Mass transfer and separation

Lecture 4



Recap motion of molecules in fluids



Objectives

* Diffusion
* Convection
* Mass transport coefficients



Diffusion

* Diffusion is a crucial process in the atmosphere and in solution. It is
important to be able to predict the spread of a material through
another when discussing reactions in solution and the spread of
substances into the environment.

* The key idea is that particles tend to spread to achieve uniform
distribution.

* You need to remember how to calculate flux and what is the chemical
potential.



Diffusion

* The tendency of particles in gases, liquids and solids to spread can be
discussed from 3 different viewpoints.

« 2" law of TD (tendency of S to]* or for G to,).
* It appears that there is a force acting to disperse the solute. That force is illusory.
* To set up a differential equation for the change in concentration in a region by
considering J(material) through its boundaries.

* The resultant ‘diffusion equation’ can in principle be solved for various configurations of
the system, such as the shape of the vessel.

* Mechanistic approach; imagine the diffusion is taking place in a series of
random small steps.

* Provides a model of what is taking place when matter diffuses.



The thermodynamic view

e At constant p and T, the max non-expansion work that can be done when a
substance moves from a location of G to another of G+dG is dw=dG.

* As i is the (partial) molar G, the max. non-expansive work per mole is
dw=du.
* In a system where u depends on position x; dw = du= (g_l:) dx.
T,p
* |[n general, work can always be expressed in terms of an opposing force;
dw = —Fdx
ou

e Comparingeqgandeq, F = — (ax

) , thermodynamic force for mass
T,p

transport.



The thermodynamic view

* There is not necessarily a real force pushing the particles down the slope of u.

* The force may represent the spontaneous tendency of MQs to disperse as a
consequence of the 2" law of TD.

* |In a solution, with solute activity of a; u = u® + RTlna.

* If the solution is not uniform, a depends on the position (x) as: F = — (3—5) =
T,p
_RT (6 In a)
dx T,p
0 ln%
* If the solution is ideal a may be replaced by ¢/c? so F = —RT axc =
P

AT (29)
c \ox/Typ



TD force

* Suppose a linear concentration gradient is set up across a container at
25 °C, with points separated by 1.0 cm differing in concentration by
0.1 mol dm=3 around the mean value of 1.0 mol dm-3.

 Calculate the thermodynamic force the solution experiences that
‘drives’ it to reach a uniform concentration.

RT (Oc
-2
¢ \ox/)Tp



Answer

= _RT (@) _ (8314 J K 'mol™1)x(298 K) 5 0:10mol dm™3

= 2.5 X
0x/ T p 1.0 mol dm=3 1.0x107 2 m

* So the thermodynamic force is a molar quantity.



Generalisation of diffusion

* Fick’s 1t law of diffusion, J(number) = —D %f, as we’ve seen

previously is deduced from the kinetic theory of gases.

* We can generalise this to apply for the diffusion of condensed phases
as well.

 We assume J is a response to F arising from a concentration gradient.

 Diffusing particles reach a steady drift speed, s, when F=drag due to n
of the medium.

e saFand Fa dc/dx, and asJa s = J a dc/dx, which is the content of
Fick’s law.
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Generalisation of diffusion

* [(number) = —D%\[ [ *N,*t
* [(amount) = —D %; D — diffusion coefficient and dc/dx — slope of molar

concentration.

* J(amount) = sc, as all particles within a distance of sAtA can pass through
an A window area in a At interval; amount of substance that can pass

through is sAtAc, and J(amount)=(quantity)/AtA= sAtAc/AtA=sc.
dc  DCF DF

* Combiningeq & eq: sc = —D — = —or s = —, once we know the
dx  RT RT

effective force of D, we can calculate s of the particles regardless of the
origin of F.
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TD force & drift speed

* Laser measurements showed that a MQ with s=1.0 pum s in water at
25 °C has D=5.0*10° m? s™.

 Calculate the corresponding TD force.

* F=sRT/D

12



Answer

* F=sRT/D=(1.0-10° m s1)*(8.314 J K* mol*1)*(298 K)/(5.05*10° m? s1)
=5.0*10° ) m1 moll
N



Diffusion equation

* Time-dependent diffusion processes, i.e. how to spread inhomogeneities in time.

* Consider the temperature of a metal bar that has been heated at one end: if the source
of heat is removed, then the bar gradually settles down into a state of uniform 7. When

the source of heat is maintained and the bar can radiate, it settles down in a steady-state
of non-uniform T.

* Or, consider the concentration distribution of a solute that has just been added in a
solvent.

* We will focus on the diffusion of particles but similar arguments apply to the diffusion of
physical properties, such as T.

 Our aim is to obtain an equation for the rate of change of the concentration of particles
in an inhomogeneous region.

14



Volume, Al  J(x+ 1)

Simple diffusion

e Consider the above slab. Let the concentration
be ¢ at x at the time t. The rate with which the

on
amount (in moles) of particles enters the slab is: oc v o _JA_J
GC _]Adt J ot ot V Al [
Inflow; — = =
ot Aldt |
Outflow; @ = S Adt = L
ot Aldt /
Net: oc _ J—J -
at l ¢’ = C(a)l

’ 2
J_j’:_D@JFDaC :—D&+Dé{c+(@c)l}:Dla ¢, using Fick’s 15t law
ox  Ox Ox  Ox ? 1
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Diffusion equation

* Updating the expression for the rate of change we get the diffusion

ac

equation, aka Fick’s 2" law of diffusion: — = D 2.
ot 0x?

* The diffusion eqg. shows that the rate of concentration change a the
curvature (i.e. 2"9 derivative) of the concentration wrt distance.

* If c changes sharply from point to point (i.e. highly wrinkled) then ¢ changes rapidly
with time.
Negative

Where the curvature is +ve the dip tends to fill curvature
Where the curvature if —ve the heap tends to spread.
Where the curvature is O, c is constant in time

* If c decreases linearly in with distance, ¢ at any point is constant as
inflow of particles balances the outflow.

* There is a natural tendency for wrinkles to disappear; Fesl=

curvature

Spreads

Fills

Concentration, ¢

Nature abhors a wrinkle!! sl =



Diffusion equation

* If c falls linearly across a small region of space, in the sense that c=c,-
ax, then 8%c/0x?=0 and, consequently, dc/0t=0.

* cin the region is constant as the inward flow through one window is
matched by the outward flow through the other window.

* |f c varies at c=c%-1/2ax?, what is the rate of concentration change?

,dc _ %
ot  9x2



Answer

e c=c%-1/2ax?
e 02c/0x%=-a
e dc/0t=-Da

* In this case the concentration decreases because there is a greater
outward flow than inward flow.



Convection

* Transport of particles arising from the motion of a streaming fluid is
called convection.

* If we ignore diffusion, the flux of particles through an A area in a At

interval when the fluid is flowing with a v velocity is calculated as

Ji — BMQs _ XV _ cAvAt _ cv, the convective flux
conv AAt  AAt AAte ! '

* The rate of change of the concentration in a slab of thickness [ and

s 5 = oo = 2o (7)1} = = (55) v prov
area A is o = l = + . [ ;= —) Vs provided

the velocity does not depend on the position.

19



Diffusion with convection

 When both diffusion and convection occur, the generalised diffusion

: . 0 0?2 d
equation combining the two effects: Z=pI-_p=

ot 0x2 ox’
* Further complication — and of the utmost importance in chemistry —
arises from the change in the particles’ concentration as a result of a

reaction.

20



Convection

e Suppose there is a convective flow v. If ¢ falls linearly across a small
region of space, in the sense that c=c,-ax, then dc/dx=-a and the
change of concentration in the region is dc/dt=av.

* |f c varies at c=c%-1/2ax?, what is the rate of concentration change?
 If 3=0.010 mol dm3 mtand v=+1.0 mm s,

G,
. a—i =0.010 mol dm= m**(1.0 mm s1)=1.0*10> mol dm= s
* There is now an increase in the region because the inward convective

flow outweighs the outward flow, and there is no diffusion.



Solutions of the diffusion equation

* The diffusion equation is a 2" order differential eq. wrt space and a 1%
order differential eq. wrt time. So we must specify two boundary
conditions for the spatial dependence and a single initial condition for the
time dependence.

* Consider a solvent in which the solute is initially coated on one surface of
the container (cf. layer of sugar on the bottom of a beaker of water). The
single initial conditions is that at t=0 all N, particles are concentrated on
the yz plane at x=0. The 2 boundary conditions are derived from the
requirements

e concentration must be finite everywhere
* total amount of particles present is n,=(N,/N,) at all times.
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Solutions of the diffusion equation

* These requirements imply that the flux of particles is O at the top and
bottom surfaces of the system.

c(x,t) = —

_e~X"/4Dt 1D diffusion
A(mtDt)2

e Concentration tends to spread to uniformity

—To__=r*/4Dt 3D diffusion

8(mtDt)2

c(r,t) =

0.5

* In a 3D solvent (cf. sugar lump suspended), the c is spherically symmetrical
and at a radius r is;
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Capillary and diaphragm techniques

* Transport of substances across membranes, etc. may also be treated.
* The solutions of the diffusion eq. are useful for experimental determinations of D.

* In the capillary technique, a capillary tube open at one end and containing a solution, is
immersed in a well-stirred larger quantity of solvent, and the concentration change is
monitored in the tube. The solute diffuses from the open end at a rate that can be
calculated by solving the diffusion eq. w the appropriate boundary conditions.

* In the diaphragm technique, the diffusion occurs through the capillary pores of a sintered
glass diaphragm separating the well-stirred solution and the solvent. Concentrations are
monitored and then related to the solutions of the diffusion eq. corresponding to this
arrangement.

D may also be measured other techniques, such as NMR.
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Calculation of the average displacement

* Calculate the average displacement of particles in a time tin a 1D system if they have a D
diffusion constant.

* First calculate the # of particles in a slab of dx thickness and A area at x, with ¢ molar
concentration.

* Then consider what the probability of a particle to be found at a certain distance from the origin
is (i.e. what is their probability of being in the slab and how far did they travel from).

* Finally, calculate the average by weighting each distance by the probability.

.« Usec(x,t) = —0 _gx*/4Dt
A(mtDt)2

) 00 — 2 1
* And remember the common integral, fo xe Y dx = P

25



Answer

 # of particles in a slab of dx thickness and A area at x, with ¢ molar
concentration, is cAN ,dx.

* The probability that any of the N,=n N, particles in the slab is
therefore cAN,dx/N,. If the particle is in the slab, it has travelled a
distance x from the origin.

* Therefore the average displacement of all the particles in the sum of
each x weighted by the probability of its occurrence:

. c(x,t)AN 4 1 —x2 /4Dt 3. _ D\ 1/2
(x) =[x o dx (nD)l/Zf xe dx = Z(E)

n-N o0 1
oA j xe W gy = —
0 2a




Average displacement of a diffusing particle

* As just seen, the average displacement of a diffusing
L pt\1/2
particle is (x) = 2 (—) ,in 1D.

T
e The root mean square of it is (x2)1/2 = (2Dt)¥/2, rms
displacement in 1D.

* This is a valuable measure of the spread of particles
when they can diffuse in both directions from the
origin.

<—1nm

_10l 1lus‘1lms 15 1Il1f 1ly

-10 2 0 2

log(t/s)

Diffusion is a very slow process!
And greatly accelerated by convection!!
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Statistical view -

e ~ an intuitive picture of diffusion as the particles moving in a series of
small steps and gradually migrating from their original positions.

* Our model: particles may jump through a distance of A in a time t.
* The total distance travelled by a particle in a time t is thus tA/t.

 However, the particle, will not necessarily be found at this distance
from the origin as the direction of each step may be different.

* So for the net distance we need to consider changes of direction too.



1D random walk -

* Consider a 1D random walk of N steps, in which each step is of A in either left or right in a T time.

* The # of ways performing a walk with N, steps to the right and N, steps to the left is given by the

. . . N! N!
binomial coefficient:W = = .
NLINg!  (N—-Ng)INg!

* The total possible # of paths is 2V. The probability of the net distance walked being nA with n=N;-

. . '
NL=2NR_N is P(n}\) — # paths with N steps to the right — Vllfl — N: ~. Use Stirling’s approximation;
total # paths 2 (N—=NR)!NR!2 Inx!=In(2m)2+(x+1/2)Inx-x, when x<<1
Conn2 N2 And introduce parameter u=(Ny/N)-1/2<<1
o P(n/l) — 2N*1e— 2Nk — 2e” 2Nk as NMZ — (ZNR_N)Z — (NR_NL)2 — n? So for the smallest p the expansion may be
2N(2rN)1/2 (2gN)1/2’ AN AN 4N used: In(1/2+u)=-In2+2u-2u%+...

* The net distance from the origin is x=nA, and # of steps at t time is N=t/t so Nu?=tx?/4tA.

1/2
« P(x,t) = (%) e‘xzf/mz, probability of a particle being at x distance from origin — 1D random

walk.
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Statistical approach

» Differences between egs c(x, t) = —

A(tDt)2

_o~X*/4Dt (1D diffusion) and

1

2 _ : :
P(x,t) = (—z) e xzf/zw‘z(random walk) arise from the fact that in
the present calculation the particles can migrate in either direction

from the origin, and they can only be found at discrete points
separated by A.

* The fact that the 2 expressions are so similar suggests that diffusion
may be understood in terms of small steps as the outcome of a large

# of steps in random directions (Brownian motion). ?

~—

N P
\.\T\ (-




Einstein-Smoluchowski equation -

To relate D and A we compare the exponents in eqs ¢(x, t) = —2— g~**/4Dt g P(x,t) =

A(mtDt)2

1/2
(E) / e—x21/2t7&2
Tt )

2

Einstein-Smochulowski eq.: D = P

For a 1D random walk, the above implies that the distance walked after N=t/t steps of length A is:

2"
2D: (r) = AN1/? and 3D:(r) = A (%)1/2.

The Einstein-Smochulowski eq. is the central connection of the microscopic details of particle
motion with the macroscopic parameters relating to diffusion.
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Random walk

* Suppose an SO,% ion jumps through its own diameter each time it
makes a move in an aqueous solution.

* Determine t for D=1.1*10° m? s! and =250 pm [pm]
* A=2a

* D=/?/2T



Answer

e 7=(20)?/2D=20?%/D=2*(250*101% pm)?/(1.1*10° m? s'1)=1.1%*, 1019 s,
i.e. 110 ps, or 100 jumps per second.



Impact on nanotechnology

* Diffusion limited aggregation (DLA)

S. W. Han et al., J. Mater. Chem. 2008, 18, 2208.

20 Lattice Constants
—
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. i,
Plane x + ! ? number density = #, + : |
Plane x Vw1 number density = n,
¥ _
- number density = » d_”" f
Plane ! rdensity =, -2

* The phenomenon of diffusion is a result of motion of MQs in a fluid medium.

Diffusion and mass transfer

* On the MQlar scale, MQs seem to be moving randomly in various directions and
at various velocities.

* We assumes that motion of MQs is 1D and velocities of MQs of the same species are equal.
Also, the # density of species i is a function of coordinate x.

* Consider effect of motion of MQs of species A in planes x+/ and x-I.

* The diffusional flux of species A, J,* may be related to the net # of A MQs passing

through the plane x per unit area per unit time: J; = VyaNale—i — VmaNalx+r =

Vina (nA — Wl) — Uma (nA +—= l) = —2Upal (aa%)’ similarly to the empirical

Fick’s law.
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Diffusional flux and reference velocity of
diffusion -
&3

[ ] ASSuming that motion Of MQS iS 1D and Ve|OCitieS Of MQS Of the molecule B molecule A molecule B mao lecule A
same species are equal; v,=v,=v =...=v . attime 4.7

* As the distance btw MQs is unchanged in this case the concentration of each species will
remain unchanged, i.e. diffusion phenomenon is not observe.

* If v of the MQs of species i are not equal, the distances btw the MQs will change in time
— concentration of each component will change with time, i.e. diffusion phenomenon
will be observed.

* Molar average velocity of a mixture of fluids: v* = ’ivzl x; * v;, reference velocity of
diffusion. The MQs of species i are observed to move at a relative velocity of (v.-v*).

* Molar diffusional flux: J; = ¢;(v; — v*) = cx;(v; — v™), c — molar density of the fluid
mixture, ¢, — partial molar density of component i, x, — molar fraction of component /.
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Summation theorem

. Summmg all the diffusional fluxes of the system SN =
cy L1 X (vl—v)—c(zl 1 X,V — U Yy 1x)—c(v —v*) =0.
* The sum of diffusional fluxes is always zero, Y1, J; = 0.

* Defining the mass average velocity, baricentric velocity, as v =

{V 1 W;V;, w; —mass fraction component of i.

* The mass diffusional flux = J; = p;(v; — v) = pw;(v; — v), where p
density of fluid and p, — partial density of component i.

* For mass diffusional fluxes also: Y., J; = 0
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Binary diffusion flux

For binary diffusion J, = cx4(vy — v*) = —cD (aai;‘), where D — binary diffusion

coefficient of component A through component B and y — distance in the direction of
diffusion.

As x,+x5=1, J1 = cx4(vy — V™) = cxyxg(vy — vp) = cxg(v* —vg) = —J5. N.B. we
should have known this from the summation theorem.

Using J; = pw;(v; — v), we get wy + wg = 1.

Ja=pws(vg —v) = pwgwp(vy —vg) = pwg(v —vp) = —Jp
L M
Eliminating term and subsequent rearrangement we get x, = % =
M M
(Mp/Mp)wg 478

1+{((Mp/Ma)-1}lwy
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|
b v, .
Component A % - i

Z
: : : we, i@
Binary diffusion flux ¢ -—$_>
o B

Fixed Coordinate Svstem  Moving Coordinate System
pPWAWE MAMB( aﬂ) _ . MaMp M? dws _ 0wy v
Ja = CXaxs ]A =i cD = —cD i MaMg Oy pD_ay ) where M xAMA + xBMB'
Indicates that the mass dlffu5|onal flux reduces to the empirical Fick’s law.

* Onrearrangement: [, = (LA ) (My4J,), i.e. relationship between J4 & ], is not only affected
+X4

Mp
by difference in M but also in concentrations.

* Either of /4 & J is a good descriptor in a stationary fluid.

* However, in the case of transport phenomena in a flow system, the mass diffusional flux needs to
be used as the eq. of motion & energy eq. are described in terms of the mass average velocity, v
and not in terms of the molar average velocity, v*

* The consequence of this is that by using the molar diffusional flux in a flow system, the difference
btw the molar and mass average velocities v*-v will cause a serious error in dealing with the
diffusion eq. Therefore, the mass diffusional flux will be used.
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Binary diffusion coefficient in the gas phase

* As we've seen, [, = cx,(vy — v*) = —cD (—) and [, = pw, (v,

40



Multicomponent diffusion coefficients in the
gas phase

. Accordmg to the kinetic theory of gases, the diffusional fluxes in a n N-component system may be

expresse
]1 = D11|7x1 + D1217x2 + D13VX3 + -+ DlexN
]2 = D21\7x1 + D22\7x2 + D23V.X'3 + oo+ DZNV'XN
]3 = D317x1 + D327x2 + D33V.X'3 + oo+ D3NV'XN

];\} = DN]_V.Xl + DN2VX2 + DN37X3 + -+ DNNVXN

J; - molar diffusional flux of component i;
Vx; - gradient of mole fraction of component |;
Coefficients D, D,,, ... Dy— multicomponent diffusion coefficients

Thought theoretically derlved no reliable method exists for estimating D;, nor is any observed
value known, even for a ternary system.
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Effective diffusion coefficient

The effective diffusion coefficient addresses this by estimating rates of diffusion in
multicomponent systems for the established binary diffusion coefficients;

* . 1-ya . . .
Ja =Dy aVxy where Dma =53 T 9C ., b effective diffusion

Dap Dac Dap™
coefficient of component A, and D,;, etc. are binary diffusion coefficients of A through B,

etc.

The diffusional flux may be estimated from the concentration gradient of a given
component in a multicomponent system;

(Diffusion flux)=(Effective diffusion coefficient)(Concentration gradient)
NB, this is widely used to predict separation performance of a multicomponent

distillation, cf. of crude oil.
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Binary diffusion coefficient

 Calculate the binary diffusion coefficient of water vapour in are at 298
Kand 1atm.



Convective mass flux

* Transfer of a material through a fluid-fluid interface or a fluid-solid interface is
called mass transfer. If the concentration near the interface is not uniform, mass
transfer is closely related to diffusion.

* The rate of mass transfer of component i is usually expressed as the mass
component i passing through unit area of the interface per unit time, i.e. the
mass flux of component i; N=p.w. V., where p,. — density of fluid at the interface,
w;.— mass fraction of component i at the interface, and v,.— velocity of
component i at the interface.

 Rearranging and using J; = pw;(v; — v), definition of mass diffusional flux:
N=p.w.(v-v )+pVv.w, =) +p.v.w.; mass diffusional flux at the interface & transfer

of component i by the accompanying flow due to diffusional flux to the interface,
i.e. convective mass flux.
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Rates of mass transfer

The mass flux may be expressed as:
(Mass flux)=(Diffusional flux)+(Convective mass flux)

The fact that mass flux is always accompanied by convective mass flux is a phenomenon
characteristic to mass transfer and has no parallels in momentum or heat transfer!

Summation theorem: Z Z —1Uis + psVswis) = 1]15 + PsVs l 1 Wis = PsVs.

* Thisis practically important to evaluate the diffusional flux from the observed mass transfer data for
multicomponent distillation.

The rate of mass transfer in terms of N.*, molar flux component: N.*=N.,/M.=c.x

* —] *
S ) J +CSXISVS

s”tis IS S IS(V

Similarly, YN N = YN Ji + cove YN, xis = csvs, where ¢ - molar density at the interface,
X;s - mole fraction of component i at the interface, and v; - molar average velocity of component
i at the interface.



Unidirectional diffusion in binary mass transfer

* Unidirectional diffusion - special case of mass transfer, in which component A transfers into a
stationary fluid medium of component B, cf. absorption of pure gases by liquids or evaporation of
pure liquids into gases.

* From the 0 mass flux condition for component B: Ng=J; +p V. wg =0.

: . : —JB 1
* So the convective velocity at the interface: vy = = —
Y s PsWBs Ps(l_ws)]AS
1 :
 Substituting eq. into N=J. +p.v.w.; Ny = Jus + (1 4 )]AS = )]AS, for the mass flux of Aiin
As

unidirectional flow in a binary system

* Molar flux for unidirectional flow in a binary system: N, = (1—x S)]As

* For the special case of multicomponent systems, in which only one component, N, is stagnant and

the transfer of the remaining N-1 components takes place at the interface; N; = J;5 + wlis ?*N {J"S.
T 4N
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Equimolal counterdiffusion

* Equimolal counterdiffusion — a special case of binary mass transfer, in
which equal numbers of moles of each component are transferred in
mutually opposite directions, cf. binary distillation.

- . e . N N
* From the condition of equimolal counterdiffusion: M—A + M—B = 0.
A B

* Rearranging eq. and using N=J. +p.v.w., the convective flow is: v, =
_ (Mp/My-1) (]AS)

1+(Mp/Ma—1D)was \ ps /-

: J
* Sub eq. into N=J. +p.v.w.; Ny = 1+(MB/A;;_1)wAS * Jas
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Equimolal counterdiffusion

* The relationship btw mass flux & mass diffusional

flux is not only affected by the difference in MQlar

weights but also by the concentrations at the
interface

J"'lll_l.1 |'I..rl.1 [_]

 Though the above relationship is complicated, the
corresponding eq. for the molar flux is simple:
Ny = Ny/ My = ] [kmol m2s] "

@y [-]
* As the molar average velocity at the interface, v *,
is always O for equimolal counterdiffusion

0.z .4 LT 0.4 1
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Convective mass flux for mass transfer in a
mixture of vapours

* In binary and multicomponent distillation, the condensation of mixed
vapours and the evaporation of volatile solutions are always accompanied by
an interfacial velocity, v,, caused by the condensation of vapours or
evaporation of liquids.

* Consider the energy balance at the interface for a partial condensation of
binary vapours; A, N, +A;Ny+q-+q,,=0. A, — latent heat of vaporisation of A at
the interface, g; — vapour-phase sensible heat flux, and g,, — heat flux from
the wall.

* Rearranging eq. and using N=J. +p.v.w.; N ,=J, +p V.w,, & Ny=J3 +p V. Wq,

SIS/

. Ap—A —qG—
* Convective mass flux: p;wg = Ap—Aa)jAs— 6= qw
AqwAs+ABWEs
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Convective mass flux for mass transfer in a
mixture of vapours

* Similarly, for the convective mass flux in multicomponent distillation

N AN=ADJis—qc-
we get; RS 21_1( N—A)]is—4dg CIW.

Z{Ll(}\iwis)
. (AB=2A4)] as—AG—qw SN AN-A)]is—aG—qw
* NB, it is eqs. p.w. = & p.v. ==
4> PsWs = 3 wastrgwgs - PsYs SN wis)

that have permitted a new separation technology for stable isotopes.
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Rate of evaporation

* Water is placed in a test tube and kept in air at 20 °C and 1 atm.
Calculate the rate of evaporation of water, if the distance between
the upper edge of the test tube and the surface of the water is 50
mm.

* Assume that the surface temperature is 20 °C.



Mass transfer coefficients

* We have seen that the rate of mass transfer is closely related to the
diffusion at the interface, i.e. to concentration gradients at interface.

* In real-world problems however concentration gradients at the
interface cannot be directly evaluated.

* By introducing mass transfer coefficient however the mass transfer
rates can be calculated without using the concentration gradients in
the interface, similarly to the heat transfer coefficients.



‘:-% Concentration
[ ) ) E __.rh iwim_'; F“rw._
Concentration driving force | },
‘E / Conceniration
* Concentration distribution near an interface: T H“an_"'mm Inerface

Concenmratiomn

* Though concentration variation is very sharp near the intertace it becomes more
gradual in the region slightly further away and the concentration slowly
approaches that of the bulk fluid.

* The concentration at the interface is in equilibrium (principles of local
equilibrium: A physical system should be in a local equilibrium if it cannot be
distinguished from a global equilibrium by “infinitesimally localised
measurements”.)

* Therefore the rate of transfer can be taken to be proportional to the
concentration difference between the interface & bulk fluid, the concentration

driving force.
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Mass transfer coefficients

* The proportionality constant is defines as the mass transfer
coefficient

(Rate of mass transfer)=(Mass transfer coefficient)(Concentration
driving force)

* Though the use of mass transfer coefficients allows us to estimate
rates of mass transfer in real-life problems, we are faced with another
problem;

* |n contrast to heat transfer, various definitions of concentrations are
being used, in a case-by-case way, which leads to various definitions
of mass transfer coefficients



Relationships between concentrations in

binary system

mass fraction male fraction abzolute male ratio
humidity
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x I_I Ma M4 X Ma
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My { My I M, 1+X
abaolute
hurmidity |:: X }(ﬂ) H (ﬂ)ﬁf
i’ kg — A 1 - 1—x/\ Mg Mg
kg — B
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ol — A
X
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Relationships between various definitions of
concentration in a multicomponent system

mass fraction | mole fraction | partial density  molar density = partial pressure

eia [H] xa[H palkgm™] | ca[kmol m™] pa [kPa]
rrass fraction o Xa My Fi CaMa PaMy
iy [ 3 %M, 2P oM, > P,
mole fraction (e My . My A Pa
%[ 3 (oo M) " 3ol Mi) b om
partial density PxaMa A Mapa
4 Ikﬂ_ e ’j JiLinK] EIiM[ Pa Ly RT
rmolar dengity ok Pa P
£ [krnol m™ Ma e Ma “ RT
partial pressure (ea Ma)P BTy .

. P RT

Pa [kPA] 2 Lo /M) " M, “ FA
Mixture: } xi=1, Y =1 p=Fp, c=2 & P=2p

Mopmn- (n)
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Various definitions of mass transfer
coefficients

Linit

- Driving

Mass Definition Phase
transfer force
coefficient
k, [kmol m 7' N3 = ky (f, — o) Ay
kg [emal m e kPa7Y | N3 = kg ipy — P Ap
ky [kmaol ™ | Ny = kv (Ti — Yx) AY Gas phase
k jm s Np = prkimg — 6] Arig
Ky Jkg m~ 7] N, =ky(H, — H.} AH
k; [m g™ Ny =k (6, — 6 Ac
k. el m 27" NS = ks (% — %) Ax
1 Liquid phase
ky [kmol m <7 No o= ky (X, — X} AX
k [m a7 Ny = p ko, — @) Aesgp

¢ = maolar dengity [mol m™)], H = absalute humidity [-]. M, = molecular weight [kg kol ™),

N, = mass flux [kg m™ 57", Ni = Na/M, = melar flux [kmol m™ 57|, p = partial pressure
[kPa), xp = mole fraction [-], X = x/(1 =%} [-]. Y =y/{1 - x] [], ¢ = mass fraction [-].
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Relationship between mass transfer
coefficients

* Show the mutual relationship between mass transfer coefficients k,
Ky, ke, k,, and k.

H? "¢



Overall mass transfer coefficients

* |In industrial separation processes, there are usually concentration distributions on both
sides of the interface, except in very rare case, cf. absorption of pure gases or the
evaporation of pure liquids.

* As we cannot directly evaluate the - Bulk Concentration
. . [ Gas-Phase rod oo /
concentration at the interface cannot calculate A T O P
the rate of mass transfer by direct use of E T R E;
- E E | 3 =E|3 22
. . . . . & = = £ . E 3 E_E
individual mass transfer coefficient. e [93] 2 | S8 FEIERE
* However, by defining the overall mass transfer & |32 2 | iZ 72
= s B Interface r” = ¥
coefficients, in analogy to the overall heat 2V NG
o Concentisiion = 5
transfer coefficients, can calculate the rates of Lig.-Phasq
——y Diriving F.
mass transfer as if the mass transfer resistance Liquid-Phase| L
UL HEULN B Lt
Concentration Dirving Force

was inly one side of the interface. 59



| Gas-Phase

Overall mass transfer coefficients

- T L
-Phase Concenlration
RLILHY
irut

Diistance trom the Interfuce
Ft Egquilibrium

e Taking into account the concentration distribution, we get:
* Np¥*=K (Voo Vo) =K (XX o) =K (Voo ¥ )=K (X *-X..), Where:

* k, &k, — liquid & gas-phase mass transfer coefficients Liquid-Phase]
* K, & K, — liquid & gas-phase overall mass transfer coefficient.

* N,* - molar flux

* X, - equilibrium mole fraction of bulk liquid

* x* - mole fraction of the liquid in equilibrium with the bulk gas

* y..- mole fraction of bulk gas

* y* - mole fraction of the liquid in equilibrium with the bulk liquid
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Overall mass transfer coefficients

* Assuming a linear equilibrium relationship between the gas and the liquid:
* Using y*=mx+b we obtain (y_.-y*)=(y..-v.)+m(x-x.).
* Sub eq. into Ny *=Kk (V.o-Vs) =K, (XX ) =K (Voo y *) =K, (X *-X.,) & rearrange to

. 1 1
express the overall mass transfer coefficients: — = Z=—4 =
Ky Ky ky ky
* The significance of this is that we can estimate rates of mass transfer
without evaluating the surface concentration if we have data of the

individual mass transfer coefficients, k, & k..

* We have seen mole fraction concentrations, similar results are obtained for
mass fraction driving force or mole ratio driving force.
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Questions?
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