34 3.481 3.282 3.076 3.489 3.289 3.083
0.36 3.453 3.255 3.051 3.459 3.261 3.057
0.38 3.421 3.225 3.023 3.430 3.233 3.030
0.40 3.390 3.196 2.996 3.400 3.205 3.004
0.42 3.360 3.168 2.969 3.370 3.177 2,978
0.44 3.306 3.140 2.943 3.341 3.150 2.952
0.46 3.302 3.113 2,918 3.310 3.121 2,925
048 3.274 3.085 3.892 3.282 3.094 2.900
0.50 3.245 3.059 3.867 3.252 3.066 2.874
0.52 3.214 3.030 2.840 3.225 3.040 2.849
0.54 3.186 3.004 2.816 3.198 3.015 2.826
0.56 3.157 2.956 2.789 3.170 2.989 2.802
0.58 3.130 2.951 2.766 3.145 2.965 2.779
0.60 3.103 2.925 2.742 3.120 2.941 2.757
0.61 3.090 2.913 2.730 3.108 2.930 2.746
0.62 3.076 2.900 2.718 3.096 2.919 2,736
0.63 3.064 2.889 2.708 3.082 2.906 2.724
0.64 3.052 2.877 2.697 3.065 2.890 2.709
0.65 3.040 2.866 2.686 3.060 2.885 2.704
0.66 3.028 2.855 2.676 3.050 2.875 2.695
0.67 3.016 2.843 2.665 3.038 2.864 2.684
0.68 3.004 2.832 2.654 3.027 2.854 2.675
0.69 2.992 2.820 2.643 3016 2.843 2.665
0.70 2.981 2.810 2.635 3.005 2.833 2.57
0.71 2.969 2.799 2.625 2.994 2.823 2,648
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T, P25 =30
2.~=0.25 z:~=0.27 z=0.29 z,~=0.25 z:=0.27 z=0.29
0.72 2.956 2.787 2.614 2.985 2.814 2.639
0.73 2.945 2.776 2.604 2.974 2.804 2.630
0.74 2.933 2.765 2.593 2.964 2.794 2.620
0.75 2.921 2,754 2.583 2.953 2.784 2,610
0.76 2.911 2.744 2.574 2.942 2.774 2.602
0.77 2.899 2.733 2.563 2.932 2.764 2.592
0.78 2.887 2.722 2.553 2.920 2.753 2.582
0.79 2.877 2.712 2.544 2.910 2.743 2.578
0.80 2.864 2.702 2.540 2.900 2.734 2.570
0.81 2.852 2.693 2.531 2.890 2.725 2.561
0.82 2.844 2.683 2.522 2.880 2.715 2.552
0.83 2.832 2.673 2.513 2.870 2.706 2.544
0.84 2.820 2.664 2.504 2.860 2.698 2.536
0.85 2.810 2.655 2.496 2.852 2.689 2.528
0.86 2.800 2.645 2.486 2.840 2.680 2.519
0.87 2.792 2.635 2.477 2.829 2.672 2.512
0.88 2.780 2.626 2.468 2.821 2.669 2.509
0.89 2.770 2,616 2.459 2.816 2.655 2.496
0.90 2.760 2.608 2.445 2.808 2.647 2482
0.91 2.756 2.598 2.435 2.798 2.638 2473
0.92 2.745 2.588 2.426 2.790 2.630 2.466
0.93 2.736 2.579 2.418 2.781 2.622 2.458
0.94 2.726 2.570 2.409 2.773 2.614 2.451
0.95 2.717 2.561 2.400 2.763 2.605 2.442
0.96 2.706 2.551 2.391 2.753 2.596 2.434
0.97 2.696 2.542 2.383 2.745 2.588 2,426
0.98 2.686 2.532 2.373 2.736 2.580 2419
0.99 2.676 2.523 2.365 2.727 2.571 2.410
1.00 2.667 2.514 2.357 2.720 2.563 2.403

! Reid R. C., and Sherwood T. K., The Properties of Gases and Liquids, McGraw-Hill, New York, 1958.
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Table B-5. Coefficients in the equation C;, =a+bT +cT* +dT* [J/molK] for gases
(inorganic substances)’

Recommended
Gas a | 510° | c10° | 410° | reees
K]

Air - 26.74 7.377 -1.112 - 273-1500
Ammonia NH; 27.57 25.64 9.907 | —6.691 273-1500
Carbon dioxide CO, 22.26 59.81 -35.01 7.469 273-1800
Carbon monoxide | CO 28.16 1.675 5372 | -2.222 273-1800
Chlorine Cl, 28.56 23.90 -21.38 6.477 273-1500
Deuterium D, 28.60 0.879 1.959 - 298-1500
Fluorine F, 25.60 24.55 -17.53 4.102 273-2000
Hydrogen iodide HI 30.09 9.937 - -
Hydrogen H, 29.11 -1.916 4.004 0.8704 | 273-1800
Hydrogen chloride |HCl 28.19 1.805 1.513 - 273-1500
Hydrogen sulfide | H,S 29.60 13.10 5711 | -3.294 273-1800
Hydrogen fluoride |HF 26.92 3.433 - - 273-2000
Nitric oxide NO 27.05 9.872 -3.226 0.3655 | 273-3800
Nitrogen N, 2890 | -1.571 8.081 | -2.873 273-1800
Nitrogen dioxide NO, 22.94 57.15 -35.21 7.871 273-1500
Nitrogen tetraoxide | N2O,4 33.08 | 186.7 -113.5 - 273- 600
Nitrous oxide N0 24.11 58.63 -35.62 10.58 273-1500
Oxygen 0, 25.61 13.26 -4.208 - 273-1500
Phosfine PH; 18.82 60.17 170.5 - 298-1500
Phosphor
pentachloride PCl; 19.84 | 449.4 -499.1 - 298- 500
Steam H,0 32.24 1.923 10.55 -3.595 273-1800
Sulfur dioxide SO, 25.78 57.95 -38.11 8.612 173-1800
Sulfur trioxide SO, 31.21 80.09 -27.75 - 173-1500
Sulfuryl chloride SO,Cl, | 53.76 79.55 - - 298- 500

1 After Hougen O. A. , and Watson K. M., Chemical Process Principles, John Wiley, New York, 1947

(by permission).
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Table B-6. Coefficients in the equation C, =a+bT +cT* +dT’ [J/molK] for gases
(organic substances)"

Recommended
Gas a B10° | o105 | d10° | e
(K]

Acetaldehyde CH;CHO 17.54 132.5 -21.56 | -15.91 273-1000
Acetic acid CH,COOH| 21.77 1933 -76.83 - 300- 700
Acetone (CH,),CO 6.804 | 2789 | -156.5 34.78 273-1500
Acetylene C.H, 21.81 92.11| -65.27 18.21 273-1500
Benzene CsHg -36.22 484.7 | -315.7 77.62 273-1500
i-Buthane CHj, -7913 | 416.0 | -230.1 49.91 273-1500
n-Buthane CHy, 3957 | 3715 | -183.4 35.00 273-1500
Chloroform CHCl, 31.86 1449 | -111.7 30.75 273-1500
Cyclohexane Csti2 —66.72 688.9 | —385.3 80.68 273-1500
Ethane CH¢ 6.900 | 172.7 -64.06 7.285 | 273-1500
Ethanol C,H;OH 19.89 209.6 | -103.8 20.05 273-1000
Ethylbenzene CgH, -35.16 667.2 | —418.8 100.3 273-1500
Ethylene CH, 3952 | 156.4 -83.44 17.67 273-1500
Formaldehyde HCHO 22.81 40.78 7.13 -8.700 | 273-1500
Formic acid HCOOH 30.69 89.26 | -34.56 - 300- 700
n-Heptane CHs 22.61 570.6 | -204.2 - 298-1500
n-Hexane Cetia 6.938 | 522.2 | -286.5 57.69 273-1500
Methane CH, 19.89 50.24 1269 | ~11.01 273-1500
Methanol CH;0H 19.05 91.52 -12.18 -8.039 | 273-1000
Methylacetylene | CsHy 18.46 157.5 60.21 -
Methylchloride | CH;Cl 14.91 96.29 | -31.57 - 273- 773
Methyldichloride | CH;Cl, 17.58 143.1 -98.39 | 2541 273-1500
Methyliodide CH;l 17.19 102.5 —40.75 - 298- 600
n-Octane CsH 0.967 | 652.9 | -233.9 - 298-1500
n-Pentane CsH,, 20.49 3773 | -117.4 - 273-1500
Propane CsHg —4.044 | 3048 | -157.2 31.74 273-1500
Propanol C;H,OH —2.596 | 312.6 105.6 -
Propylene CsHg 3.153 ] 2383 | -121.8 24.62 273-1500
Styrene CgHg -24.99 601.0 | -383.1 92.24 273-1500
Toluene C;Hg -34.39 559.2 | -344.6 80.39 273-1500
m-Xylene CsHi o 8.189 | 4583 | -149.0 - 298-1500
0-Xylene CgHy 19.27 4374 | -140.7 - 298-1500
p-Xylene CsgHio 7.729 | 4547 | -1474 - 298-1500

! Afer Hougen O. A., and Watson K. M., Chemical Process Principles, John Wiley, New York, 1947
(by permission).
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Table B-7. Force parameters in the Lennard-Jones potential equation (based
on viscosities)'

Substance s/k [K] | 610" [m] | Substance gk [K] | 510" [m]
A 124 3.418 |CH;, 137 3.882
Air 97 3617 | CH; 185 4.221
AsH; 281 4.060 | CH, 205 4.232
Br, 520 4268 | C,Hs 230 4.418
Cl, 357 4115 |CsHs 254 5.061
CCl, 327 5881 |n-C.Hio 410 4.997
D, 39.3 2948  |i-CqHyo 313 5.341
F, 112 3.653 | n-CsHpa 345 5.769
H, 38 2915 | n-CéHis 413 5.909
HC1 360 3305 |n-CgHjs 320 7.451
HI 324 4123  [n-CoHyp 240 8.448
He 10.22 2.576 Cyclohexane 324 6.093
Hg 851 2.898 CeHs 440 5.270
I, 550 4982 |CH;OH 507 3.585
Kr 190 3610 | C,H:OH 391 4.455
N, 79.8 3749 | CHiCl 855 3.375
NO 91.0 3.599 | CH,CL 406 4.759
N0 237 3816 |CHCl, 327 5.430
Ne 275 2858 [CO 110 3.590
(0} 88.0 3.541 |CO; 190 3.996
SO, 252 4290 |COS 335 4.130
SnCl, 1550 4540 |CS, 488 4.438
Xe 229 4.055 | CN, 339 4.380

' ReidR. C., and Sherwood T. K., The Properties of Gases and Liquids, McGraw-Hill, New York, 1958

(by permission).
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Table B-8. Functions in determination of nonpolar gas properties’

F 3 * *

T Qua Qp T Qs OQp T Qi Qp
0.30 2.785 2.662 1.65 1.264 1.153 4.00 | 0.9700 | 0.8836
0.35 2.628 2.476 1.70 1.248 1.140 4.10 | 09649 | 0.8788
0.40 2.492 2.318 1.75 1.234 1.128 420 | 09600 | 0.8740
0.45 2.368 2.184 1.80 1.221 1.116 430 | 0.9553 | 0.8694
0.50 2.257 2.066 1.85 1.209 1.105 440 {09507 | 0.8652
0.55 2.156 1.966 1.90 1.197 1.094 450 | 09464 | 0.8610
0.60 2.065 1.877 1.95 1.186 1.084 460 | 09422 | 0.8568
0.65 1.982 1.798 2.00 1.175 1.075 470 | 0.9382 | 0.8530
0.70 1.908 1.729 2.10 1.156 1.057 4.80 | 0.9343 | 0.8492
0.75 1.841 1.667 2.20 1.138 1.041 490 | 0.9305 | 0.8456
0.80 1.780 1.612 2.30 1.122 1.026 5.0 0.9269 | 0.8422
0.85 1.725 1.562 2.40 1.107 1.012 6.0 0.8963 | 0.8124
0.90 1.675 1.517 2.50 1.093 0.9996 7.0 0.8727 | 0.7896
0.95 1.629 1.476 2.60 1.081 0.9878 8.0 0.8538 | 0.7712
1.00 1.587 1.439 2.70 1.069 0.9770 9.0 0.8379 | 0.7556
1.05 1.549 1.406 2.80 1.058 09672 | 10 0.8242 | 0.7424
1.10 1.514 1.375 2.90 1.048 0.9576 | 20 0.7432 | 0.6640
1.15 1.482 1.346 3.00 1.039 0.9490 | 30 0.7005 | 0.6232
1.20 1.452 1.320 3.10 1.030 0.9406 | 40 0.6718 | 0.5960
1.25 1.424 1.296 3.20 1.022 0.9328 | 50 0.6504 | 0.5756
1.30 1.399 1.273 3.30 1.014 0.9256 | 60 0.6335 | 0.5596
1.35 1.375 1.253 3.40 1.007 09186 | 70 0.6194 | 0.5464
1.40 1.353 1.233 3.50 0.9999 | 0.9120 | 80 0.6076 | 0.5352
1.45 1.333 1.215 3.60 0.9932 | 0.9058 | 90 0.5973 | 0.5256
1.50 1.314 1.198 3.70 0.9870 | 0.8998 | 100 0.5882 | 0.5170
1.55 1.296 1.182 3.80 0.9811 | 0.8942 | 200 0.5320 | 0.4644
1.60 1.279 1.167 3.90 0.9755 | 0.8888 | 400 0.4811 | 0.4170

! Bird R. B., Hirschfelder J. O., and Cuttiss C. F., Molecular Theory of Gases and Liquids, John Wiley,
New York, 1954; Trans. Am. Soc. Mech. Engrs, 76. 1011, 1954 (by permission).
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Table B-9. Values of the function £,(7") in gas viscosity determination by the Bromley

and Wilke method"

T i T h T fi
0.30 0.1969 1.65 1.0174 40 2.0719
0.35 0.2252 1.70 1.0453 4.1 2.1090
0.40 0.2540 1.75 1.0729 4.2 2.1457
0.45 0.2834 1.80 1.0999 4.3 2.1820
0.50 0.3134 1.85 1.1264 44 2.2180
0.55 0.3440 1.90 1.1529 45 2.2536
0.60 0.3751 1.95 1.1790 4.6 2.2888
0.65 0.4066 2.00 1.2048 47 2.3237
0.70 0.4384 2.1 1.2558 48 2.3583
0.75 0.4704 2.2 1.3057 49 2.3926
0.80 0.5025 2.3 1.3547 5.0 2.4264
0.85 0.5346 24 1.4028 6.0 2.751
0.90 0.5666 2.5 1.4501 7.0 3.053
0.95 0.5985 2.6 1.4962 8.0 3.337
1.00 0.6302 2.7 1.5417 9.0 3.607
1.05 0.6616 2.8 1.5861 10 3.866
1.10 0.6928 29 1.6298 20 6.063
1.15 0.7237 3.0 1.6728 30 7.880
1.20 0.7544 3.1 1.7154 40 9488
1.25 0.7849 3.2 1.7573 50 10.958
1.30 0.8151 33 1.7983 60 12.324
1.35 0.8449 3.4 1.8388 70 13.615
1.40 0.8744 3.5 1.8789 80 14.839
1.45 0.9036 3.6 1.9186 90 16.010
1.50 0.9325 3.7 1.9576 100 17.137
1.55 0.9611 38 1.9962 200 26.80
1.60 0.9894 3.9 2.0343 400 41.90

! Bromley L. A, and Wilke C. R., Ind. Eng. Chem., 43, 1641, 1951 (by permission).
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Table B-10. Correction factors for viscosity, u, thermal conductivity, A, and diffusivity,
D, of nonpolar gases'

]

T L L Jo
0.30 1.0014 1.0022 1.0001
0.50 1.0002 1.0003 1.0000
0.75 1.0000 1.0000 1.0000
1.00 1.0000 1.0001 1.0000
1.25 1.0001 1.0002 1.0002
1.50 1.0004 1.0006 1.0006
2.00 1.0014 1.0021 1.0016
2.50 1.0025 1.0038 1.0026
3.00 1.0034 1.0052 1.0037
4.00 1.0049 1.0076 1.0050
5.00 1.0058 1.0090 1.0059

10.0 1.0075 1.0116 1.0076
50.0 1.0079 1.0124 1.0080
100 1.0080 1.0125 1.0080
400 1.0080 1.0125 1.0080

! BirdR. B., Hirschfelder J. O., and Curtiss C. F., Molecular Theory of Gases and Liquids, John Wiley,
New York, 1954; Trans. Am. Soc. Mech. Engrs, 76. 1011, 1954 (by permission).

Table B-11. The Sutherland constants for some gases and vapors
(within the range 0-250°C)

Substance S K] Substance S [K] Substance STK]
Acetone 541 | Ethyl chloride 411 | Methyl chloride 454
Acetylene 215 | Ethyl ether 404 | Methyl dichloride | 395
Air 112 | Ethylene 241 | Methyl ether 425
Ammonia 142 | Helium 80 [Neon 56
Argon 503 | n-Hexane 436.1 | Nitric oxide 128
Benzene 447.5 | Hydrogen 84.4 | Nitrogen 104
Bromine 533 | Hydrogen bromide | 357 | Nitrous oxide 260
Buthane 358 | Hydrogen chloride | 362 | Oxygen 125
i-Buthane 330 |Hydrogen cyanide (330 |n-Pentane 383
Carbon dioxide 254 | Hydrogen iodide 331 |Propane 278
Carbon disulfide 499.5 | Hydrogen sulfide | 331 |i-Propanol 459.9
Carbon monoxide 101.2 | Iodine 568 | n-Propanol 515.6
Carbon tetrachloride | 365 | Krypton 188 | Propylene 362
Chlorine 330 [Methane 164 | Sulfur dioxide 416
Chloroform 373 | Methanol 487 | Water (steam) 650
Ethane 252 | Methyl bromide 402 | Xenon 252
Ethanol 407

! Partington J., An Advanced Treatise on Physical Chemistry, Longman, London, 1949 (by permission).
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Table B-12. Values of the function A,/u,=RT,) (low pressure)'

T, 0.4 0.5 1.0 14 2.0 3.0 5.0 10 40
AJu, | 0.565 | 0.655 | 0.855 | 0.931 | 0.970 | 1.018 | 1.110 | 1.192 | 1.395
! Gamson B. W., Chem. Eng. Progr., 45, 154, 1949 (by permission).
Table B-13.Correcton factors, B, and solubility parameters, 9, in determination
of absorption equilibrium according to the method of Hildebrand'
Gas| Values of the correction factors, B, =25°C, p~0.1 MPa 3107 | p10®
Solvent H [N | O A | CO [ CHy [ CH; | C.Hy [ CHe | GimoP)? | Cm
Acetone 346 |169 |1.43 | 1.77 [ 1.7 | 1.57 |0.286 | 2.03 - 20.2) 9.3
Aniline 7.48 |830 - - 640 - - - - - 50
Benzene 3065|227 |162 | 181 [20 |169 |1.18 |13 |166 18.7 0
Carbon
tetrachloride 245 | 156 |1.10 - 144 122 [1.87 |1.03 | 117 17.7 0
Carbon disulfide | 8.70 |6.90 - - |621 - - - - 20.5 0
Chlorobenzene [3.01 |232 | 1.67 - |2025[168 [139 [1.26 [1.69 19.4 53
Chloroform 364 |225 (179 - | 198 - - - - 189 37
Cyclohexane 2105|1385 - | 108 - |124 - - - 16.8 0
Ethyl ether 145 0799|0667 - [075710773| - - - 15.2 3.7
n-Hexane 123 10.800|0.684| - - |0.89 - 0944 | 141 14.9 0
Methanol 5095 | 4255 [ 4.15 | 3.60 [3.94 |4.93 - - - (29.5) 57
Methyl acetate | 2.61 | 1.675 | 1.45 - | 148 | 175 |0.295| 130 - (19.3) 57
Nitrobenzene | 5.13 | 3.80 - - |32s5 - - - |2315| 205 13.7
Water 533 |833 [57.4 [640 |71.10| 146 [276 |173 |[758 47 6.3
m-Xylene 1.94 |1.63 - - 140 [136 - - - 18.0 1.7
Extrapolated
values of vapor | 126.7 [ 101.3 | 76.7 | 63.3 | 79.1 | 293 | 4.87 | 6.67 | 4.05
pressure [MPa]
! After Ciborowski J., Pohorecki R., Przem. Chem., 39, 762, 1960.
Table B-14. Partial molar volumes of dissolved gases at 25°C [cm’*/mol]'
Gas
H, | N, | O, | CO | CO; | SO, | CHy | CH, | CoHy | CoHis
Solvent
Acetone 38 | 55 | 48 53 - 68 | 55 49 58 | 64
Benzene 36 | 53 46 52 - 48 52 51 61 67
Carbon
tetrachloride 38 | 53 45 53 - 54 52 54 61 67
Chlorobenzene | 34 50 43 46 - 48 49 50 58 64
Ethyl ether 50 | 66 | 56 | 62 | - - | 58| - - -
Methanol 35 52 | 45 51 43 - 52 - - -
Methyl acetate | 38 54 | 48 53 - 47 53 49 | 62 69
Water 26 40 31 36 33 - 37 - - -

! After Ciborowski J., Pohorecki R., Przem. Chem., 39, 762, 1960.
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Table B-15a. Partial molar volumes of dissolved gases at different temperatures

[cm®/mol]*
Gas Hz N2 COz CH4
Solvent H,O H,O CH,0OH H,O H,O
0°C 24 41 47 32 36
25°C 26 40 52 33 37
50°C 24 38 54 33 38

! After Ciborowski J., Pohorecki R., Przem. Chem., 39, 762, 1960.

Table B-15b. Apparent partial molar volumes of dissolved gases at different
temperatures [cm’>/mol]!

Gas H, N, CO, CH,
Solvent H,O H,O CH;OH H,O H,O
0°C 20.0 - 18.8 29.0 -
25°C 19.5 32.8 23.2 29.0 50.0
50°C 19.6 33.4 27.5 29.0 442

! After Ciborowski J., Pohorecki R., Przem. Chem., 39, 762, 1960.

Table B-16. Contribution of ions and solutes in determination of the Henry's constant;
h [em*/mol]

(a) According to Barrett'
h. h_ hg (15°C) hg (25°C) hg (CO,)
tCO he
H 0 [OH 66 |H, -8 [H, -2 0.2 7
Na* 91 |Cr 21 |0, 34 (0, 22| 15 | =10
K* 74 |Br 12 |CO, 10 |CO, -19 | 25 ~19
NH," 28 |oCI” | (16) |N,O 3 |NO 0| 40 | -26
Mg 51 [NOy | -1 H,S 33 | 50 | (=29)
Zn** 48 [HCO; | (12) NH; -54 [ 60 | (~16)
Ca™ 53 |cos | @D CH, -9
SO | 22 SO,  -103
(b) According to van Krevelen and Hoftijzer’
h, h. h, (15°C) e (25°C)
H 0 [OH 61 |H, 2 |H -1
Na* 9 |Cr 21 |0, 33 |0, 19
K 71  |Br 11 |COo, -10 |CO, -17
NH, 31 |TI 5 N0 6 |NO 1
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Mg* 46 |NO;y 0 H,S -39
Zn* 46 | COs™ ¥3)) NH; -50
Ca* 51 SO> 21 C.H; -11
Ba? (60) SO, -105
Mn? (46)
Fe?t 49)
Co* (58)
Ni? (59)

! After P. V. L. Barrett, Ph. D. Thesis, University of Cambridge, Cambridge, 1966.
2 After van Krevelen D. W,, and Hoftijzer P. J., XXI Congrés Int. de Chimie Industrielle, Chim. Ind., 168, 1948.

Table B-17. Values of functions ®, @', and ®” in the solution due to Blasius
for flow along a flat, thin plate1

n o) [0y P
0.0 0.00000 0.00000 0.33206
0.2 0.00664 0.06641 0.33199
0.4 0.02656 0.13277 0.33147
0.6 0.05974 0.19894 0.33008
0.8 0.10611 0.26471 0.32739
1.0 0.16557 0.32979 0.32301
1.2 0.23795 0.39378 0.31659
1.4 0.32298 0.45627 0.30787
1.6 0.42032 0.51676 0.29667
1.8 0.52952 0.57477 0.28293
2.0 0.65003 0.62977 0.26675
22 0.78120 0.68132 0.24835
24 0.92230 0.72899 0.22809
2.6 1.07252 0.77246 0.20646
2.8 1.23099 0.81152 0.18401
3.0 1.39682 0.84605 0.16136
34 1.74696 0.90177 0.11788
38 2.11605 0.94112 0.08013
4.2 2.49806 0.96696 0.05052
4.6 2.38826 0.98269 0.02948
5.0 3.28329 0.99155 0.01591
54 3.68094 0.99616 0.00793
58 4.07990 0.99838 0.00365
6.2 4.47948 0.99937 0.00155
6.6 4.87931 0.99977 0.00061
7.0 5.27926 0.99992 0.00022
7.4 5.67924 0.99998 0.00007
78 6.07923 1.00000 0.00002

! After Howarth L., Proc. Roy. Soc., London, A 164, 547, 1938 (by permission).
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Table B-18. Values of the constants in the heat transfer equation for laminar flow
of generalized Newtonian fluid'

m | i Ai A/ A A G S
1 7.3153( 1.46622 0.3360 | —0.8020 | 0.5585

212 44.6090 [ -0.802476 | —0.1254 0.0719 (-0.1216 |(5-11¢)/24
3 | 113.921 | 0.587094 | 0.0579 | -0.0207 | 0.05537
1 6.582 | 1.493 0.349 -0.944 0.16341

312 39.09 |-0.850 -0.147 0.092 |[-0.03654 |(24-59¢)/112
3 99.50 0.643 0.079 -0.039 0.01786
1 6.263 1.516 0.3575 | -0.092 0.17708

412 36.35 0.866 -0.1631 0.1072 | -0.040279 | (28-76c)/128
3 92.34 0.634 0.0865 | —0.0308 | 0.018418

1 After Wroniski S., Prace Inst. Inz. Chem. PW, nr 1, 1973.



Figure C-1
Figure C-2

Figure C-3
Figure C-4
Figure C-5
Figure C-6
Figure C-7

Figure C-8
Figure C-9

Figure C-10
Figure C-11
Figure C-12
Figure C-13
Figure C-14
Figure C-15
Figure C-16
Figure C-17
Figure C-18
Figure C-19
Figure C-20
Figure C-21

Figure C-22

C. DIAGRAMS

Coefficients of compressibility chart

Diagram due to Hougen and Watson for determination of fugacity
coefficient of gases
Watson diagram for liquid density determination (chart for coefficient of
expansion)
Diagram due to Hougen and Watson for determination of pressure
correction for molar capacity of gases
Diagram due to Hougen and Watson for determination of pressure
correction for enthalpy of gases (moderate pressure range)
Diagram due to Hougen and Watson for determination of pressure
correction for enthalpy of gases (high pressure range)
Diagram due to Hougen and Watson for determination of pressure
correction for entropy of gases
Carr diagram for determination of pressure correction for gas viscosity
Diagram due to Uyehara and Watson for determination of reduced
viscosity
Diagram of function @, » for determination of viscosity of gaseous
mixtures according to the Wilke equation
Diagram due to Comings for determination of pressure correction for
thermal conductivity of gases
Diagram due to Gamson for determination of reduced thermal
conductivity

Diagram due to Slattery for determination of pressure correction for the
coefficients of self-diffusion of gases
Diagram due to Wilke for determination of diffusivity in diluted liquid
solutions
Diagram due to Wilke and Chang for determination of diffusivity in
diluted liquid solutions
Enthalpy diagram for potassium chloride-water system.
Enthalpy diagram for humid air at 0.1 MPa
Enthalpy diagram for naphthalene-air system at 0.1 MPa
Entropy diagram for naphthalene-air system
Diagram for determination of extreme concentration during unsteady-
state diffusion in solid bodies
Diagram for determination of average concentration during unsteady-
state diffusion in solid bodies
Diagram due to van Krevelen and Hoftijzer for determination of the
mass transfer coefficient with second order chemical reaction
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Figure C-4. Diagram due to Hougen and Watson for determination of pressure
correction for molar capacity of gases (after Bretsznajder S., Prediction
of Transport and Other Physical Properties of Fluids, Pergamon Press,
Oxford, 1971).



DIAGRAMS 395

‘(1461 PIOFXO ‘ssaid uowreSnd ‘spinj fo satradosd jpoishyq
4oy30) pup rodsup.] fo uoyopadq ©S wpleuzsplg Bye) ‘(93url smssoid sjeiopour) sosed jo
Adregus 105 uooeLI00 anssaid Jo UOTEUTILINP JOj UosIeM PUR USFNOH 0} onp weiSey] °¢-D om3i1

‘d aunssesd paonpay

L9 5 » 3 y
95 4 14 1 onwaw n Q@ oy g2 py w000 N0 o o
B OI TV 64 y. 2
g A2 Y s
\‘\\‘\‘\\ ~ Ly ‘\ \\ v (74
r4RY Pu 2 \“ /A y.v. & P
\u\ Y Y227 4 Y \\ y vl
ArrZ \\Ww ra \ \\ A
1 LA/ AW {
\\ \\x\;nx\ \“\\\\\ \ 4 d 7 \\%r%- .|a
N7, # :
DAL NS 4 /
| g Iy e ¢ 74 L/ A8
P V. V P, p. \‘\\ \ \ 1 ¢
790V 84Y V 7 4 ’
\\\N\ ‘\ \\ i
A ;
- VT V7 % ’
p 4V 4 '
L~ » Z 4 n
I TI7 7 44
Witts. AU £
=27 4 s &
41 Y \\ / m
L1 L \ *® WI
T &V =
et o
s oo NN 5‘ ‘



396 DIAGRAMS

LI
= {7=10
< 105
; 1 % aul 11 \
S w [ 445
7 d IR
? « 25 V. ‘b ‘,. ~ .
bl L V // L '1J N
20 CTTLES N
/ AT
$ 194l e% N
S p ezl
AV L L TT 144
4/ % ﬁ o ] 2‘5\ \
|
200 IS
oy
LT 50
-5 T 2.0 NN
N Y92 \
N N
-0 15 N
-15 I A |
a7 22 03 04 a6 a6 10 Z 3 4 6 810 20

Reduced pressure P,

Figure C-6. Diagram due to Hougen and Watson for determination of pressure
correction for enthalpy of gases (high pressure range),
(after Bretsznajder S., Prediction of Transport and Other Physical
Properties of Fluids), Pergamon Press, Oxford, 1971).
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Figure C-8. Carr diagram for determination of pressure correction for gas viscosity
(after Carr N. L., Kobayashi R., and Burroughs D. B., Am. Inst. Min.
and Met. Engrs, Petroleum Tech., 6, 47, 1954).
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Figure C-10. Diagram of function @, , for determination of viscosity of gaseous
mixtures according to Wilke equation (after Bromley A. L., and
Wilke C. R., Ind. Eng. Chem., 43, 1641, 1959).
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Figure C-11. Diagram due to Comings for determination of pressure correction for
thermal conductivity of gases (after Lenoir J. M., Junk W. A, and
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Figure C-12. Diagram due to Gamson for determination of reduced thermal conductivity
(after Gamson B. W., Chem. Eng. Progr., 45, 154, 1949).
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Figure C-18. Enthalpy diagram for naphthalene-air system at 0.1 MPa.



408 DIAGRAMS

-wagsAs Je-omwjeypyden 10) uresSeip Adonuyg -61-D om31g

LS00 . WD, 0o 700 . H00 .

[ A

Sy/ex’s

314




DIAGRAMS 409

/)

e
wdld

IEEARANEERSNE

\\ N ‘1 o
AN N ‘...__ZL....I &
Al _ O
ANEEER N
\\ \
a0t - \Y\
AN N
N
hY AN
N\ i
O
\, : AN
N
Q001
] o2 o4 26 o8 10 Dt 12
(x=a,b,c,r,n ’;5‘

Figure C-20. Diagram for determination of extreme concentration during unsteady-state
diffusion in solid bodies (after Treybal R. E., Mass Transfer Operations,
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A
Absorption equilibrium, 90, 91, 334
Activity, 98

coefficient, 82, 90, 98
Adiabatic expansion, 9, 110
Adiabatic flame temperature, 5, 7
Adsorption equilibrium, 102, 103
Analogy between momentum, heat

and mass transfer, 290

Arrhenius equation, 310

B
Beattie-Bridgeman equation of state,
33,330
Bingham fluid, 129
Biot number, 163, 366
Bodenstein number, 188, 366
Boundary conditions encountered in
heat transfer, 163, 166, 174
mass transfer, 204, 206, 207, 211, 214
Boundary layer, 138, 141
laminar, 138
turbulent, 141, 143
Brinkman number, 171, 175, 366

C
Carnot cycle, 17
Chemical conversion, 111, 113
Chemical equilibrium, 111, 112
Chemical reaction
consecutive, 298
heterogeneous, 311
instantaneous, 301
irreversible, 308
reversible, 304
standard enthalpy of, 5, 114
standard entropy of, 114
Chilton-Colburn analogy, 286, 290
Combustion, 4, 312

412

Compressibility factor, 29, 391
Compression, 19
Condensation, 288
Conduction, 162
Conductivity
of gas, 64, 67
Constant-pressure molar heat, 45
Continuity equation, 202, 349
Convection heat transfer coefficient,
163, 167
correlation, 354
Convection mass transfer coefficient,
223
correlation, 359
Coutte flow, 136
Crystalllization equilibrium, 106
“Cup-mixed” concentration, 229
Cycle, 17,21, 23

D
Darcy-Weisbach equation, 8
Density
of gases, 32, 36
of liquids, 38, 42
Diffusion
in anisotropic materials, 219
steady-state, 197, 201
unsteady-state, 204, 205, 207
Diffusion coefficient
gas diffusion coefficient, 69
Wilke equation for gas mixture, 73
Loschmidt cell for measuring, 216
liquid diffusion coefficient, 74
“effective” diffusion coefficient, 204
Diffusion through a stagnant film, 197
Diffusivity
of gas, 69
of liquid, 74
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Dispersed systems past single spheres, 185
mass transfer in, 258, 263 Forced convection mass transfer
Dispersion, 278 for laminar flow in tube, 229
Dissipation function for viscous flow, for turbulent flow in tube, 251
174 Fourier number
Dissipative effects, 170 for heat transfer, 367
Drag coefficient, 143, 147 for mass transfer, 204, 367
local, 140 Friction factor
Dithring method, 61 Darcy, 8
Fanning, 290
E Froessling equation, 185, 267
Eddy diffusivity, 251 Fugacity, 76
Energy balance, 1, 327 coefficient chart, 392
of a non stationary process, 3, 327 in mixture, 92, 115
Energy equation, 162, 177, 348, 349
Enthalpy G
diagram, 24, 95, 105, 107, 108 Gas bubbles, 159
of gas, 46 Gas density, 32
Entropy Gas fugacity, 76
balance, 14 Gas viscosity, 52
of gas, 47 Generalized charts
Entrance length, correlation for compressibility, 391
heat transfer coefficients, 167 enthalpy, 395, 396
Equation of continuity, 202, 349 entropy, 397
Equation of motion, 119, 344 fugacity, 392
Equations of state, 330 Graetz number, 169, 368
Beattie-Bridgeman, 33 Graetz problem, 166
Lee-Kesler, 34 Grashof number
Peng-Robinson, 39 for heat transfer, 163, 368
perfect gas, 28 for mass transfer, 368
Redlich-Kwong, 32
Van der Waals, 26 H
virial, 330 Hatta number, 307, 308, 368
Equimolar counterdiffussion, 216 Heat
capacity, 45
F convection, 163, 167
Fick’s second law of diffusion, 206, diffusivity, 164
Flat plate of formation, 4
laminar flow over, 138 Hedstrom number, 130, 368
mass transfer, 223 Helmbholtz function, 49
with chemical reaction, 243 Henry’s law, 90, 305
turbulent flow over, 141 Higbie’s model, 300
Flow curve, 129 Humidity, 107
Forced convection heat transfer Hydraulic diameter, 156

for laminar flow in tube, 166, 169
for turbulent flow in tube, 183
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 {
Ideal gas

density, 10

specific heat capacity, 9
Isoentropic

process, 12

efficiency, 13
Irreversible process, 15, 17

J

J-factor for heat transfer, 286,
J-factor for mass transfer, 286, 351
Joule-Thomson coefficient, 27

K

Karman momentum balance equation,
141

Kay’s rule, 35

Kinematic viscosity, 164

Kinetic energy of fluid, 132

Kinetics of chemical reactions, 297, 298,
311,315

L
Laminar flow,
in channel, 125
in pipes, 119, 130, 134
over plate, 139
Laplace transformation, 206
Lee-Kesler equation of state, 34, 332
Lennard-Jones force constants, 52, 382
Lewis-Randall rule, 92
Liquid density, 38, 42
Liquid-liquid equilibrium, 96, 98
Liquid viscosity, 62
Log-mean concentration difference, 227,
232,254
Lost work, 8

M
Mass transfer
in dispersed system, 258, 263, 266
in tube, 229, 251
with chemical reaction, 239, 243, 300,
302

Mass transfer molecular diffusion
steady state, 197, 202
unsteady state 204, 205, 207, 210,
214,216,219

Maxwell equations, 24, 328

N
Non-Newtonian fluid, 129
Nusselt number, 164, 369

o
Overall mass transfer coefficient, 274,
275

P
Packed bed, 154, 156
mass transfer in, 270, 272,273
Partial molar volume, 90, 386
apparent, 92, 387
Partial pressure, 80
Péclet number, 237
Peng-Robinson equation of state, 39,
332
Poiseuille equation, 120, 131
Power-law fluid, 134, 136
Prandtl number, 163, 369
Pressure
critical, 32
reduced, 32, 36
Pseudocritical parameters, 35, 92
Pseudoplastic fluid, 134
Psychrometric measurements, 285

R
Rabinovitsch equation, 130
Radiation

heat transfer coefficient, 165
Rankin cycle, 23
Raoult’s law, 80
Redlich-Kwong equation of state, 32,

331
Reduced

parameters, 32

properties, 42, 52, 66
Refrigeration cycle, 23
Reversible process, 17



Reversible work, 12
Reynolds number, 120, 352, 369
for non-Newtonian fluids, 136

S
Saturated vapor, 22, 80
Settling
free, 147, 184
hindered, 150
Schmidt number, 224, 369
Simultaneous energy and mass transfer,
282
Shear stress, 123
Sherwood number, 223, 370
Solid catalyst, 314
effectiveness factor, 319
Solidification, 191, 194
Specific surface, 104
Standard state, 5
Steam power cycle, 21
Stream function, 138
Sutherland constant, 54, 67, 385

T
Temperature
critical, 32
reduced 32, 36
Temperature distribution
in flow with internal heat source, 181
in heated rod, 163
in gap, 171
Thermal conductivity
of gases, 64, 67
Thermal diffusivity, 194
Thermal expansion coefficient, 164
Thermodiffusion, 221
Thermodynamic functions, 25, 46
Tie-line, 96, 101
Tortuosity, 153, 156
Turbulent flow
in boundary layer, 141, 143
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v
Van der Waals equation of state, 26, 330
Van’t Hoff isotherm, 113
Vapor-liquid equilibrium
in perfect system, 80
in real system, 82
Velocity profile in laminar flow
in channels, 124, 126
in pipes, 120, 133, 135
over plate, 139
Virial equation of state, 330
Volatility, 80

w
Weber number, 146, 370
Wetted-wall column

mass transfer in , 225, 256
Work

loss, 2

reversible, 12

technical, 2





