


Chapter 9

BALANCE EQUATIONS OF THE EQUIPMENT
FOR MULTICOMPONENT AND BINARY SYSTEMS

9.1. INTRODUCTION

In Chapter 4 balance equations for momentum, energy and mass
were formulated with special emphasis on mass balance. The balance
which describes the law of the conservation of mass was formulated
taking into account a differential volume dxdydz in which only ome
fluid phase was contained. The mass balance consisted of three
basic terms: accumulation of a component, flow of a component, and
its production as a result of chemical reactions (equation 4-4).
The flow of a component was divided into convective and diffusive
parts (equation 4-5). In Chapter 5 it was stated that an exact
description of mass transfer in turbulent flow is very difficult
because the instantaneous velocity profile of the flowing fluid is
not known. Therefore, it is impossible to use equations (4-4) and
(4-5) in the calculation of mass transfer in turbulent flow and
some simplification in the process description is necessary. This
can be done by introducing mass transfer models in which some ideal
flow types are assumed. The most popular and widely applicable is
the film model in which plug flow of phases is assumed and mass
transfer between phases takes place by diffusion at the surface of
gas and liquid films. Substitution of these simplifications
requires, in turn, a modification of the mass balance equations.
However, a new problem arises. The authors of the film model
pointed out that the total mass transfer resistance is located in
the films and accumulation takes place only in the phase bulk which
they considered as one of the main advantages of their model. The
phase bulk moves at a constant velocity that is equal to the meal
fluid velocity and a thin film is treated as stagnant. This is why
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formally the differential mass balance equation is formulated not
for the whole differential volume of a phase but only for its bulk.
As for the physical absorption of one or many gases, the
formulation of balances for the whole phase or for its bulk only
leads to the same results because fluxes entering a given phase are
equal to the fluxes entering the bulk (Fig. 9-la). For chemical
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Fig. 9-1. Mass balance of differential volume of equipment

absorption this has far-reaching consequences, since both fluxes are not
equal (Fg. 9-1b). Part of the diffusing component (components) reacts in

the film and the flux N(iSL entering the bulk is not equal to the flux N:L
entering the liquid phase. As a result, in the liquid phase balances a
flux (N‘:L or nfL) at the film-bulk boundary will occur.

Absorption is most often a two-phase process involving gas and
liquid phases. Depending on the type of equipment, each phase can
constitute either a continuous or disperse phase in the system. For
example, in packed columns the liquid and the gas are continuous
phases, and in bubble columns the liquid is a continuous phase and
the gas is a disperse phase. Uneven distribution of the disperse
phase- in the equipment, different values and shapes of particular
elements, as well as the complex character of comtinuous phase flow
make an exact mathematical description of the two-phase flow
practically impossible. The presence of a solid body in the form of
an additional disperse phase (e.g. stagnant or moving packing)
gives a further complication in the description of phase flow in
the wunit. This leads to the wuse of substitute models of flow.
Hence,  besides the mass transfer models an  additional
simplification is introduced, i.e. a flow model. One of the
simplest and, at the same time, most widely applied is the
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pseudo-homogeneous-phase model in which it is assumed that all
phases co-exist in defined proportions _in an arbitrarily small
volume dV of the equipment (Fig. 9-2). A measure of the
concentration of a given phase is a local phase hold-up expressed
as a share of the volume of this phase in the considered element dV
of the equipment. If « denotes gas hold-up, B denotes liquid
hold-up and & denotes bed voidage, then the volumes of these phases
in the element dV are a dV for the gas, f dV for the liquid and
(1-e)dV for the solid, respectively.
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Fig. 9-2. Element of differential volume of oquipment

In the pseudo-homogeneous-phase model each phase is treated as
continuous, with parameters such as composition, temperature,
pressure and flow rate change continuous through in the entire
volume. Using the above assumptions it is possible to apply
differential equations of mass and heat balances for the
calculation of absorbers.

A complete description of an absorber should include the
equations of motion, continuity for each of the components and
energy formulated for two phases. As mentioned above, because of
the complex character of flow in multicomponent systems, the
applicability of the momentum balance is limited. Therefore, the
general form of the momentum balance is not presented here.

As in Chapter 4, assume that the gas and liquid phases are
n-component systems (components A l,...,A“). In the liquid phase

r-homogeneous chemical reactions occur. They are represented by the
equations

Lo . A =0 (=1.., 41
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In a further consideration a_ denotes the gas-liquid mass transfer

areca in unit volume of the equipment. The interfacial area in the
element dV is a_ dv.

Further on in this Chapter balance equations expressed by mass and
molar quanitites will be presented. First of all, multicomponent systems
will be considered.

9.2. MASS BALANCES
9.2.1. Mass Balances of Gas Phase for Multicomponent Mixtures

The mass balance of component i in an element of the absorber of
differential volume dV = dxdydz in differential time dt consists of
the following items:

a) accumulation of component i

ap.G
= dt| a dx dy dz
at

b) inflow of the component

[WE(;) ] [a dy dz] de + [wgg) ] [a dx dz] dt
x y
+ [wgg) ] [oz dx dy] dt

z

c) outflow of the component

(@) awie)
[w:] [a dy dz] dt + 2 dx [a dy dz] dt
. x x

~ (a) N
. (a) ) aWiG r
+ |w; ][adxdz]dt+ dy adxdz]dt
iG
- y 4 ay J .
() o
ow,
+ (wfg) ] [a dx dy} dt + (™o az] [ ox dy] dt
- Loz L
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d) outflow of the component to the liquid phase through mass

transfer (in the gas phase the equality nfo =n.. is satisfied)

n, [a dx dy dz] dt
iG m

Balancing the above components gives the differential equation

ap
iG _ (@) — L
¥ — = -« div wiG - amniG i=1,..,n) 9-1)
The vector

v@ =[] 0@, (o@) | - 5,0
iG iG % iG $ iG % iG iG

a=1,...,n (9-2)

occurring in the balance equation represents the mass flow velocity
(a)
iG
determines the mass of component i flowing in unit time through a
unit surface perpendicular to the linear velocity vector of

(a)
component  ®. .

of component i in the gas phase. The modulus of vector W

in this phase. In equation (9-1) the first term on

the right-hand side denotes the difference between the inflow and
outflow of component i, and the other term represents the transfer
of component i from the gas phase through the interfacial area. The
left-hand side illustrates mass accumulation in the gas phase.

The sum of the mass flow velocities of ail the components is
called the mass velocity of the gas phase in the equipment

(a) _ (@) _— %
w, o = i§1 AP i=1,...,n) (9-3)
To take into account the deviations of the gas phase from plug
flow, the mass velocity of component i is written as a sum of two

components

() _ .V (@) : - 4

LA jD'm + bio L d=1,..,n “94)
where the first one, j; - denotes the dispersive constituent of
mass velocity 'Eg)' and the second one, bio w((‘a), denotes its
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convective constituent. The pheonomenon of dispersion will be
discussed in detail in Chapter 10. Dispersion is described by
equations that are formally similar to Fick’s diffusion equations.
Their detailed form will be given in balancing the gas phase in
molar terms.

Substitution of equation (9-4) to equation (9-1) provides a
final form for the balance of component i in the gas phase

ap.
a —S 4+ & div jv = - a div [b wfg)]

at D,iG iG m iG

= 1,...,n) 9-5)
The general mass balance of the gas phase is obtained upon
summing up of the component balances (9-1) and taking into account
equations (2-1), (3-8) and (9-3)
ap -
at
The molar balance of component i in the gas phase is obtained by
dividing the equation of mass balance (9-1) by the molecular weight M_x

aCiG (a)
¥ =-a div WiG -a N, i=1,..,n) 9-7

m iG

=-adivw

) @

amn . (9-6)

In this equation, the vector

() _ (a) (@) (a) _ (a)
wiG - [[Wio ]x’ [wio ]y’ [wio]z] - ciGuiG

= 1,..n) (9-8)

denotes the mglar velocity of component i in the gas phase and can
be written .as xifp sum
T

() _ LY (a) -
Wm = JD,iG + Y, WG €1 1,...,n) 9-9)
where .
(a) _ ()
WG = .Z WiG (9-10)

i=1
The dispersive component J; ia of the molar velocity Wi(:) can be
described by the equation
v A

Iy ia = CgDpgerady, G=1..0 9-11)
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A
where D 56 is the tensor whose constituents are the dispersion coefficients

common to all components in different directions of the eqipment.
In many practical problems the dispersive component is often
neglected and equation (9-9) simplifies to the form

() _ (a) .
W) =y W G =1,..,0) (9-12)

The general molar balance of the gas phase is formed similarly
as the corresponding mass balance
3CG
at

(04

— i (a) _ .
= - a div WG amNtG (9-13)

9.2.2. Mass Balances of the Liquid Phase
for Multicomponent Mixtures

The liquid phase balances for the element of an absorber with
the differential volume dV are formed in the same way as the gas
phase balances. The first four balancing components remain very
similar, while the constituent referring to the transfer of

component i to the bulk liquid is equal to a_ nfL dx dy dz dt.

Additional balancing of the constituent is connected with formation
of component i in chemical reactions in the liquid bulk

r
B Mi jglvinj dx dy dz dt

The differential mass balance of component i is expressed by the
equation

ap r
iL _ )] ] -
B P B div LAV an. + ﬂMi ji-:loijkj Gd=1,..,n)

" (9-14)

and the general mass balance of the liquid phase is described by
the equation

ap
B TL = - B div wl(‘ﬂ) + amnfL (9-15)

The above balances written in molar terms are expressed by means of
the equations
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aC. r
B atlL = - Bdv Wff) + amN‘i’L ¥ ﬂjglviikj @ = Ll
(9-16)
ac r 0
L _ ... worr () o
B =-BdivW " +a N +8 T [Rj ) vij] @-17

j=1 i=1

B 3]
'L and wL

and molar velocities Wff ) and
W[(‘ﬂ ) are defined as for the gas phase.

The mass velocities w

9.2.3. Mass Balances of the Equipment for Binary Mixtures

Most cases of either physical or chemical absorption are
multicomponent systems. However, from the didactic point of view it
is useful to present methods of calculation of absorbers for binary
systems. Hence, it 1is necessary to formulate particular mass
balances for binary mixtures. For binary systems in the liquid
phase the following reaction can take place

A = v B (9-18)

The reaction rate R denotes the number of kilomoles of component A
which is formed in time unit and in unit liquid volume.
For the gas phase the respective balances have the forms

ap
AG _ : (a) _ :
a = a div V.o 3.0 (9-19)
ap
G _ _ ; (a) . ’

a _at— a div Wo amnm (9 20)
(a) _ (a) (@) !
w(3 _'Ao +'BG (9-21)
n‘0 = nAG + nm 9-22)

or, using the molar values

aC . ()
S n = - a div WA g " amNA G (9-23)
aC
G _ . (@)
@ —— = - a div WO -amN!G (9-24)
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() _ (@) (a) R
WG = WAG 4 WBG (9-25)
=N _+N (9-26)
tG AG BG

Similarly, for the liquid phase we have

ap
B a(“‘ = - B div wﬁf) + amniL -BM,R 9-27)
ap
B TL = - B div wl(‘ﬂ ) 4 amn‘fL (9-28)
where
@B _ (B 8 ¥
W TV Y Ve 629
and
_ 0 ')
D=0, + oo (9-30)
or in the form
aC
Byt =-pavw® +an? pr (9-31)
aC
B atl‘ = - B div WE‘B) + alei + ﬁ[—l+un] R (9-32)
where
B _ wB® ()] .
WL WAL + WBL (9-33)
| o
NtL - NAL + NBL 034)

It is useful to give a definition of a binary system. A binary
system is a system in which there are only two components both in
the gas and liquid phases (Fig. 9-3). A typical example is
absorption of pure ammonia in water. Frequently, however, the
notion of the binary system in engineering calculations can be
extended to systems in which the above condition is not fulfilled
exactly. So, if two components occur in the gas phase, only one
being absorbed, and in the liquid phase it can be assumed that the
solvent is not volatile, then such a system can be treated as a
binary ome (Fig. 9-4a). An example of this system is absorption of
NH3 from nitrogen in water, assuming that . the nitrogen is not
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Fig. 9-3. Typical binary system

absorbed and water does not cvaporate to the gas phase. This system
can be additionally extended to cases where many components occur
in the gas phase, only one of them being active in absorption (Fig.
9-4b). If in the liquid phase the reaction between component A and
a nonvolatile reagent present in large excess takes place, the case
can be treated in a simplified way and the formulae for binary
systems can be wused (Fig. 9-4c). Another case refers to the
absorption of component A and its reaction with component B in the
liquid phase in the presence of a large excess of a nonvolatile solvent.

In all of these cases, although the system is multicomponent, in
the calculation of absorbers the relations quoted in Chapter 9.2.3.
for binary systems after some small modification can be used.

Gas ! Liquid

Gas * Liquid Gas * Liquid 3
A== AT/=> <=z
<=x S(solvent) A Giasr) ¢x S(solvent) Inerts 3::$
2! inert
Blinert) #$ A,(?ncn)} ¢$ A+B —>Chﬂ“i.ul products
A, (inent) reaction

(a) (b) CaL>>CAL

(c)
Fig. 9-4. Pseudo-binary system

9.3. ENERGY BALANCES

The ecnergy balances for both phases are formulated using the
notion of enthalpy. The following assumptions are used:
a) there is constant pressure in the absorber,
b) energy dissipation due to viscous friction of fluids is negligibly small,
C) no external forces other than gravitation act upon the system.
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9.3.1. Gas Phase Energy Balance for Multicomponent Mixtures

The energy balance of the gas phase for an element ‘of the
absorber with differential volume dV in terms of enthalpy consists

of the following items:
a) energy accumulation

[ b p )

dt| a dx dy dz
at

b) energy inflow

[ L T:’io wfg)] [a dy dz] dt + [Z ﬁio wgg)] [a dx dz] dt
x y

i=1 i=1

+ [z B w("‘)] [oz dx dy] dt
z

iG
i=1
c) energy outflow

o
n a(z 'ﬁ' i(}wi:))x
[z ?;mwfg)] [adydz]dt + [ it dx] [adydz]dt
i=1 x

i= ax
o (@
r B(Z h w )

B~ - iG iG 7y
+ [Z h wf“)] [adxdz]dt + =l

. iG iG

i=1 y L ay

dy [adxdz] dt

n
~ ()
[ a@, h iV ia )z
- dz [adxdy]dt

+ [.Z ﬁ'mwgg)] [adxdy]dt +

.

d) heat flow due to conduction

aT, aT,
- Ay 5 [adydz] de -4, — [adxdz] dt
ay
aT

G
-3, 53 [adxdy] dt
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¢) heat outflow due to conduction

aTG - Fa [ aT0 1 1, ;

- AG a dy dz] de - | — A.G dx a dy dz| dt
ix ‘ | ax | ix | k ?
aTG r 3 [ a ([ aTG 7 W 'd 3

- ).G adx dz| dt - | — AG dy a dx dzj de
ay . P | ay L ay ] ] .
BTG - N [a | aTG 1 1 - N

- lG a dx dy| dt - | — AG dz a dx dy| dt
az * J Laz L az | | * J

f) under the assumption that the heat transfer area is equal to the
mass transfer area, heat transfer to the liquid phase is

o
g [am dx dy dz] dt

g) heat outflow to the liquid phase carried out with the mass flux
n

~
i§1 h iGniG[am dx dy dz] dt

Upon balancing components a)- g), the differential equation is obtained

ath p) n
GG _ ; ~ (@) .
@ —a— =-«a dlv[iElh s Ma ] + a dlv[lograd TG]
4 c & 9-35
'amqo'am,z ic Yig 33)

i=1
or in the equivalent form
a(H GC 0)
at
6 n
a4 "8, L ﬁiGN

i=l1

a

n
- . . (a) :
a dlv[i{-:lﬁic wio ] + a dlv[lograd TG]
iG (%-36)

Substitution of the molar balances (9-7), equation (9-9),
(9-13), and the formula for the complete differential of molar

enthalpy for P = constant into equation (9-36) leads to the gas
phase energy balance in terms of temperature
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9T, (@) i

a CPG[CG s + W, grad TG] = - ai§1JD'iG grad ﬁm

+ adivi]A_grad T | - a qa 9-37)
G G m G

The sum of the first and second components on the right-hand
side of this equation describes heat transfer resulting from
transport due to dispersion and molecular conduction. Generally,
this transport can be described by the formula

ef _ ef
QG & XG grad TG (9-38)

f . . .
where 3.’2 is the tensor of the effective heat transfer coefficient.

9.3.2. Liquid Phase Energy Balance for Multicomponent Mixtures

The enthalpy balance of the liquid phase is formed analogously
to the process in the gas phase balance. Only the term referring to
the heat transported by the mass flux is changed

o 5
Y h B [am dx dy dz] dt

i=

The differential energy balance will therefore be expressed by
the formula

ath p ) o
B—t = -8 div[ L wff)] + B div[).Lgrad TL]
+amqg+am2ff, na

j=1

(9-39)

or in the equivalent form
- -""

C*3H.C.) 2

LL . () .
pP—5—=-8 dlv[i}-:lﬁu' W ] + B dlv[).Lgrad TL]

é : é
4 a q +am2 ﬁiL NiL (9-40)

i=1
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Substitution of molar balances (9-16) and (9-17), equation (9-9)
referring to the liquid phase and the formula for the complete

differential of molar enthalpy for P = constant gives the energy
balance equations in terms of the liquid temperature
aT

pc [cot+wh guat) =-8 717 grad
pL| L dt L &r L i D,ix.gr iL

: s -
+ B8 dxv[ALgrad TL] + a_q + ﬂjgl[- AH”,] Rj (941)

where the molar heat of the j-th chemical reaction is given by the
formula

I
™
[~
R
a

i
=
B

[- A4H ] L . j (942)
rj

By analogy to the gas phase

ef wvef
QL = - AL grad 'I'L (9-43)

The differential balance equations presented above hold for most
absorber types.
9.3.3. Energy Balances for Binary Mixtures

These balances will be given only in terms of molar values. The
heat balance for the gas phase in binary mixtures assumes the form

dH C)
6 G _ ; (@) () .
@ —— = dw[ﬁmww + fimwBG ]+ a dxv[).qgrad’l‘o]
é
Tinle " am[ﬁAGNAG"' i)tm:iero] 44
For the liquid phase we have
d(H.C.)
A ; (8 (:)) .
B N TR -B le[ﬁALWAL + ﬁBLWBL ]+ B dlv[.ngradTL]

e qi ) am[ ﬁALNiL+ ﬁBLNgL] (945
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9.4. FINAL REMARKS

In the above equations the molar and mass velocities of
particular components and entire phases are real velocities in the
absorber. In calculations it is more convenient to use superficial
velocities, 1i.e. the velocities referred to the cross section of
the whole absorber. The superficial mass and molar flow velocities
of a gas are described by the formulae (one-dimensional flow)

I 4
Yo = 5 -4t

_ G
¥a = 5 il

and the linear superficial velocity

_ G
U, = 7§ (9-48)

For the liquid phase these equations are respectively

1 L 'L
“w=3s W35 w5 (6-49)
The superficial velocities are expressed by the product of the
phase hold-up and the real velocity. For example, the superficial

molar velocity of the gas and liquid phase are

W
G

I

. wé“‘) (9-50)

W
L

8 wf“’ ) 9-51)

It is easy to write the balance equations using the superficial
molar or mass velocities. The equation (9-7) will be taken as an
example. Using the superficial velocity the equation will take the form
aC.
a—lG-=-divW, -a N
at iG m

Finally, some additional assumptions made in the balances given
so far should be pointed out. First of all, it was assumed that the
mass and heat transfer areas are the same. This assumption is not
always valid and the energy balance equations should be modified
taking into account different values of both surfaces.

iG @=1,..,n (9-52)
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The other assumption is that the solid phase is inert from the
point of view of mass transfer processes. This means that the solid
surface does not take part in--a_ss and heat transfer processes (it
is a rather typical process that occurs in plate or packed
columns). This assumption is also valid in the case when a solid
body is the catalyst of a reaction that takes place in the liquid
phase, the reaction being treated as a pseudo-homogeneous one (an
example is slurry columns). However, an important exception is the
absorption of gases with a soluble solid phase. To make a correct
balance of the absorber it is necessary to formulate an additional
balance of the solid phase. A similar problem appears in the
absorption of oxygen from air in a bioreactor where oxygen is
transported into microorganisms (a  quasi-solid phase). These
problems, due to the limited scope of this book, will not be
discussed further.



