DIFFUSION THROUGH A VARYING
CROSS-SECTIONAL AREA

Diffusion through a varying cross-
sectional area

* In some cases, the area A may vary. Then, it is

convenient to define N, as: Constant at

B steady state

B NA [kgl’l’lleS] condition

YA (7]
* Examples O\
. . 4 —

Diffusion from a sphere / VI - \I \'

» Evaporation of a drop of liquid ///% Ny
= Evaporation of ball of naphthalene P AL . Pa2

Stagnant medium B
llair"



Diffusion from a sphere

N, N
N — A _ A
YA 4an?

* But as given before
N [1-P2)o _ D5 dpa
A P RT

N 4 . D g dp
amr’ " RT (I — py/P)dr

* Rearranging and integration
N, [dr D ;5 J‘“z dp ,
P

4w |, r* RT [ .. (1—p,/P)

NA(I B I)ZDABPII‘]P;IDAZ
47 RT P—py
* Sincer,>>r,, .. 1/r,=0, hence previous eq.

becomes
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DP. (P—p,,)
=Ny = In -
47, RTy;  (P—p,)
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NOTE

If p,, 1s small compared to P (a dilute gas phase),
Pesm = P. Also, setting 2r, = D,, diameter,and c,, = p,,/RT, we obtain

2D .5
A1 = _5'1— (Cay — €42)

This equation can also be used for liquids, where D 5 is the diffusivity of A in the liquid.

Time for complete evaporation or
dissolution of the sphere is:

pari RT |

) ZMADAHP In (P_ p-ﬂ?]
(P— Pa)

I




Example 1

* Evaporation of a Naphthalene Sphere

A sphere of naphthalene having a radius of 2.0 mm is suspended
in a large volume of still air at 318 K and 1.101325 x 105 Pa. The
diffusivity of the naphthalene at 318 K is 6.92 x10® m?/s.

(1) Calculate the rate of evaporation of naphthalene from the

surface.
(2) Estimate the time after which the sphere will completely
evaporate.
Solution
M | Ny _ _ DABPIH (P—py,)

47° AL RTr, (P=pu)

DAEI= 6.92 x 10% m¥s.

P=101325 Pa.

The vapor pressure of Naphthalene at 318
Kis p4y = 0.555 mm Hg =
0.555/760x101325=74 Pa. [From Tables].

P = 0 [Evaporation to a large volume of
Air to a large distance].

r=2mm=2x10°m.



(2)

47,

N

N,

N = PPy (P=pi)

’ - RTr, (P—p,)

~(6.92x107°)(101325 In (101325-0)

A 8314H(318)2x107)  (101325-74)
=9.68<10™° kg molA/s.m’
Solution
o p,r’RT |
" 2M ,DyP (P=Py)
(P—pay)

(1 140){2><10"3'3(8314](318)

1

F T 2(128/1000)(6.92x10°)(101325) In

tp =91931758 s=29 yr

(101325-0)

(101325 -74)

Data

From tables

p =1140kg/m3
M, =128 g/mol



Diffusion coefficients for gases

Usually, the diffusion coefficients are tabulated,
as shown in the Table.

A number of experimental methods have been used
to determine the diffusion coefficient.

From the given table we can
conclude,

[T

[0

Binary Diffusion Coefficients at One Atmosphere™

Diffusion Coefficients of Gases at

101.32 kPa Pressure

Temperature Diffusivity

: [(m*/s)10*

System = 0 K or cmfs]
Air-NH, 1] 273 0.198
Air-H,0 0 273 0.220
25 298 0.260
42 315 0.288
Air-CO, 3 276 0.142
44 317 0.177
Air-H, 0 273 0.611
Air-C,H,OH 25 208 0.135
42 315 0.145
Air-CH,COOH 0 273 0.106
Air-n-hexane 21 294 0.080

Air-benzene 25 298 0.0962
Air-toluene 259 298.9 0.086
Air-n-butanol 0 273 0.0703

259 2989 0.087
H,-CH, 25 298 0.726
H,-N, 25 2098 0.784
8BS 358 1.052

&

T D.s
Substance A Subs:tance B (1:9] (m?/s)
Gases
NH, Air 298 0.28x10*
H,O Air 298 0.26 < 10°*
COo, Air 208 016 x 10
H, Air 208 041x10"*
0, Air 208 0.21 x10*
Acetone Air 273 011x10*
Benzene Air 208 0.88 x< 10°*
Maphthalens Air 300 0.62 = 10 *
Ar N, 293 01910
H, 0, 273 0.70 < 10°*
H, N, 273 068 x10*
H, CO, 273 0.55x10*
Cco, N, 203 016 =< 10°*
CO, 0, 273 014 x10*
0, N, 273 018 < 10*
Dilute Solutions
Caffeine H,0 298 0.63 x10?
Ethanol H,;0 208 012x10°®
Glucose H;0 208 069 x 10°?
Glycerol H,0 208 0.94 < 10°*
Acetone H,0 298 013 x10 *
COo, H;0 298 0.20 < 10°*
0, H,0 298 0.24 <10 ®
H, H;0 208 0.63 x 10 f
N, H,0 208 0.26 < 10 *
Solids
0, Rubber 298 0.21x10°*
N, Rubber 208 015x10°*
CO, Rubber 298 011 =10 °*
He Si0, 293 04x10"
H; Fe 293 0.26 x 10 *
Cd Cu 293 0.27 <10
Al Cu 293 013 x10°®




Diffusion coefficients for gases

A number of experimental methods have been used to determine the
diffusion coefficient for binary gas mixtures.

One method is to evaporate a pure liquid A in a narrow tube with a gas
passed over the top.

The fall in the liquid level is measured with time and the diffusivity is
calculated. air (B)

9 21 e |p
(o _Pa (zF — 20)RT pgas :450 1 42
F 2M D, g P(p 4y — Pa2) = P l

ZF i ‘ NA
j T ! P4y
—— liguid
' benzene (4)

Diffusivity measurement

Pure gas A 1s added to ¥, and pure B to ¥, at the same pressures. The valve 1s
opened, diffusion proceeds for a given time, and then the valve is closed and the mixed
contents of each chamber are sampled separately. Assuming quasi-steady-state diffusion

de D 4g(c; — ¢y)
* . —— ..(a

JA DAB dz L (a) v, valivc v,
where ¢, 1s the concentration of A in ¥, at <

. . . \ - L -
time ¢ and ¢, 1n ¥,. The rate of diffusion of 4 & -
going to ¥, is equal to the rate of accumulationin V;. ! i |

AJE = D, plc, —c,)A -V ic_z (b) Diffusivity measurement of

ol L T gases by the two-bulb method.

Material balance: ( c,, at equilibrium can be calculated using initial composition att = 0.)

Vi + Vadew = el + Vyc) -t




Material balance: (at any time t as the previous material balance)

(Vl -+ VZ)C“ — V]Cl + V2 C2 ...(d)

From eq. (d) find c, then substitute it in eq. (b) on rearrangement, integration
betweent=0and t=t, we get

Cay — C2 [ D gV + V3) } (e)
———S =€exXp| — t
Cay — €3 (L/AXYV, V)

Note

From this eq. (e) we can obtain the diffusivity coefficient D, where
C, is found by sampling.

Diffusion coefficients for gases

Empirical correlations have been developed to calculate the diffusivity.
For example, for a binary gas:

1. Chapman& Enskog

Tisin K
Pisin atm

o and €2 are parameters
M is the molecularweight in kg mass/kgmol

Based on Boltzmann's kinetic theory of gases, the theorem of
corresponding states, and a suitable intermolecular energy
_potential function.




Diffusion coefficients for gases

Another empirical correlations 1s:

2. Fuller et al.

Atorbe Difieslon ¥Valwnes for Lle
with the Fuller, Scheitier, aned
G:'ddl'ng': Merhed*

Atomee and structural diffuston volume :incrcm:nu, o

G 155 (C1) 19.5

H 153 (5) 17.0

atm o S48  Aromatic fing = —20.2

. . (™) 5.6%  Heterocyelic ring  —20.2

> v:iscalled thesumof structuralvolumeincrements o _

Diffusion volumes for zimple molecales, 3 o

. H, .07 Co 125

andis tabulated D,  &m co, 269

He LB N0 ERR

Ny 7% NH, 149

0, 66 HO 12,7

A Bl (CCLFD) L14.8

AT 16l (SFg £9.7

Kr 2B (01 371

(el 319 (Hr) 1.2

Ne 530 (S04 411

= Parencheses indicale et the vates Hated is based o0 anly & few dara

peints

Savrce: Repringed with permlssdeon fram B, M. Fulles, P. DL Sohetiler,
and ). C Giddisgs, fad, Eng. Chen, 58, 191968} Capyeighl by the
Anerizan Chemicl Secimy.

3. Schmidt number of gases

The schmidt number of a gas mixture of dilute Ain B is
dimensionless and defined as

N H

n pD 45

where j is viscosity of the gas mixture, which is viscosity of B for a dilute mixture in Pa s
or kg/m-s, D 5 is diffusivity in m*/s, and p is the density of the mixtare inkg/m?, For a
gas the Schmidt number can be assumed independent of temperature over moderate
ranges and independent of pressure up o about 10 atm or 10 x 10° Pa,

The Schmidt number is the dimensionless ratio of the molecular momentum diffugi-
vity #/p to the molecular mass diffusivity D 5. Values of the Schmidt number for gases
range from about 0.3 to 2. For liquids Schmidt numbers fange {rom about 100 to over
10000 for viscous ]quldS



Example 2: Estimation of diffusivity of a
gas mixture

Normal butanol C4H,O (A) is diffusing through air (B) at 1 atm
abs. Using the Fuller et al. method, estimate the diffusivity D,gfor
the following conditions:

(a) For 0°C.
(b) For 25.9°C.
(c) For 0°C and 2.0 atm abs.

Atomic Diffusion Volumes for Use

S O l U t I O n with the Fuller, Schettler, and

Giddings Method*

Alomic &nd structural dilfusion volume increments, v

C 165 (Cl) 19.5
H 198 (S) 170
(o] 548 Aromatic ring -10.2

(N} 5.69  Heteroeyelic ring =702

Diffusion volumes for simple molecules, §. »
H, 707 CO 189
D; 670 CO, 2659

He 288 N0 359
N, 179 NN, 149

0, 166 H0 127

(a) Air 00 {CCLF) 1143
P=1.00 atm oL eR 697

H 2. {Cl,) T

T=273+0=273 K (::k) M9 (Bry 622

5.5 SO 1P

M, (butanol) = 74.1 s ol aliL

Mg (air) = 29

> va = 4(16.5) + 10(1.98) + 1(5.48) = 91.28 (butanol) C,H,,0

> vg = 20.1 (air)



Solution

P=1.00 atm
T=273+0=273K
M, (butanol) = 74.1
Mg (air) = 29

2 vy = 4(16.5) + 10(1.98) + 1(5.48) = 9128 (butanol)

> g = 20.1 (air)

L0 X 1077(273)M5(1/74.1 + 1/29)12
1.0[(91.28)"* + (20.1)"°]?

=773 X 1079 m?s

AB

Solution

(b) T=273+25.9=298.9K
Substituting into the correlation: Dyg= 9.05 x 108 m%s.

(C) Total pressure P = 2.0 atm

Using the value predicted in part (a) and correcting for pressure:
Dag =7.73x 10%(1.0/2.0) = 3.865x10°5 m?/s.



