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THESIS PUBLICATION OPTION

This thesis has been prepared in the style utilized
by SIMULATION. Pages 1 through 54 will be presented for
publication in that journal. Appendices A through I have

been added for the purposes normal to thesis writing.
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ABSTRACT

There are various models available for calculations
involving one transferring component with chemical reac-
tion for isothermal conditions using linear equilibrium
data. However, the differential equations for multi-
component mass and energy transfer with chemical reaction
have not been developed or implemented. This work demon-
strates the development of a reliable model describing
multicomponent mass and energy transfer in a continuous
two phase absorber-reactor for nonisothermal conditions
and demonstrates the feasibility of solving the differen-
tial equations numerically. The numerical solution,
using nonlinear equilibrium data, is used to obtain the

absorber-reactor column specifications.

PROBLEM STATEMENT

Although an abundant amount of literature is available on
mass transfer, which includes chemical reaction in a
continuous contactor, most of what has been written is
primarily concerned with local mass transfer rates at
specific points within the column, and relatively few
attempts have been made to integrate the rate equations
over the column length in order to determine the two-phase
absorber-reactor height for nonisothermal conditions.

With the increasing use of absorber-reactors in air pollu-
tion control, it is important that an accurate method be

developed for determining their height.



MASS TRANSFER

In the development of the model, steady-state mass
balance equations are considered first, because the
energy balance equations are dependent on the mass
balance equations. Figure 1 depicts the generalized
continuous countercurrent absorber-reactor considered in
this study. Axial mixing effects are assumed to be

negligible, and the steady-state film concept is used.

The most simple case of mass transfer is a system in which
only one component transfers from the noncondensing gas
phase to the nonvolatile liquid with no chemical reaction.

These equations are:

2 .
g_% = _(l'.;_;.ﬁ_ kya (y—yl) (1a)

2 .
E -8 ka (xtw (1b)

A full development of Equation 1 is presented in Appendix

A.

If the flow rates L and V are assumed to be constant
throughout the entire length of the tower as the result

of dilute solute concentrations, Equation 1 reduces to:

d ka i

== v-yH (2a)
dx  %x® i

dz - I (x7=-x) (2b)

Equations 1 and 2 are normally presented in chemical



engineering texts on mass transfer, and they may be
solved either graphically, analytically, or numerically.
However, many industrial applications are not confined to
a system with one transferring component. There may be
two, three, or even more undesirable components (e.g., in

a stack gas) which require removal by absorption.

The steady-state mass balance equation for N transferring
components in the vapor phase (assuming the carrier gas is

noncondensable) is:

T = —Ig— -y (ka) (Y, ~vD)
o i
” jzl Y (kya)k (yj—yj)] k=1,2,...,N (3a)
j#k
and the equation for the liquid phase (assuming the

carrier liquid is nonvolatile) is:

= i
dz L?Y [(l_xk) (kxa)k (Xk_xk)

i —

- jzl Xk (kxa)k (xj—xj)]- k—lIZ,-..,N (3b)
j#k

For two transferring components, Equation 3 becomes:

dy;  (1-y;-v,) i
dz = VA [(l-Yl) (kya)l (Yl‘Yl)

- vy (kea), (vymyp)l, (42)



1 = A [(1-y,) (kya)l (yz—y;)
- v, (ka)y (yy-y)), (4b)
dx (1—x,-%x,) ;
—a% = i 2_ 1(1-k) (kga)y (x]-%p)
- xy (kga), (5mxy)], (4c)
and
dx (1-%,-%X,) i
df; = Ilﬁ 2- 1(1-x,y) (kga), (x3-%,)
- x, (k) (x3-x) 1. (4d)

Equation 3 describes the change in composition of the
vapor and liquid phases with respect to height for
countercurrent flow and steady-state mass transfer with
N transferring components. This equation can be solved
for the liquid and vapor compositions as a function of
tower height only by numerical methods. For a volatile
carrier liquid, the liquid phase equations are altered
slightly, and the vapor equations are unchanged. They

are:

~~
=

. |

I o~z
T
.

i
— = e [ (1-yy) (kya)k (v vy
q i
- zl Yk (kya)k (Y]—Y])], k=l,2,...,N (5a)
J:
j#k



N-1

dx, (szTj) .
. = 1

N-1 i
- jzl X, (kxa)j (xj—xj)], (5b)

j#k

W‘
|

=1,2,...,N=-1
and

%= (ka) (xlj\i—xN). (5¢)

The volatile carrier liquid increases the total number of

components, N, by one.

Equation 5 is applicable to all cases where the solvent
is vaporizing. This equation also must be solved

numerically.

Even though the development of the above equations is
accomplished on the premise of a gas-liquid system, the
equations can be applied with no modification to a steady-
state countercurrent, liquid-liquid system. If the

system were to be cocurrent, -V' or -L' would be substi-
tuted for V' or L', respectively depending on which of

the flows were reversed. The above model assumes an
isothermal system. Energy transfer and heat effects are

considered in a later section.

MASS TRANSFER WITH CHEMICAL REACTION
The chemical industry's concern over meeting exhaust gas

emission standards has created an interest in absorption



with chemical reaction primarily, because it reduces

tower height through increased mass transfer rates result-
ing from the chemical reaction. Specifically, Levenspiel6
demonstrates that a particular physical absorption
separation, which would require a tower height of 1550
feet, could be adapted to a tower height of 16.4 feet if
the transferring component chemically reacts instantane-
ously in the liquid phase. It is, therefore, advantageous
for the design engineer to have at his disposal a method
for accurately estimating the height of an absorber-
reactor. Currently, a generalized technique is not

available or, at least, is not in the open literature.¥*

Levenspiel6 has classified mass transfer with chemical
reaction into three categories: 1) reaction only in the
liquid film, which includes instantaneous and fast chemi-
cal reaction rates with respect to the mass transfer rate;
2) reaction in the liquid film and liquid bulk, which

could result from an intermediate chemical reaction rate

*A design engineer of a large chemical company has indi-
cated that the absorber-reactors in his company were
designed and purchased only on previous experience and on

estimates from calculations of absorption without chemical

reaction.



with respect to the mass transfer rate; and 3) reaction in

the bulk only, which includes both slow and extremely slow

reaction rates with respect to the mass transfer rate.

This study is confined to the first category.

Levenspiel6 and Danckwerts4 have subdivided the chemical

reaction in the liquid film category into four types:

1.

Instantaneous interior reaction in which the
reaction occurs at a plane in the liquid film
where the diffusion rate of both reactants
controls and results in movement of the reaction
plane to a fixed position in the film. Figure
2a depicts the interfacial behavior.
Instantaneous interfacial reaction in which

the concentration of reactant B in the liquid
bulk is high enough to move the reaction plane
to the gas—-liquid interface. The diffusion rate
of component A transferring from the gas phase is
the controlling factor (Figure 2b).

Fast reaction, second order rate in which the
reaction rate is slow enough to cause the
reaction plane to become a zone but fast enough
to complete the reaction before A reaches the
liguid bulk (Figure 2c).

Fast reaction, pseudo first order or first order
in which the concentration of B is sufficiently

high so that it is essentially undepleted by the



reaction within the film. The second order
rate equation is thus reduced to first order

(Figure 24).

To understand how the foregoing applies to a continuous
absorber-reactor, consider the case of an instantaneous
and irreversible reaction, A+bB»pP. Several regimes could
possibly be present in the column simultaneously, depend-
ing on the column operating condition. The reaction may
occur at the gas-liquid interface, or in the film, or not
at all, if the liquid reactant concentration has been

totally consumed.

REPRESENTATIVE TYPES OF REACTION

Because the chemical reaction rates of many of the
industrially important reactions are instantaneous, this
work will be confined to instantaneous reactions occurring
in the liquid phase film. The stoichiometric equation,
which we use in this study, has the form: A+bB->pP.

After the reaction occurs in the liquid phase, it is
assumed that the products of this form remain in the

liquid and do not transfer to the vapor phase. The carrier
gas is considered to be noncondensable and the overall

process is considered to be steady-state.
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In order to develop the mathematical models, the same
differential element of the column can still be considered
as in Figure 1. Because the reaction takes place in the
liquid film, the equation for the vapor phase mass
transfer with a chemical reaction remains unchanged from

Equation 3a.

In developing the mathematical model to describe an
absorber-reactor, it is desirable to separate the trans-
ferring components into four groups:
1. Components which transfer and react.
These diffuse from the vapor to the
liquid and chemically react instan-
taneously in the liquid film with
another component, which diffuses
from the bulk of the liquid phase
into the liquid film.
2. Products of reaction.
These result from the transfer of the
vapor phase and liquid phase components.
The products are assumed to remain in
the liquid phase.
3. Components which transfer and do not react.
These diffuse from the vapor to the
liquid but remain unreacted in the liquid

phase.
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4. Liquid phase reactants.
These are contained in the incoming liquid
and react with components transferring
from the vapor phase.
Each of these groups must be considered when the differen-
tial mass balance equations for the liquid phase compo-

nents are developed.

The general form of the steady-state mass balance, which

includes chemical reaction, is:

d(ka) i
—a-i—-— = Ek (kxa)k (Xk-Xk) o rk, k=1,2 P ,Nr (6)
where Ek is the liquid film enhancement factor and ry is

the reaction rate in the liquid bulk. This equation
describes all the components in Group 1. Components
which are products of the reaction A+bB+pP (Group 2) are

described by:

d(ka)
—az  ~ Px-n_ Tx-y k=Nx+1""'Nr+Nx (7)
X X
For unreactive components, ry = 0 and Ek = 1, mass trans-
fer is described by:
d(ka) i
This equation depicts all components in Group 3. Compo-

nents which are in the liquid phase as reactants (Group 4)

are described by:
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d(ka)

N
— o r -
—— = z b. r.. k Nr+Nx+1 (9)

Equations 6 through 9 are solved for dxl/dz, dxz/dz,

© o o g

de/dz to give:

dxk N N
-—d—é' = (l—Xk) (l—ij) Rk - Z Xk
j=1 =
j#k
N
(1-)x.) R. k=1,2,...,N (1l0a)
j=lj J
in which
Em(kxa)m i i Tm
Rm = i (xm—xm) - T for m=l,2,...,Nr (10b)
pm—Ner—Nx
Rm = T for m=NX+1,...,Nr+Nx (10c)
(kxa)m i
Rm = — (xm-xm) for m=Nr+l,...,Nx (104)
Nr bmrm
R, == jzl T for m=N_+N_+1,...,N (10e)

Equations 3a and 10 produce 2N simultaneous differential
equations which must be solved numerically for the vapor

and liquid compositions as a function of column height.

For an instantaneous and irreversible chemical reaction,
in which the reactants from the vapor phase are completely
consumed by the reaction in the liquid film, Equations 6
through 9 become:

d(ka)

S = 0 k=l,2,...,Nr (11a)
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d(ka)
dz = pk—N Ek—N (kxa)k—N
X X X
i
X —
d (Lx, ) .
k' _ i_ _
d (Lx, ) N
__EEE_ = = _zr by Ey (k,a)
g =1
i
xj =Nx+Nr+l’ ee.,N (114)

ENHANCEMENT FACTOR

A method for calculating the enhancement factor, E, must
be developed before the above equations can be solved.

The enhancement factor is the ratio of the rate of mass
transfer with chemical reaction to the rate of mass trans-

fer if no chemical reaction occurs.

For the reactions

Al + blBr . plPl (12a)

and

A, + byB, > p,P,, (12b)

the chemical reaction rate equations are assumed to be

m n

S (er)l X1 %y (134

and

X X . (13b)

g = (kr 2 r

x)2

For a second order reaction, for example, m=n=1l, the
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equation for the enhancement factor is given by

Danckwerts4 as

. (E;) By
KTE, I ~L
Ey = o , k=1,2,...,N (14)

h oy
(E.), -E
tanh WM ik k
k(B ) 71

which is implicit in E, and must be solved by an iterative

technique after calculating (Ei)k and Mk‘ The equation
for Ek must be solved for each of the transferring react-
ing components. The instantaneous enhancement factor,

(Ei)k, is given by Roper et al’ as

D
k 1 ;
(E.) =W s v . k=1,2,...,N (15)
=8 Dr N_ Db xt D, r
1 & zr N SO N
; x D
L J=1 s ol S

Danckwerts4 gives the value of M, as

iym-1 n—
M, = L P i) ) P N_  (16)
k [ (k) ]2 m+1 rersss""r
x'k
and he notes two limiting cases for Equation 14. If

Mk>10(Ei)k, the reaction is instantaneous, and Ek=(Ei)k-

If Mk<0.5(Ei)k, the reaction is pseudo first order, i.e.,
the liquid phase reactant concentration remains constant
in the film and, therefore,

_ W

(E)k = —— (17)

k
tanh ‘/Mk
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. . L 2 :
in which Mk = [p Dk (er)k xn]/(kL)k. However, if Mk>3,
then Ek may be further approximated by the following
expression:

(E)k = M, . (18)

For a first order reaction, the enhancement factor can be

calculated from Equation 17 in which Mk = 0 Dk (er)k/
(kL)i. The limiting case is the instantaneous reaction

in which
(B)) = (B, . (19)

The term Ei is given by Equation 15 and My is given by

Equation 16.

ENERGY TRANSFER

There are many industrial problems for which a differen-
tial mass balance is sufficient to describe the physical
phenomenon of a continuous contactor. However, there are
some problems, particularly those with large heats of
solution or vaporization and those with large heats of
reaction which require an energy balance to completely
describe the behavior in the adiabatic absorber-reactor

for nonisothermal conditions.

The differential energy balance equations are developed
in a manner similar to that for the mass balance equa-
tions. There are N total components with Nr transferring-

reacting and NX—Nr transferring-nonreacting components.



16

The adiabatic steady-state energy equations for the gas

phase are

v QUG gy i 17§¥j
N 3 + ]V eSeds =
2 j=l Z
1j£¥j
. N ' dy .
e B \Y J
hya (t,-t7) + '21 N az ‘Hy); (20a)
=L (1-Yy.)
j=1’

assuming a noncondensing carrier gas, and for the liquid

phase:
"3
d v (Hp)
(1-)x.)
d(H.) N ) 5
L' L' N+l j=1 _ -
? 15 + le L' Iz = hra (t7-t ) +
(1-)y.) .
j=1-
N dx N dx. N
L' Jj r L' 3 r
El N dz (HL)j + zl N dz (Aer)j + 'zl
=L (1-Fx.) I=E (1-Tx.) s
X.
L' J+Nr X . i
N ? | L dz — Py (CPL)j+Nr - —a% (va)j (£™=77) (20b)
-Vx.
j=1’

if the carrier liquid is assumed to be nonvolatile. If
it is assumed that the reference state (at temperature,
tR) is the gaseous state for the carrier gas and the
liquid state for all others, Equation 20a and 20b

respectively become after rearranging



o

hya (t,~th) +

-

i s _
(QV)j + (va)j (tv—t.)} - {v (tV tR)

j

oz

1

v dy 4

N dz
(1-}ys)
j=1’

{(CpL)j (ti—tR) +

d(CPy) 41
dz

} -

N . Y. d(Cp,) . N . Y.
LoV (etety) — Tl - L V(e ——
=t (1-1yy) s (1-7y;)
j=l J=l
d (Cpy,) - N :
j ' i_ -
—m - L {tepy) (Eh-t) + (@) + (Cryp 5 (&
1={ Jy.)+y. a N a
i 2337 73 dy, Y4 Yy '
¢ * B 5 dz k§1 ? S dz Vh Crylgyn ¥
(1-)y.) ~x (1=-)y.) /
jzlj k#J j=1j } L
]
N Yo
v' I (Cpy). % (21a)
j=1- |

and
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dtL i N o dxi> i
=z = hLa (t —tL) + jZl I§ S {(CpL)j (t —tR) +
T (1l-)x.)
i j=1-
; N dx.
i r L'
(@g)5 + (@) 5 + (Cpy)y (g=th} + 1T )
IT (1-7x.)
j=1’
dx.,
N : j+N dx. .
r L X J : _
+ Z N daz— Py (CPp)yiy ~ gz (Cpy)y¢ (27-77)
3=l (1-Vx.) X
j=17
N X. d(Cp, ). d(Cp.)
oL (£ ~tg) % dzL ~ - (£ ~Eg) i -
s (1-)x.)
=17
]
1-( )x.)+x
N . . 2 52 dx. N X.
L 1_ Jj=1 Jj Jj
'21 —g— (Cpy)y (7 -%p) N, 3z * 21 N
1= (1-7x.) (1-7x.) ki (11x)
A r 1
dxk N X.
—az( L' (Cp )y + I U —x— iCoy, ) 5] (al1h)
| J=1 (1-Tx.)
i | j=lj -

Equations 3a, 10, 2la, and 21b can be solved simultaneous-
ly by a numerical method (Runge-Kutta, Euler's, or
Predictor-Corrector) for the compositions and temperatures
of the vapor and liquid phases as a function of tower

height.

For one component transfer with negligibly small heats of
reaction, solution, and vaporization, Equations 2la and

21b reduce to
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i
dtV _ Eya (tv—t )
dz (éﬁjv Y (22a)
and
i
dtL _ hLa (t —tL) .
az Cp), T (22k)

These are the equations which normally appear in texts on

the subject.l’5

To summarize the development, the nonisothermal absorber-
reactor is described by the differential equations 3a, 10,

2la, and 21b, which can be represented in the form of

dx . . .
1 1
dz k (x, ¥, tLr tvl X er t7) k=1,2,...,N (23a)

P

dy . . .
k i
= = 5 (% ¥ tps e X ¥, €), k=1,2,...,N (23b)

dtL

s X, Yo (23c)

I
Q
X
<

(-r

5

(-r
<
i
<
(—'-

tyr X7, ¥, 0t ) . (234)

—2 = h (%, ¥, tg,

These equations can be solved with a numerical integration
technique, such as Runge-Kutta, Euler, or Taylor, or by
means of analog computer techniques. For this work, a
fourth order Runge—-Kutta numerical method was used

because it is stable, accurate, and has been previously

used by the authors with excellent results. However,
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before Equation 23 can be solved, the interfacial composi-
tion, xl, and temperature, tl, must be obtained at each
axial position in the contactor at which the differential

numerical procedure is applied. For example, Equation 2

describes mass transfer in a continuous contactor for one

transferring component. The overall material balance is
dy _ p dx _
Vagz - Lgz=0. (24)

The substitution of Equation 2a into Equation 2b yields
i i _
kya (y=-y7) - kxa (x"—-x) = 0. (25)

If the equilibrium data are of the form

yl = mxl, (26)
then Equation 26 can be easily solved for either x% or yl:
i kxa x + kya Yy

¥ " Xa+kanm . (27)
X Y

However, if the equilibrium data are nonlinear, for

example of the form

yl = a + bxT + c(xl)2 * 547 (28)
Equation 25 must be solved with Equation 28 for xt using
an iterative procedure. The authors were successful in

using Newton's iterative method, which is

. £ (x2)
Xlt+1 . x}lc - ki (29)
d[ff(xk)]
aZ

in which ff(xl) = kya (y-yl) - kxa (xl-x). The iterative

scheme is used until ff (x%) is very nearly zero.
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For a one component system with chemical reaction, Equa-

tion 24 is

i i -
kya (y=-y™) - [E (kxa) (x"=x) - r] = 0. (30)

If more than one chemical reaction occurs, then the

insertion of Equations 10 and 3a into Equation 24 gives

. N .
1 1
(1 yk) (kya)k (yk yk) JE]_ Yk (kya)j (YJ Yj)
j#k

N
[(1-x,) R, = )} % R.] =0 (31)

j=1 )

j#k k=1,2,...,N_

in which R is defined by Equation 10.

To use Newton's method, it is necessary to evaluate the
enhancement factor, E, at every iteration, because Ei’
which is used to calculate E, is a function of the inter-
facial compositions. To determine the interfacial
temperature, tl, the overall energy balance is needed:
dHV dHL
V —
dz

The insertion of Equation 20 into Equation 32 for a one-

transferring—-component system gives
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M R (... O P SN
hpa (to~t") N az By L
(1-)y.)
j=17
dx dx dx
L 5 L' 1 L' 2
N gz Hp)p N g WH Jg # % 3z Pi
(1-7x.) (1- zx> {1- Zx)
j=1 j=1J j=1J
dxq 4

The addition of the energy balance complicates the neces-
sary representation of the equilibrium data. In fact,
Equation 28 is not a sufficient representation for the
equilibrium data for nonisothermal conditions, because it
does not include the effect of changes in temperature on
the equilibrium data. For example, for the air-carbon
dioxide-water system, it is necessary to represent the
equilibrium data by an expression similar to the follow-
ing:
i

_ 3
y© = ag + [al + blt + ic

cy(eh? + L) % e Ll (34)
The air-ammonia-water system can be represented by the

more complex Stern3 equation:

. 1222.2 62.51
gt = 1017-6657+—537 [e___— - 1.6) (0.7574+g5537) 1}

/760 (35)

in which ¢ = (17/0.018) xY/(1-x%).

Because HL is a function of tL and HV is a function of
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tV’ Equations 30 and 34 must be solved simultaneously
with the equilibrium equation by using Newton's method
for systems of nonlinear equations. The authors

recommend Newton's method which is given as follows:

N aFk
Z be 5z = “Fy k=1,2,...,N (36)
n=1 n
in which € represents the independent variable, either xt
or tt. It is helpful to illustrate the application of
Equation 35 for a two component nonisothermal system as
follows:
. y oF . . oF
i i 1 i i 1
(O pr = g 3+ Txp)ppy = ()] =24
ox ox
1 2
i i, . 9F
t
A y oF ; . oF
i i 2 i i 2
(o e = Gppd o3 TG = ()] 1
X ox
1 2
i 1 9Eg
t
. . oF g . oF
i i 3 i i 3
[Gcyyy = Gy =3+ TRy = (phy ) —x
oxX oxX
i 2
i i, . 9F3
[(e5) ),y - (£D) ] —F = -F,4 (37¢)
ot
in which
N A0+ N S
. N dz N dz
(l—Zy.) (l—Zx)

j=1’ j=1
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dx

R A 2 _ L' 2

2 N dz N dz
(1-}y.) (1-7x.)
j=11 j=17

V! dHy, L' dHp

Fsy = N dz N 3z
(l—Zy-) (l—Zx.)

Application of the Runge-Kutta numerical integration
technique and Newton's method for solving the sets of
nonlinear equations allows the equations for the model
to be programmed for solution on a digital computer

(Figure 3).

RESULTS

Because only the simplest of systems can be studied by
using either a graphical or analytical solution, the
numerical solution of Equations 3a, 10, 2la, and 21b is
obviously the most desirable. The equations were pro-
grammed in Fortran for an IBM 370/165 computer. In order
to demonstrate the accuracy and versatility of the model,
a broad range of contactor problems was chosen. These
problems included nonisothermal conditions, fast chemical

reaction in the liquid phase, and multicomponent transfer.

The system first selected for study was gaseous ammonia
absorption by liquid water initially investigated by
Sherwood and Pigfordlo. The heats of vaporization of

ammonia and water were sufficiently large [(Qv)ammonia =
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insure nonisothermal conditions and require an energy
balance calculation. The data used in the computation of
the composition and temperature profiles are presented

10 made some additional

in Table 1. Sherwood and Pigford
assumptions which include: dilute solutions, all resis-
tance to mass transfer is in the vapor phase, and the
interfacial temperature is the same as the bulk liquid
temperature. The equilibrium equation used in this work
for ammonia is the Stern3 equation and the equilibrium
equation used for water is the result of a least squares
curve fit of the water vapor pressure data in Perry8.

10

Sherwood and Pigford do not state the source of their

equilibrium data for either ammonia or water.

In addition, Sherwood and Pigford10

do not report in their
work the flow rates per sdguare foot of cross sectional
tower area and the type of packing which they used in
their calculations. Therefore, it was necessary in this
work to calculate the flow rates and transfer coefficients
assuming the tower was operating at 50 percent of the
flooding velocity and was packed with one inch Raschig
rings. As in all the examples used in this work, the heat
transfer coefficients and the physical mass transfer

coefficients, kxa, were assumed constant throughout the

column and were usually evaluated at an average of the
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inlet and outlet conditions. These data were used to
generate the concentration and temperature profiles which
appear in Figure 4 (Cases C and D) with the results given
graphically by Sherwood and Pigfordlo (Case A). Two
solutions for the above data were obtained using the model
developed in this work. First, the profiles were calcu-
lated using the data as it appears in Table 1 [i.e., all
resistances to mass and heat transfer were finite (Case
D)]. Then, all the resistance to mass and heat transfer
was assumed to be in the vapor phase (i.e., liquid mass
and heat transfer coefficients were infinite) and the
profiles were recalculated (Case C). The deviation
between the calculated profiles (Cases C and D) and the
reported results (Case A) indicates that, in addition to
the differences in the equilibrium data used in both works,
the authors' assumption (i.e., the column was operating

at 50 percent of the flooding velocity and was packed with
one inch Raschig rings) was not the same as that of
Sherwood and Pigfordlo. In fact, the equations used by
Sherwood and Pigfordlo do not require individual values

of the flow rates or transfer coefficients and these

values may never have been calculated.

The column heat and mass transfer equations given by
Sherwood and Pigfordlo were also solved numerically with
the equilibrium equations for ammonia and water used in

this work (Figure 4, Case B) and compared with the



27

results given graphically by Sherwood and Pigford10

(Figure 4, Case A). The greatest deviation between the
concentration and temperature profiles was ten percent
and six percent, respectively, approximately in the
center of the column. At most axial positions, the
differences between curves A and B were less than five
percent. Since the results are very sensitive to the
equilibrium data used, the differences between curves A
and B are possibly a result of the variation between
equilibrium data used in this investigation and that used

by Sherwood and Pigfordlo.

As mentioned above, the accuracy of the model is dependent
on the accuracy of the data supplied to the model,
particularly the exact representation of the equilibrium
data. The sensitivity of the computations to the
equilibrium data can be illustrated by using data from
Othmer and Scheibel7 which was later used by Sherwood and

10

Pigford in the following nonisothermal absorption.

Absorption from air of acetone and water vapor in liquid
water was studied in a sixteen foot column packed with

one inch Raschig rings. The heat of vaporization of

both acetone and water is sufficiently large [(Qv)acetone

= 18000 BTU/1lb mole and (QV) = 19323 BTU/1lb mole] to

water
require energy balance calculations. Sherwood and

Pigford10 also made the additional assumptions outlined

previously (i.e., dilute solutions, all resistance to
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mass transfer is in the vapor phase, and the interfacial
temperature is the same as the bulk liquid). In this
work, mass and heat transfer coefficients were calculated
for both the vapor and liquid phases by a procedure
outlined by Treyballz. The data used in the computation

of the profiles are presented in Table 2.

Equilibrium data were not available in any of the
literature surveyed for this study. An attempt was made
to develop an equation to represent the equilibrium data
from the heat of vaporization and activity coefficients

as suggested by Sherwood and Pigfordlo. Since this

method is, at best, an estimation, accurate results could
not be expected. The model was not capable of reproducing
the profiles estimated by Sherwood and Pigfordlo (Figure
5) probably due to the inaccuracy of the equilibrium data.
This problem demonstrates the necessity of having an

accurate representation of the equilibrium data if a model

is used.

If the equilibrium data are accurately represented, the
model is capable of predicting column heights and output
compositions for absorber-reactors. A total of nine
systems involving mass transfer with chemical reaction
was used to test the mass and heat balance equations and
their solutions. A summary of these systems is pre-

sented in Table 3. 1In addition, a comparison of the
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column height reported by the various investigators and
the column heights predicted by the model is presented.
The difference between the reported and predicted column
height in most of the systems studied was six percent or
under; and in over half of the systems studied, the

difference was less than three percent.

A typical mass transfer problem with chemical reaction
system is that of Tepe and Dodgell. In the 7.7 foot
absorber-reactor filled with one-~half inch Raschig rings,
carbon dioxide is transferring from air and reacting
instantaneously with sodium hydroxide in the aqueous
phase and is the only transferring component. The heats
of reaction and vaporization are sufficiently large to
require both mass and energy balance calculations. The
concentration and temperature profiles calculated in this
work are presented in Figure 6. The data for this system
are presented in Table 4. The difference between the
column height used by Tepe and Dodgell and that predicted

by the model is six percent.

All compositions and temperatures were checked at the
opposite end of the column from which the integration
procedure was started. The vapor phase compositions at
the opposite end of the column are used as the stopping
criteria for the numerical integration. The reported and

predicted liquid phase compositions and vapor and liquid
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temperatures [i.e., Y. (t.) (t

Yin’ Zout’ )in] differ by

L’out’ v

no more than ten percent and two percent, respectively.
In most cases, the terminal conditions (i.e., at the
opposite end of the column from which the numerical
integration procedure was started) reported by the
original investigators do not differ from the calculated

terminal conditions by more than ten percent.

As a final demonstration of the versatility of the model
and resulting computer program, a problem which would
incorporate all the features of the model (energy balance,
chemical reaction, and multicomponent transfer) was
desired; however, no such problem was available in the
open literature. Therefore, a three component test
problem was proposed and then simulated. Two of the
components (yl and y2) transfer from the wvapor to the
liquid phase and react instantaneously in the liquid film.
The other transferring component (y3) transfers from the
vapor to the liquid phase and does not react. The heats
of vaporization and reaction were chosen to necessitate
using the energy balance calculations. A summary of the
data is presented in Table 5. The resulting concentra-
tion and temperature profiles, which appear to represent
the typical behavior of three component nonisothermal

absorption with chemical reaction, are shown in Figure 7.
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The authors await experimental data to appear in the open
literature on multicomponent absorption with chemical
reaction to further test the model presented in this work.
This work, however, does demonstrate the development of a
reliable model describing multicomponent mass and energy
transfer in a continuous two phase absorber-reactor for
nonisothermal conditions which has not previously
appeared in the literature and demonstrates the feasi-
bility of solving the differential equations numerically.
The numerical solution, using nonlinear equilibrium

data, is used to obtain the absorber-reactor column

specifications.

COMPUTER USAGE
The amount of computer time consumed by the program on
the IBM 370/165 is quite reasonable. For an increment
size of Az = z/200, systems with one transferring
component and chemical reaction average 12 seconds. The
two component absorption problems with chemical reaction
require 25 seconds. The one component absorption problems
with chemical reaction and energy calculations use 38
seconds. From the above data, the following formulas
can be developed for estimating the computer time
required to execute the program:

1. Absorption without energy calculations

Time (sec) = (10) (N)
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Absorption with energy calculations
Time (sec) = (20) (N)
Absorption with chemical reaction and
without energy calculations
Time (sec) = (10) (N)
Absorption with chemical reaction and

energy calculations

Time (sec) = (30) (N)

where N is the total number of components in the system.

CONCLUSIONS

lo

The computer solution of the equations for mass and
energy transfer is a reliable method for simulating
a continuous contactor in which an instantaneous
chemical reaction is occurring.

Equilibrium data are extremely important in the
simulation. Much care is required to assure that
accurate equilibrium data are obtained for the oper-

ating conditions of the absorber-reactor.
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Figure 3. Flow Diagram for the Numerical Solution of
the Mass and Energy Balance Equations
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TABLE 1

PHYSICAL DATA -- AMMONIA-WATER ABSORPTION

Carrier Liquid: Water
Carrier Gas: Air
Components: 1 = Ammonia, 2 = Water

Reaction: None

Compositions: (yin)l = 0.0049° (yout)l = 0.0881
(y; ), = 0.025 (Yyuq) , = 0.0305
(x; ) = 0.0 (x_y4)p = 0.0302
(x; ), = 1.0 (x_, ), = 0.9698
Temperature: (tL)in = 61.3°F (tL)Out = 92,1°F
(t) 5, = T7°F (ty) gue = 68.3°F
Flow Rates: L' = 65.1 1b moles/hr ft2
V' = 24.6 1b moles/hr ft?

Packing: 1" Raschig rings

Transfer Coefficients12 (at 77°F, assumed constant):
(kxa)l = 126.0 (kya)l = 23.1
(kxa)2 = 143.7 (kya)2 = 26.5
hLa = 12600 hva = 23.2

Equilibrium Data:

1222.2 1000 62.51

yh = [12017-665THETRTET) ~ 1ol ~ 1.6) (0.75744g5ip) 1y
/760
: . | .
y; = [0.027721 - 0.000733 t* + 0.0000112819 (t1) 27 [1-Tx.1]

j=1’

Reference: 10
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TABLE 2
PHYSICAL DATA -—- ACETONE-WATER ABSORPTION
Carrier Liquid: Water
Carrier Gas: Air
Components: = Acetone, 2 = Water
Reaction: None
Compositions: (yin)l = 0.0309 (Yout)l = 0.00231
(y;,), = 0.0116 (Youe) 2 = 0.0265
(xin)l = 0.0114 (Xout)l = 0.0114
(xin)2 = 0.9886 (Xout)z = 0.9886
(yout)l = 0.00227 (ﬁin)l = 0.0
(?Out)2 = 0.0186 (}’?:in)2 = 1.0
Temperature: (tL)in = 54,5°F (tL)Out = 69.3°F
(tV)in = 58.8°F (tv)out = 72°F
(8 );, = 56.8°F
(8, oue = S8°F
Flow Rates: L' = 38.33 1lb moles/hr ft2
V' = 15.24 1b moles/hr ft2

Packing:

Mass Transfer Coefficients

(k.a),
(ka),
(k,a)y
(kya)2

hLa
h,,a

1" Ceramic rings

12

21.65 1b moles/hr f£t> mole fraction

39.4 1b moles/hr ft3 mole fraction

4.36 1lb moles/hr ft3 mole fraction

7.93 1b moles/hr ft3 mole fraction
3

120.0 BTU/hr ft~ °F

3

6.93 BTU/hr ft~ °F

38

(at 65°F, assumed constant):



TABLE 2 (continued)

Equilibrium Data:

i _ o _1i

: : N
[0.027721 - 0.000733 t* + 0.0000112819 (t¥)?][1-Tx
j=1

i
Yy

Reference: 10

39
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an Adiabatic Absorption of Acetone in Water




TABLE 3

THE REACTION SYSTEMS STUDIED WITH REPORTED AND CALCULATED COLUMN HEIGHTS

Reported Program

Transfer- Column Predicted
Carrier Carrier ring Com- Heat Height Height %

System Reaction Liquid Gas ponent Effects (Ft) (Ft) Error Reference
1 None HZO Air A Isothermal 1550%* 1465 Srad 6
2 A+B~+C HZO Air A Isothermal 16. 4% 16.55 0.9 6
3 A+B+C H20 Air A Isothermal 80.0% 81.0 5.2 6
4 A+B-C H,0 Air A Isothermal 23.0% 25.4 9.4 6

*
5 C02+K2CO3 H20 N2 CO2 Isothermal 22.9 22.5 1:% 4
+H20+2KH
CO3
*
6 C02+K2CO3 HZO N2 CO2 Isothermal 22.9 22.8 0.4 4
+H20+2KH
CO3
7 CO,+2RNH, H,0 N, Co, Isothermal 10. 5* 9.8 6.7 4
+RNH2COO'
+RNH2

184



TABLE 3 (continued)

Reported Program

Transfer- Column Predicted
Carrier Carrier ring Com-  Heat Height  Height %
System Reaction Liquid Gas ponent Effects (Ft) (Ft) Error Reference
8 CO,+2NaOH  H,0 Air CO, Isothermal 3.0+ 3.08 2r 11
+Na2CO3+
HZO
9 CO,+2NaOH  H,0 Air CO, Adiabatic 7.7+ 8.2 6.1 11
*Na2C03+
HZO
10 Al+2B+Pl H,0 Air A Adiabatic —— 3.1 ——— e
A2+B+P2

* - Calculated column height

+ - Experimental column height

v



TABLE 4

PHYSICAL DATA -- CARBON DIOXIDE ABSORPTION

WITH CHEMICAL REACTION

Carrier Liquid: Water
Carrier Gas: Air
Column Height: 7.7 ft
Components: 1 = C02, 2 = Na2C03, 3 = NaOH
Reaction: C02+2NaOH+Na2CO3+H20
Compositions: (yin)l = 0.0472 (yout)l
(yin)z = 0.0 (yout)z
(yin)B S0 (yout)3
(Xin)l =LA (Xout)l
(xin)2 = 0.000427 (xout)2
(xin)3 = 0.01883 (xout)3
(?in)l = 100372 (ﬁout)l
(?in)z SRvEl (ﬁout)Z
(?in)3 = 0.0 (ﬁout)B
Temperature: (tL)in = 63°F (tL)Out
(tV)in ol (tV)out
(ﬁL)Out = 79.0°F
(ﬁv)in = 80.1°F
Flow Rates: L' = 40.1 1lb moles/hr ft2
V' = 6.15 1b moles/hr ft2

Packing:

1/2" Raschig rings

0.0099
0.0

0.0

0.0
0.00685
0.00539
0.0
0.00619
0.00741
80°F

69°F
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TABLE 4 (continued)

Transfer Coefficients12 (assumed constant) :

(k,a); = 52.5 1b moles/hr ££3 mole fraction

(k a)l = 2.99 1lb moles/hr ft3 mole fraction

y
hpa = 8758 BTU/hr ££3 oF
h,a = 24.6 BTU/hr ££3 oF
Diffusivities (at 79°F): (D), = 0.6355 £62 /hr
(D.). = 6.85 x 10 ° f£t2/hr
L)1 .
-5 _. 2
(D ), = 5.85 x 107 £t°/hr

Equilibrium Data:

yi = & (10%) x*

] where h = 0.025499 + 0.00122338 £l +

0.0000073484 (t1)?2
Program Predicted Tower Height: 8.2 ft

Reference: 11

44
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TABLE 5
PHYSICAL DATA -- THREE COMPONENTS TRANSFERRING

- TWO COMPONENTS REACTING

Carrier Liquid: Water
Carrier Gas: Air
Components: 1 =A, 2=C, 3 =D, 4=E, 5=F, 6 =B
Reactions: A+2B+E
C+B-F

Compositions:

(yin)l = 0.05 (yout)l = 0.01 (xin)l = 0.00
(yin)2 = 0.075 (yout)2 = 0.02 (xin)2 = 0.00
(Yin)3 = 0.014 (yout)3 = 0.01 (xin)3 = 0.00
(yin)4 = 0.00 (yout)4 = 0.00 (xin)4 = 0.0001
(Yin)g = 0.00 (yout)5 = 0.00 (xin)S = 0.00015
(vin)g = 0.00 (yout)6 = 0.00 (xin)6 = 0.02
Temperature: (tL)in = 60°F (tv)in = 65°F

(tL)out = 890 (tL)out = S
Flow Rates: L' = 45 1lb moles/hr ft2

V' = 5 1b moles/hr ft2

Packing: 1" Raschig rings

Transfer Coefficients (at 79°F, assumed constant):

(kxa)l = 50 1lb moles/hr ft3 mole fraction

3

(kya)l = 3 1lb moles/hr ft~ mole fraction

(kxa)2 = 45 1lb moles/hr ft3 mole fraction

(kya)2 = 2.5 1b moles/hr ft3 mole fraction
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TABLE 5 (continued)

Transfer Coefficients (continued):

(kxa)3 = 332 1lb moles/hr ft3 mole fraction

(kya)3 = 14 1lb moles/hr ft3 mole fraction

h a = 9000 BTU/hr ££3 oF

h,a = 10 BTU/hr £t3 op

Diffusivities: (D), = 0.64 ft°/hr

5

(D), = 7.0 x 10~ ££2 /hr

_ 2
(D), = 0.70 £t°/hr

5

(D = 7.5 x 102 £t%/hr

L)2

_ =5
(DL)6 = 6.0 x 10

ftz/hr

Equilibrium Data:

yr = [0.025 + 0.0012 t* + 0.000007 (£%)?%] 10% x}
4 i
X

y; = [0.030 + 0.020 t + 0.00010 (t1)?] 10 5

. i
Y3 = 29 X3
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NOMENCLATURE

Interfacial area cubic foot of contactor
volume, ftz/ft3

Curve fitting parameters for equilibrium
data

Stoichiometric coefficients of the reactants
and product

A transferring-reacting component from the
vapor phase

Cross-sectional area of the column, ft2

The reacting component in the liquid phase
Heat capacity, BTU/lb mole

Concentration of ammonia, 1lb moles NH3/1000

1b H,O

2
Diffusivity, £t2/hr

Enhancement factor

Instantaneous enhancement factor

Indicators of functions

Defined by Equation 36

Defined by Equation 29

Liquid heat transfer coefficient, BTU/hr ft3
°F

Vapor heat transfer coefficient, BTU/hr ft3
°F

Height of a transfer unit, ft

Heat of reaction, BTU/lb mole
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Enthalpy, BTU/lb mole

Iteration counter

Liquid mass transfer coefficient, 1lb moles/
hr ft3 mole fraction

Vapor mass transfer coefficient, 1lb moles/

hr ft3 mole fraction

Reaction rate constant, 1lb moles/hr ft3

Total liquid flow rate, lb moles/hr ft2
Flow rate of the solvent liquid, 1lb moles/
hr f£t2

Defined by Equation 16

Equilibrium constant

Reaction order

Total number of components

Number of transferring-reacting components
Number of transferring-reacting and
transferring—nonreacting components

Number of transfer units

Reaction product

Total pressure, atm

Vapor pressure, atm

Heat of solution, BTU/lb mole

Heat of vaporization, BTU/lb mole

Rate of reaction, lb moles of A/hr ft3

Defined by Equation 10

Temperature, °F
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Subscripts

L

N+1

1’2’0--'N

51

Temperature, °K

Total vapor flow rate, 1lb moles/hr ft2
Flow rate of the noncondensing carrier gas,
1b moles/hr ft2
Component concentration in the liquid phase,
mole fraction

A vector representing all liquid phase
compositions

Component concentration in the vapor phase,
mole fraction

A vector representing all vapor phase
compositions

Column height, ft

Molar density

Liquid phase

Component number of the carrier gas and
carrier liquid

Component number of the liquid phase
reactant

Reference

Vapor phase

Defined by Equation 36

Component numbers



Superscripts

Interface

Values calculated by the model
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APPENDIX A

MASS AND ENERGY TRANSFER EQUATIONS

The great abundance of literature available on mass
transfer with chemical reaction in a continuous contactor
has been concerned with local concentrations at specific
points within the column. Relatively few attempts have
been made to integrate the rate equations over the column

length to determine the two phase absorber-reactor height.

Almost every mass transfer text presents the differential
equations which describe one component mass and energy
transfer in a continuous contactor. Sherwood and Pigford24
have developed the simplified equations for two component
mass and energy transfers in a continuous contactor. How-
ever, the assumptions used to develop their equations
(i.e., dilute solutions, hLa and (kxa)k ~ o) make them
difficult to apply in the general case. Toor26 has
developed some general equations for multicomponent mass

transfer, although he was not particularly concerned with

obtaining column height.

Astarita and Gioraz, Roper, Hatch, and Pigfordzz,
Goettler and Pigfordlg, and many others have done work
with the simultaneous absorption and reaction of two gases.

Secor and Southworth23 have demonstrated that for an

instantaneous reaction more than one region can exist in



57

an absorber-reactor simultaneously. Levenspiel16 has

expanded the work of Secor and Southworth23 to include

fast and slow chemical reactions.

It is now appropriate to develop the differential equa-
tions for mass and energy transfer in a continuous
absorber-reactor and solve the equations numerically. The
numerical solution can be used to obtain column height,
output compositions, flow rates, or overall mass transfer

coefficients.

In Appendix A, the equations for mass and heat transfer
are developed for the simple case of one component mass
transfer and for multicomponent mass transfer with

chemical reaction (see Figure 1).

ONE COMPONENT MASS TRANSFER
If the carrier gas is assumed to be noncondensing, the
steady-state mass balance on the transferring component of

the differential element in the vapor phase is:

[1b moles]in - [1b moles]out - [1lb moles transferring
across the interface] = 0
. -
~Vyl, + V¥l a, BT - k,a (y=-y7) AcAz|Z+§§ = 0. (A-1)

Dividing through by ACAz gives:

—Vy| + Vy| .
zZ z+Az i, _ _
= = kya (y=-y™) = 0, (A-2)

and taking limits as Az—->0 gives:
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A - ka w-vh. (a-3)

The total flow rate may be represented

in terms of the
flow rate of the carrier gas by:

_ v -
Substitution of Equation A-4 into Equation A-3 yields:
a (£ :
' 1-y° _ —ut -
V! oS = kya (y=-y7) . (A-5)

Performing the indicated differentiation

vr (1-y) (1) —2y (-1), %% - k,a (y-y1), (A—6)
(1-y)
then Equation A-6 reduces to:
ay o A-p® o yoyh (a-7)
Z V y y y L
A similar balance can be performed on the liquid phase.

If the carrier liquid is assumed to be non-volatile,

the
steady-state mass balance is:
[1b moles]in - [1b moles]out - [1b moles transferring
across the interface] = 0
i o
Lx|, A, - [Lx|z+Az Al + ka (x —x)|z+é§_AcAz = 0. (A-8)
Dividing through by AcAz gives:
Lx | - Lx| :
z+Az 2, _ i_ _
-[ Az ] = - kxa (x X) s (A-9)

and taking limits as Az~+0 gives:
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d (Lx)
dz

i
= kxa (x"=-x). (A-10)

The total flow rate in the liquid phase may be represented
in terms of the carrier liquid flow rate:
L =L'"/(1-x). (aA-11)

Substituting Equation A-11l into Equation A-10 yields:

L' —X =k a (xP-x). (A-12)

Performing the indicated differentiation

ge () ML) oox Cllp 8% o g oo (xPx),  (a-13)
2 dz X
(1-x)
then Equation A-13 reduces to:
ax _ (1-x)2 i
a‘z = —L' kxa (X —X)o (A—l4)

In summary, the equations that describe one component

mass transfer in a continuous contactor are:

dy (l—y)2 i

az = vt kP ) A
dx (l—x)2 i

T ST kxa (x7-x). (A-15Db)

If the liquid and vapor flow rates are assumed to be
constant throughout the entire length of the column as
the result of dilute solution concentrations, Equation
A- 1l5reduces to:

k a il
= <+ (y-y)) (A-16a)

94
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i

dx kxa
= -x) . (A-16Db)

az - v &
Equation 16 is normally presented in chemical engineering

3,12,23

texts on mass transfer and may be solved either

graphically, analytically, or numerically.

MULTICOMPONENT MASS TRANSFER

However, many industrial applications are not confined to
a system with one transferring component. There may be
two, three, or even more undesirable components (e.g., in
a stack gas) which require removal by absorption. In a
two transferring component absorption, a mass balance is
required on each transferring component before the system

is completely described.

The steady—-state mass balance for component one in the

vapor phase (assuming the carrier gas is non-condensable)

is:
[1b moles]. - [1lb moles] - [1b moles transferred
in out
across the interface] = 0
: 4
Vyyl, Bo = VYl 0, Bl - D)) (vy-yp) |02

2

ACAZ] = 0. (A-17)

Dividing through by AcAz and taking limits as Az-»0 yields:

d(vy,) i
—gz— = (k,a)g (yy-¥y). (A-18)
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The total flow rate may be represented in terms of the
flow rate of the carrier gas by:

v v (A-19)
1-v,-v,

Substitution of Equation A-19 into Equation A-18 gives:
Y2

d (==
' ¥17¥, i

Performing the indicated differentiation gives:

1-y, dy, Yy dy,
+ =
2 2
(1-y;-y,) % 9% (1-y;-y,)° 92
(k_a) .
Lt gy - (a-21)

The differential mass balance for component two is:
—Vyzlz Ac - [—Vy2|z+Az ALl -
i
[(kya)2 (yz—y2)|z+é% AcAz] = 0. (a-22)
Dividing through by ACAZ and taking limits as Az—+0 yields:

4{Vy,) i
dz = (kya)z (¥y-v3) - \B=23)

Substitution of Equation A-19 into Equation A-23 and

differentiating produces:

Yy dy, N (1-y;)  dy,
2 ~d =
(1~gr, =%, z (1-yl—y2)2 dz
(kya)2 i

— (Yz'Yz)- (A—-24)
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Equations A-21 and A-24 can be written in matrix notation:

- -

[ l-y, Yy dyq
2 2 d
(l_yl—yz) (l—yl-YZ) 2
Yo 1-vy 4y,
2 2
_(l—Yl‘YZ) (l—Yl‘Yz) JL d?’..-
(k_a) 1
a
1
"il_— (yl—yl
(A-25)
(kya)
- (v,- Yz)-
and solved for dyl/dz and dyz/dz:
dyl (kya)l
(kya)2 5
Yy (I-y,-v,) —5r—— (¥,-Y5) (A-26a)
dy (k. a) .
2 _ _ DR 2 i T
(kya)l
Yo (L=y;-v,) —m— (vy- Yl)‘ (A-26Db)

The differential mass balance for the liquid phase
components is essentially the same as that of the vapor
phase. If the carrier liquid is assumed to be non-
volatile, the steady-state balance on component one is:
Lx A, - [Lxll Al +

llz z+Az

(kpa), (x7-x9) |, 0z A Az = O. (a-27)
2
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Dividing through by ACAz and taking limits as Az->0 gives:

d(Lxl) %
——a—z-——— = (kxa)l (xl—xl) . (A"28)

The total liquid flow rate may be represented in terms of
the flow rate of the carrier liquid:

Li L (A-29)
l—xl-x2

Substitution of Equation A-29 into Equation A-28 gives:

X1

) S

2
?
L dz

= (k a), (xi—xl). (A-30)

Performing the indicated differentiation produces:

l—x2 dxl N Xq dx2 _
2 " dz 2 dz
(1—xl x2) (l—xl—xz)
(k_a) .
x 1 i
A similar mass balance on component two will give:
X, dxl . l—xl dx2 _
2 dz 2 dz
(l—xl—xz) (l—xl—xz)
(k_a) ;
x 2 i
— (x2—x2). (A-32)

Equations A-31 and A-32 can be written in matrix notation:
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1-x2)2 (1-xl-x2)2, o |
= -
(k_a) .

1
‘_:f,"f— (xi-xl)

| (1-x

(A-33)

i
g &5 %))
and solved for dxl/dz and dxz/dz:

dx (k_a) :
1 x ‘1 i_ -
i = (1—xl) (1—xl—x2) —_— (xl xl)

(kxa)2 i
X4 (l—xl—xz) S < (xz—xz) (A-34a)

dx (kxa)

(1-x,) (1-x :

17%) —g— (x5=%y) -

(k_a)
X, (1-%xy-%,) ——%T—L (xi—xl). (A-34Db)
Equations A-26 and A-34 describe the change in composition
of the vapor and liquid phases with respect to height for
countercurrent flow and steady-state mass transfer for
two components. These equations can be solved for the

liquid and vapor compositions as a function of tower

height only by numerical methods.

For a three transferring component system, the equations

for the vapor and liquid phases are developed in the same

manner. They are:



dyl

N
(1-)y.)

J=1

dz =

y; (k,a)y (y3-¥3)]

N
i1-)v.
dy, ( jzfj)
= SA [(1-y,) (kya)2
i
Yo (kya)3 (y3-v3)]
N
1) Rl
ay, ( jzij)
dz VA [(l_y3) (kya)3

i

N
dx (lfzxj)
L = R [ (k_a)
dz L Xl) x 1
x, (kea)y (x3-%3)]
N
dz I, [(l_xz) (an)Z
x, (ka)y (x5-x3)]
N
= = —1r— [(1-x3) (kK a),
X3 (kxa)2 (x;-xz)].

(yl-y1>

i

i
(Y3_Y3)

i
(x7-x

1 l)

i
(xz—xz)

(x%—x3)

(kya)

(kya)l

(kya)l

(kxa)2

(an)l

(kxa)l
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(Y,-y3) -

(A-35a)

(yl—yi) -

(A-35Db)

(Yl_YJ]:) -
(A-35c)

i-

(x2 x2) -

(A-36a)

i
(xl-xl) -
(A-36Db)

(x3-x;)

(A-36¢c)

Then for the general case of N transferring components,

there are N steady-state equations for the vapor phase:
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N
1-Yy.,
e ( jzgj)t(l- ) (k.a), (y,o-ys) -
dz = Vv Yy v WYk
g i
j#k k=1,2,...,N

and N steady-state equations for the liquid phase:

?

(l=)x.)

P 378 gL ke, hex) -

dz L?* k x 'k k Tk
N i
jzl X, (kxa)j (xj-xj)]. (A-37b)
j#k k=1,2,...,N

Equation A-37 describes the change in composition of the
vapor and liquid phases with respect to height for
countercurrent steady-state mass transfer with N trans-
ferring components. These equations can only be solved
numerically for the liquid and vapor compositions as a

function of tower height.

All the above equations were derived assuming a non-
volatile carrier liquid; however, there are many systems
in which the carrier liquid is volatile and not only acts
as a vehicle for the other components but also as a
transferring component. For a volatile carrier liquid,
the liquid phase equations are altered slightly and the

vapor phase equations are unchanged. They are:
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N
Ve (15£{j)[(1- ) (k. a), (y,-yi) -
dz = V' Yx vk WYk
N i
jzl Yy (kya)j (y5-¥3) 1, (A-38a)
j#k k=1,2,...,N
Nil
(1-)x.)
e S ' [(1-x,) (k,a), (xi-x) -
dz T k x2x %k
N-1 s
jzl Xy (kxa)j (xj-xj)], (A-38Db)
j#k k=1,2,...,N-1
and
- (k a) (xé—xN). (A-38c)

The volatile carrier liquid increases the total number of

components, N, by one.

Equation A-38 is applicable to all cases where the solvent
is vaporizing. This equation also must be solved numeri-

cally.

The carrier gas has been considered non-condensing because
most of the industrial applications and experimental work
in the literature use a non-condensing, inert carrier gas.
However, for a condensing carrier gas, Equation A-38a

would become:
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N-1
Tk - ‘lgz{j’ [(1-y.) (k.a), (y.-yI) -
dz -~ — V' Yk vk WYk Yk
N-1 i
j£1 v (kga)y (v5-y3)] (A-39a)
j#k k=1,2,...,N-1
av' _ - 4 -
Sz = (kA (v (A-39b)

Although the development of all equations assumed a gas-
liquid system, they can apply to a steady-state counter-
current liquid-liquid system. If the system were co-
current, =-V' or -L' would be substituted for V' or L'
respectively depending on which of the flows were reversed.
The above model assumes an isothermal system. Energy
transfer and heat effects are considered in a later

section.

MASS TRANSFER WITH CHEMICAL REACTION

The chemical industry's concern over meeting exhaust gas
emission standards has created an interest in absorption
with chemical reaction primarily, because it reduces
tower height through increased mass transfer rates
resulting from the chemical reaction. Specifically,

Levenspiel16

demonstrates that a physical absorption
separation which would require a tower height of 1550 feet
could be adapted to a tower height of 16.4 feet if the

transferring component chemically reacted through an
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instantaneous reaction in the liquid phase. It is

then advantageous to the design engineer to have at his
disposal a method for accurately estimating the height of
an absorber-reactor. Currently, a generalized technique

is not available, or at least is not in the open litera-

ture.
Levenspiel16 has classified mass transfer with chemical
reaction into three categories: 1) reaction only in the

liquid f£ilm, which includes instantaneous and fast
chemical reaction with respect to mass transfer; 2) reac-
tion in the liquid film and liquid bulk, which could
result from an intermediate reaction rate with respect to
mass transfer; and 3) reaction in the bulk only, which
includes both slow and extremely slow reaction rates with
respect to mass transfer. Since many of the industrially
important reactions are instantaneous, this work is

confined to the first category.

16 and Danckwerts9 have subdivided the chemical

Levenspiel
reaction in the liquid film category into four types:
1. Instantaneous interior reaction.
The reaction occurs at a plane in the
liquid film with the diffusion rate of
both reactants controlling and resulting

in movement of the reaction plane. Figure

2a depicts the interfacial behavior.
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2. Instantaneous interfacial reaction.
Concentration of B is high enough to move
the reaction plane to the gas-liquid
interface. Diffusion rate of A is con-
trolling (Figure 2b).

3. Fast reaction, second order rate.
The reaction rate is slow enough to cause
the reaction plane to become a zone but
fast enough to complete the reaction before
A reaches the liquid bulk (Figure 2c).
The rate equation is r = erXAxB'

4. Fast reaction, pseudo first order or first

order.

The concentration of B is sufficiently high
that it is essentially undepleted by the
reaction. The second order rate equation
is thus reduced to first order (Figure 2d4d).
The rate equation for the pseudo first order

is r = (erxB)x The first order rate

Ao

equation is r = k__ x..
E! 3 A

To understand how the foregoing applies to a continuous
absorber-reactor, consider the case of an instantaneous
reaction, A+bB»pP. Several regimes could possibly

be present in the column simultaneously, depending on the
column operating condition. Figure A-1l represents all the

possible regimes for an instantaneous reaction.
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At the top of the column the concentration of B may be
sufficiently high to be undepleted by a reaction with A
and result in the reaction occurring at the gas-liquid
interface (Figure A-la). As the concentration of B
decreases, the reaction plane would move away from the
interface into the film. This is called interior reaction
(Figure A-1lc). If the reactant B were to be completely
depleted, there would be no chemical reaction and only
physical absorption occurring. Figure A-1lb and Figure
A-1d represent transition regions between the various
regimes. It is also possible that only one regime would
exist throughout the entire column. For example, if the
concentration of B remained high throughout the column,
then an instantaneous interfacial reaction would be
occurring the entire length of the contactor. Likewise
if the concentration of B was insufficient to produce an
interfacial reaction but was not depleted at any column
height, then an instantaneous interior reaction would

exist in the entire length of the column.

The stoichiometric equation used in this study,
for the reaction in the liquid film, has the form A+bB-+>pP.
The products of this reaction are non-transferring, i.e.,

after the reaction occurs in the liquid phase the products
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remain in the liquid phase and do not transfer to the
vapor phase. The carrier gas is considered non-condensable

and the overall process is considered steady-state.

In order to develop the mathematical model , the same
differential element of the column can still be con-
sidered (Figure 1). Because the reaction takes place in
the liquid film, the equation for vapor phase mass

transfer (Equation A-37) remains unchanged.

In developing the mathematical models to describe an
absorber-reactor, it is desirable to separate the trans-
ferring components into four groups:
1. Components which transfer and react.
These diffuse from the vapor to the liquid
and chemically react in the liquid film
with another component, which diffuses from
the bulk of the liquid phase into the liquid
film.
2. Products of reaction.
These result from the transfer and reaction
of components from the vapor to the liquid
phase. These products are assumed to
remain in the liquid phase.
3. Components which transfer and do not react.
These diffuse from the vapor to the liquid

but remain unreacted in the liquid phase.
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4., Liquid phase reactants.
These are contained in the incoming liquid
and react with components transferring from
the vapor phase.
Each one of these groups must be considered when the
differential mass balance equations for the liquid compo-

nents phase are developed.

The general form of the steady-state mass balance, which
includes the chemical reaction, A+bB>pP, is:

[moles]in - [moles]o + [moles transferring across

ut
the interface] - [moles reacting] = 0
i

klz Ac - ka|z+Az Ac * Ek (kxa)k (Xk-xk)!z+é§

Lx

AcAz - Az AcAz = 0. k=l,2,...,Nr (r-40)

|
klz+—

Dividing through by AcAz and taking limits as Az—->0 yields:

d(ka)

B < 19 - = -
ey S Ek (kxa)k (xk xk) Ty k 1,2,...,Nr (A-41)

Equation A-41 would be applied to all group 1 components.

Components which are products of the reaction (group 2),

A+bB>pP, would be described by the differential equation:

— = pk_NX rk_NX. k=N +1,...,N +N_ (rA-42)
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If the component is transferring but unreactive, Iy = 0,
(group 3), mass transfer is described by:

d(ka) i

—gz— = (kpady (xp-xp). k=N_+1,...,N  (A-43)

Components which are in the liquid phase as reactants,
(group 4), are described by:

d (Lx, )
"'—"a"z_'— == bk rko k=NX+Nr+l' e o o ’N (A-44)

If only one reactant is present in the liquid phase for
all Nr transferring and reacting components, Equation A-44
becomes:

d(ka) Nr
—— = - jzl bj I k=NX+Nr+l (A-45)

J
The total flow rate is related to the flow rate of the
carrier liquid by:

TS TL I (A=-46)

?
(1-)x.)
j=1’

For a system of N total components with Nr transferring-
reacting and (NX—Nr) transferring-nonreacting components,
the steady-state differential equations describing mass

transfer are:

(1-x%,) dx N X dx .
. k k N, j _
Group 1l: 5 -~ .Z = I
(1-7x.) 2 oy (1-Ix?
E. (k_a) o
k k k
=== (x-%,) - T k=1,2,...,N_ (A-47a)
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(l—xk) dxk N xj dxj
Group 2: ? --2 —= & jzl —__§___;,_HE =
(1l-)x.) T, (1-)x.)
j=lj j#k j=lj
pk—Ner—Nx
I k=Nx+l,...,Nr+NX (A-47b)
(1-x%, ) dx N X. dx.
. k k J J _
Group 3: ? " —= * jzl ? T =
(1-)x.) "L (1-Yx.)
j___lj j#k j=lj
(k_a) .
x 'k i _
dwi?__-(xk—xk) k—Nr+l,...,NX (A-47¢c)
(l—xk) dxk N xj dxj
Group 4: ? S az + jzl ? T =
(1_ X.) -— (l— X.)
5217 JER 2T
b, r
- k=N_+N_+1,...,N (A-47Q)

Equation A-47 forms a matrix and is solved as before for

dxl/dz, dxz/dz,..., de/dz to give:

= (l-x,) (1-)x.) R, - X (1-)x.) R. (A-48)

dz k j=13 k j=1 k j=lj J
Jj#k
where
E (k_a) . r
i

Rm = _Eljfﬁﬁiﬂ (xm—xm) - i$— m=1,2,...,Nr

pm—N rm—N
R_ = = = m=N_+1 N_+N
™m L?! x recc1"r 'z

(k_a) .

R = x“'m i

0 = -..—TL — (Xm—xm) m=Nr+l’ o o o 'NX
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R = e “"IT"—‘ m=Nx+Nr+l’ooo'N

Equations A-37a and A-48 produce 2N simultaneous differen-
tial equations which must be solved numerically for the
vapor and liquid compositions as a function of column

height.

For an instantaneous and irreversible reaction, in which
the reactants from the vapor phase are completely con-
sumed by the reaction in the liquid film, Equations A-41,

A-42, A-43, and A-45 respectively become:

d(ka)

dz o 0 k=l'2,...’Nr (A_49a)
d(ka)

= Pp_ E, _ (k_a), _
dz k N.. k N x 'k N
i o -

d(ka) i
d(ka) Nr i

ENERGY TRANSFER

There are many industrial problems for which a differen-
tial mass balance is sufficient to completely describe the
physical phenomenon of a continuous contactor. However,
there are some problems, particularly those with large

heats of vaporization or solution, and those with large
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heats of reaction which require an energy balance to

completely describe the behavior in the absorber-reactor.

The differential energy balance equations are developed

in a manner similar to that for the mass balance equations.
There are N total components with Nr transferring-reacting
and (NX—Nr) transferring-nonreactive components. The
adiabatic steady-state equations for the wvapor phase,
assuming a noncondensing carrier gas, are:

[energy by mass flow]in - [energy by mass flow]out +

[energy transferred across interface by conduction] +

[energy transferred across interface by mass transfer] = 0
[energy by mass flow of carrier gas]in =
-\ ! —
V' OEG e |, A (A-50a)
[energy by mass flow of carrier gas]Out =
— L -
V') el peaz B (B=50l)

[energy by mass flow of components]in =

o2

- v (Hv)jlz A (A-50c)

j=1

[energy by mass flow of components]out =

- V! (HV) j I e Bics AC (A-504)

2

j=1

[energy across interface by conduction] =

h,a (tv—ti)|z+é§_AcAz (A-50e)
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[energy across interface by mass transfer]

jzl :I—§—‘;‘7§E Cpy) g (eymtp) [g82 (A-50f)
T={j
J
Combining the above yields:
N yj
-7 ! s B S— -
vt oE Nl B '21 v N (Hy) 51, B
. (1-1y.)
j=1’
: ¥ Y5
- ' o=
V' ) e lzeaz 2e '21 ke N (Hy) 5l oppz Be)
J (1-1y.)
j=1’
i N dy.
i \A 3
[hVa (ty,-t7) AcAz|z+é—§- T .Z N dz (va)j
j=1
(1f2y )

(tV-tR)]z+é% A_Az] = O. (A-51)

Dividing through by AcAz and taking limits as Az-0 gives:

Y
AL {———1 (H) 4]

(1-)y=)
d (Hy) gy X =1 ;
' ) J—l - - 1
V' ——— + jzl v = = hiya (f,-t7) +
N " dy.
v Jj _ _

'21 e i (va)j (ty—tg) - (A-52)
= a-3y.)

=1’
Assuming the reference state for all components, except

the carrier gas, is the liguid state, then:
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Al i1 _ ALECRy) gy (EymER)] ..

B \%
Jz = 3z = Crylynt1 gz
d (Cpy,)
ty, - il (A-53a)
and
y.
d [ (Hy) 4 l—F—1]
1=Y% .
dz - dz N &
j=1
V.
d [—g—]
(1-)y.)
(H,,) j=1’ (A-53b
HV j dz ' )
But

_ i i
(HV)j = (CpL)j (t —tR) + (QV)j + (va)j (tv—t ) . (A-53c)

Then
d(H,) . d(Cpr); . d(Cpy) .
_ J 1 1 V'3
dz — dz (E7-tp) + (=t —53 +
a
(va)j —;% (A-53d)
1
(1-)y.)+y
Y- 233 j dy
d[__“%__—i - J—§ z *
(1-1y3) (1-7y.)2
j=1 j=1
N Y. dy
2 dk (A-53e)
k=1 1 Ty ) 4
ey LY

Combining Equations A-52 and A-53 and rearranging produces:
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dtv i N v dy . ;
- - J i_
3z = Ihya (g-t™) + .Zl N az ((Cpp)y (E7-tp) +
T -y
j=1’
: d (Cp..,) N
i ' V' N+1
(Qv)j + (va)j (-t Y - v (t,—tg) e jzl
. V. d(Cp,) . N ; '@
Vet 5 T 2oV (b=t —
(1-Iy) = (1-3y )
j=1 j=1
d(CpV). N 5
—2 - jzl \V/ {(CpL)j (t7-t;) + (Qv)j + (va)j
3
(1~ly4)-¥5 g N a
et 5=1 J dyy Y Yy '
Gl 31 ? — =z * kzl % S /W
(1-2y2) . (l=-)y.)
j=lj k#J j=lj
N Yj
Cpy)yqey * V jzl (Cpy) 3 —x—1 - (A-54)
(1=-)y.)
j=1’

The liquid phase equations are obtained in a similar
manner to that of the wvapor equations. The steady-state

energy balance is:

[energy by mass flow]in - [energy by mass flow]Out +

[energy transferred across interface by conduction] +
[energy transferred across interface by mass transfer] -

[energy generated by chemical reaction] = 0
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[energy by mass flow of carrier 1iquid]in =

1 -
L (HL)N+1|z A (A-55a)
[energy by mass flow of carrier liquid]Out =
¥
L' (Hp)ger lpenz Be (A=35b)
[energy by mass flow of components]in =
N Xj
' -
jzl L e (HL)jlZ A (A-55c)
(1-)x.)
j=17
[energy by mass flow of components]out =
N Xj
] -
‘El L ___ﬁ___'(HL)jlz+Az Ag {£5=55)
J (L-)x.)
j=17

[energy transferred across interface by conduction] =

i
hLa (t™ -t

L)[z+§§_AcAz (A-55e)

[energy transferred across interface by mass transfer] =

LI
'Zl N dz >
1T (1-1x.)
j=1-

N dxj
(HL)j|z+é£ A_Az (A-55¢)

[energy generated by chemical reaction] =

Nr Lt dx.
.El —x— —q7 (H
ITH (1-Tx.)

j=1’

77°F

rX)j (A-55g)
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[compensation for temperature difference between the phase

and the standard heat of reaction] =

dx.
N Jj+N dx.
r L' X _ J
L T E az— Py (CPp)yen T @z CPp)y)

(1-)x.)
j=1’

i o
[t™=77 F]|Z+é§]. (A-55h)

Combining the above produces:

N X.
J -
L (HL)N+llz Ag t 'zl L' =g (HL)jlz A
J (1-Yx.)
j=1’
N xj
' > V e
L (HL)N+l|z+Az Ag 'zl - N (HL)j|Z+é% B *
J (I—ZX.)
j=17
. N dx.,
A L' Jj
et ol A lz+_A% B .zl N dz (HL)j]z+A—§ Aghz +
J (l—Zx.)
j=1-
N ax. N dx.
3 L' | r L J B
‘El N dz (Aer)j + 'zl N dz [pj (CPL)j
] (1-Yx.) ] (1-7x.)
j=1’ j=1’
(Cpy) 5] (t*-77) |, bz = O. (A-56)
2

Dividing through by AcAz and taking limits as Az-+0 and

rearranging gives:
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X .
af ) s {—yg—1
1-Yx.)
d(H_) N ( . J .
' L' N+1 i j=1 _ i
L dz + jzl & dz = hya (& tL) o
N dx. N dx.
L' J r L' Jj
'il N dz (HL)j + 'zl N dz (Aer)j ¥
] (1-)x.) J (1-)x%.)
=17 =17
dx.
N J+N dx.
r L' X _ Jj
j£1 n— 3= Py (CpL)j+NX —az (CPy) 5]
s

(t*-77) (A-57)
Assuming the reference state for all components is the

ligquid state, then:

(HL)j = (CpL)j (tL—tR) (A-58)
and
da(H, ). d(Cp.) . dt
L°3 _ L°J g L -
dz = T dz (B =t} + (Cpp )y 7 (a-53)
*5
Tt ot
(1-)x.) (1-)x.)=-x_ a
A = L A T ? % B .
dz N dz & N dz °
(1-¥x.72 k=1 (1-Yx,)2
j=:|_J k#J ]=lj

Combining Equations A-57 - A-60 and rearranging

yields:
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1T (-)x.)
j=1
i Nr L dx.
(Q,) s + (Q )5 + (Cpy) . (ty-t )} o+ ) ___N___?_J.
i i ’ =L (1-¥x.) ’
j=1/
ax..
N j+N dx.,
r A S& _ Jj
(Al j * -21 N az— P35 (CPL)jun gz
J (l—Xx.) X
- i
. N x d(Cp,)
1_ _ ' - j L _
(va)j} (£°-77) _zl L' (t~tp) 5 13
1 (1-)x.)
j=17
d (Cp,) N "
L' (tp-tp) ot L DEENC N (th-tp)
J=
)
(1-)x.)+x.4 N a
j=1) 3775 3 "k :
{ N dz " kzl N, az1! /I (Cpp)yyg ¢+
(1-}x.) Kty (1=1%.)
N X
] L' —3— (cpp);l. (A-61)
j=1 .
(1-)x.)
j=1]

Equations A-36, A-49, A-54, and A-61 can be solved

simultaneously by a numerical methods technique (such as
Runge-Kutta, Euler's Method, or Predictor-Corrector) for
the compositions and temperatures of the vapor and liquid

phases as a function of tower height.
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If the flow rates are assumed to be constant throughout
the entire length of the tower and if the heats of
reaction, solution, and vaporization are negligibly small,

Equations A-54 and A-6l reduce to:

dt, ha (tv—ti)

15 YCPV)N+1V' (A-62a)

and

i
dtL _ hLa(t -tL)

dz — (Cpp L7 ° (A-625)

These are the equations which normally appear in texts on

the subject3’24.
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APPENDIX B
ADAPTATION OF THE EQUATIONS FOR THE MODEL

TO THE COMPUTER

Now that the equations for mass and heat transfer in a
continuous contactor have been developed, it is important
to detail how these equations will be solved. Particular
attention is given to the method needed to solve 2N+2
simultaneous differential equations and the method
required to solve for the interfacial compositions and

temperature.

The differential equations developed in the previous

section, 3a, 10, 23a, and 23b, can be represented in the

form:
Pk = e, (x t ty %+ i tif k=1 , 2 N (B-la)
dz x ‘£ Y. L’ r X 4+ Y o e R
dy . . .
k i i i
= = fk (x, ¥, tL' tv, X",y ., t) ks1,2,...,N (B-1b)
dt . . .
L . 1
dz g (’__{_7 Y tL' tvl X o X_lr «) (B-1c)
dtV ) : . .
5 i
=z =B G ¥t Yy XY, ED) (B-1d)

These equations can be solved with a numerical integration
technique, such as the Runge-Kutta, Euler's, or Taylor's
methods. For this study, a fourth order Runge-Kutta
method Was used because it is very stable, gives good

accuracy, and has been used by the author in preliminary
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work with excellent results. The other methods had some
disadvantages which made them unacceptable for this work.
Euler's method requires a very small step size for

reasonable accuracy consuming too much computer t:i.me.7
Taylor's method requires the evaluation of higher order

total derivatives.7

The Runge-Kutta method circumvents these problems by
evaluating the functions at selected points along the
subinterval. The starting values for the integration
at the top of the column (Figure 1) would be §0=§in’

at the first increment are calculated from the formulas:

First Runge-Kutta Step:

J1,k = ek Egr Zgr () gr () g =, ¥t th

k=1,2,...,N (B-2a)
Ja,x = fx (Eor ¥or (Ep)gr (&g xt, gt th

k=1,2,...,N (B-2b)
L =9 (xgs Y0 (Er)gr (Bg)gr Xor ¥or £5) (B-2¢)
M= h (x,, yor (1) gr (8)gr X0 ¥os D) (B-2d)
Second Runge-Kutta Step:
J2,x T 8 Xo * %%' Yo * Eé' (Erlo * E%' (ty)o * M%'

xt, yb, th Az k=1,2,...,N (B-3a)
K2,k = fk (§0 + %%, Yo * §%, (tL)O + E%, (tV)O + ﬁér

i i

xt, yr, tY) Az k=1,2,...,N  (B-3b)



J K
_ gy 2y
Ly =9 X5+ v Y9 +
ﬁl’ X}' iy Az
J K
_ k1 =1
M, = h (§0 + = Yo t
&}: Xl’ ely Az

J
_ Ja
I3,k T € gt s ¥ t
5}' Xl’ iy Az
2
K3,k = fx g+ —35r Y5 *
§}, Xl' 1) Az
J K
_ Ja Ra
Ly =9 (X5 + —r ¥ + 3
E}r Xl’ 1y Az
J K
_ I Ea
My =h (x5 + =/ ¥ +
2(-J.’ Xl’ 1) A
Fourth Runge-Kutta Step:
Ta,x = S o T d3s Yo ¥
s, ¢i, 1) 2z
Kg,x = Fx (Xg * 337 29 *
§1’ iy az
Ly =9 (%o + I3/, Y9 * K3»
51, 11, t7) Az

89

) M
1 1
(B-3c)
L M
1 a
(t))o ¥ v () g + 5
(B-—-34)
K L M
=2 2 2
k=1,2,...,N (B—-4a)
K L M
=2 2 2
k=1,2,...,N (B-4Db)
L M
2 2
(t))o + 30 (&) + 3
(B-4c)
L M
2 2
(tL)O t = (tv)o 2’
(B-44)
K3yr (tp) g + Ly, ()4 + Mg,
k=1,2,...,N (B=5a)
K3 (tL)O + Lg, (tv) + My
k=1,2,...,N (B-5b)
(t;) g + L3, (ty) g *+ M3
(B-5c)
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My =h (x5 + J + Ky, (t

3¢ ¥g o * L3r () g + Mg,
£ 4

x, yo, tT) Az (B-5d)

The values at the first increment are:

(xk)l = (xk)0 + (Jl’k + 2J2’k + 2J3’k + J4’k)/6
k=1,2,...,N (B-6a)
(yk)1 = (xk)0 + (Kl,k + 2K2’k + 2K3,k + K4,k)/6
k=1,2,...,N (B-6b)
(tL)l = (tL)0 + (Ll + 2L2 + 2L3 + L4)/6 (B-6c)
(tV)1 = (tv)0 + (Ml + 2M2 + 2M3 + M4)/6 (B-64d)

and then the independent variable is calculated by:

z. = 2. + Az (B-7)

To calculate the values at the next increment, replace
Xor Yor (tL)O, (tV)0 with Xir ¥y (tL)l, (tv)l and repeat
the calculations. The procedure is continued to the
bottom of the column where y = Yin and the calculations

would be terminated.

Before Equation B-1 can be solved, the interfacial
compositions, 54, and temperature, ti, must be obtained
at each axial position in the contactor at which the
differential numerical procedure is applied. For
example, Equation A-16 describes mass transfer in a
continuous contactor for one transferring component.

The overall material balance is:
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dy _ dx _ _

The substitution of Equation A-16 into Equation B-8
yields:

ka (y=y*) = k a (xt-x) = o. (B=9)

If the equilibrium data are of the form

v' = mxT, (B-10)

then Equation B-8 can be easily solved for x* (or yl):

k_a x, t kya Yy

i X
ka+ kam
X Yy

X =

. (B-11)

However, if the equilibrium data are nonlinear, for
example of the form

vt = a + bx® + c(xl)2 S (B-12)

then Equation B-9 must be solved with B-12 for xT using

Newton's method:

. ff(xi)
L k
X = X - 7 (B_l3)
+
Il I AL£E (x) ]
dxi
where ff(xi) = kya (y—yi) - kxa (xi—x). For a one

component system with chemical reaction, Equation B-9 is:
i i
kya (y=y7) - [E (kxa) (x7-x) - r] = 0. (B-14)

If more than one chemical reaction occurs, then the
insertion of Equations A-37a and A-48 into Equation B-9

gives:
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. N i
1 8
(1-y,) (kya)k (Y -vy) - .Z Yy (kya)j (yj—yj) -

j=1
j#k
N
[(1-x,) Ry - .21 X, Rj]. k=1,2,...,N_ (B-15)
J:
j#k

To use Newton's method, it is necessary to evaluate the
enhancement factor, E, at every iteration, because Ei’
which is used to calculate E, is a function of inter-
facial compositions. Newton's method is used until

ff(§}) is very nearly =zero.

To determine the interfacial temperature, tl, the overall

energy balance is needed:

HV dHL

v
Insertion of Equations A-54 and A-61 into Equation B-16
for a one transferring component system with no chemical

reaction gives:

. " dy :
hya (t,-t™) + VN di (Hy)y - [hga (e5-t) +
1- .
( jE{J)
dx
L' 1
N dz (HL)l:I = 0. (B-17)
(l—ij)
j=1

Equations B-9 and B-17 must be solved simultaneously for
interfacial compositions and the interfacial temperature
using Newton's method for systems. The general equations

are:



: IEE,
Ae, —w—— =
k=1 X 9%

in which € represents

For the problem under

oF oF
i 1 i 1
Axl ;;T + sz g;I.+ A
1 2
. OF . OF
i 2 i 2
Axl E;I + sz E;I + .
1 2
. OF oF
Axy N 4 opaxr N,
1 Bxl 2 axl
1 2
Axl EE* + A 1 §§+ + &
1 gl 2 5%t
1 2
where:
Fk =
M =
Axi =
Attt =

The starting values

i=1'2,0Q0’N

the independent variable,

consideration, Newton's

oF . OF
Nx Bx; ott
=
oF . OF
.+ Ax 2.+ AT —2
N 1 1
X 00X ot
N
b4
oF . OF
X 9xX ot
N
X
" AXN BMl + Atl BMl
X BxN ot
X
fk - ek
h -g
i i
(Xk)n+1 (xk)n
i i

i
X
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(B-18)

i
or t .

would be:

i

for Newton's method to determine §l

and t' are calculated by multiplying x and tL by 1.1.
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The recursive formulas are used until the Axt's and At?t

are less than some preset value (i.e., 10—6). These
interfacial values are used in the Runge-—-Kutta equations
to determine the compositions and temperatures at the
next increment. For the mul+ticomponent system with
chemical reaction, Equation B-16 becomes:
. N dy. ;
P A A Jj _ 1
hpa (t,-t7) + ‘z-l q e (HV)j {hLa (£7-t ) +
= (l‘XYj)
=1
N dx N dx.
L' 3 5 5 L Jj
'21 N az Ho)g * '21 v "az "W Y
T =%y =L (1-7x.)
j=1 =2
N , A¥ 2 1N ax
N pj (Cpp) (Cpy,) 41}
.21 N dz L j+NX dz AVAR!
ITh -y
Jj=1

elio77) = o

which must be solved with the multicomponent B-

facial composition equation by Newton's method

(B-20)
20 inter-

for

systems for the interfacial compositions and temperatures.
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APPENDIX C

RESULTS AND DISCUSSION

In order to demonstrate the accuracy and versatility of
the model, a broad range of contactor problems is pre-
sented. These problems include nonisothermal conditions,
fast chemical reaction in the liquid phase, and multi-

component transfer.

One of the systems selected for study is gaseous ammonia
absorption by liquid water, first investigated by
Sherwood and Pigford.24 The water, the liquid carrier,
is also vaporizing making this a two component problem.
The heats of vaporization of ammonia and water are

sufficiently large [(Q.) =15380 BTU/1lb mole and

v’ ammonia
(Q.) =19250 BTU/lb mole] to insure nonisothermal

v water
conditions and require energy balance calculations. The
data for the computation of the composition and
temperature profiles are presented in Table C-12.
Sherwood and Pigford24 made additional assumptions:
that there are dilute solutions, that all resistance to
mass transfer is in the vapor phase, and that the
interfacial temperature is the same as the bulk liquid

temperature. The resulting equations are:

Mass Transfer:

jol}

Ammonia: - —ZL =y, - yi (C-1la)
- NM 1 1

for
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dy

2 i
Water: - Hﬁ; = a (y2—y2) (C-1Db)
Heat Transfer:
dtV
Vapor : - aﬁ; = B (tv—tL) (C~1c)
dt
. . L v dt
Ligquid: - = [Cp., == +
dz LCpL v dNM
0. 1, gy, 2 (c-14)
NI Q — e
v’'l dNM v’'2 dNM_
where
NM — number of transfer units
o - (kxa)2/(kxa)l
B - [hya/(VCpy)1/[(ha),/V].

Sherwood and Pigford24 do not state the source of the
equilibrium data for ammonia and water. The representa-
tion of the equilibrium data used in this work for
ammonia is the Stern8 equation and the equilibrium
equation used for water is the result of a least squares

curve fit of the water vapor pressure data in Perry21.

The difficulty with the data given by Sherwood and Pig-
ford24 is that it is incomplete. Unfortunately, the
flow rates are not given per square foot of cross
sectional tower area and the type of packing used is not
stated. Therefore, the flow rates and mass and heat
transfer coefficients are calculated assuming that the
tower is operating at 50 percent of the flooding

velocity and is packed with one inch Raschig rings.
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The procedure for these calculations is outlined in
Foustlz. As in all the examples used in this work, the
mass and heat transfer coefficients are assumed constant
throughout the column and are usually evaluated at an

average of the inlet and outlet ¢conditions.

These data are used to generate the concentration and
temperature profiles which appear in Figure C-12 (Cases
C and D) with the results given graphically by Sherwood

24 (Case A) . Two solutions for the above data

and Pigford
are obtained using the model developed in this work.
First, the composition and temperature profiles are
calculated using the data as they appear in Table C-12
[i.e., all resistances to mass and heat transfer are
finite (Case D)]. Then, all the resistance to mass and
heat transfer is assumed to be in the vapor phase [i.e.,

ligquid mass and transfer coefficients are infinite] and

the profiles are recalculated (Case C).

Equation C-1 is also solved numerically with the equi-
librium data for ammonia and water used in this work
(Figure C-12, Case B) and compared with the results
given graphically by Sherwood and Pigford24 (Figure C-12,
Case A). The greatest deviation between the concentra-
tion and temperature profiles is ten percent and six
percent, respectively, occurring approximately in the

center of the column. At most axial positions the
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disagreement between curves A and B is less than five
percent. Since the results are very sensitive to the
equilibrium data used, the differences between curves A
and B are possibly a result of variation between the
equilibrium data used in this investigation and that

used by Sherwood and Pigford24.

As mentioned above, the accuracy of the model is dependent
on the accuracy of the data supplied to the model,
particularly the exact representation of the equilibrium
data. The sensitivity of the computations to the
equilibrium data can be illustrated by using data from
Othmer and Scheibel20 and later used by Sherwood and
Pigford24 in the following nonisothermal absorption.
Absorption of acetone and water vapor by liquid water is
studied in a sixteen foot column packed with one inch
Raschig rings. The heat of vaporization of both acetone

and water is sufficiently large [(Qv) =18000 BTU/

acetone

1lb mole and (QV) =19323 BTU/1lb mole] to require

water

energy balance calculations.

Sherwood and Pigford24 also make the additional assump-
tions outlined previously (i.e., dilute solutions and no
resistance to mass and heat transfer in the ligquid phase).
In this work, mass and heat transfer coefficients are
calculated for both the vapor and liquid phases by a

procedure outlined by Treybalzs. The data used in the
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computation of the profiles are presented in Table C-1].

Equilibrium data were not available in any of the
literature surveyed for this study. An attempt was made
to develop an equation to represent the equilibrium data
from the heat of vaporization and activity coefficients
as suggested by Sherwood and Pigford24. Since this
method is, at best, an estimation, accurate results
could not be expected. The model is not capable of
reproducing the profiles estimated by Sherwood and
Pigford (Figure C-11l), probably due to the inaccuracy
of the equilibrium data. This problem demonstrates the

necessity of having an accurate representation of the

equilibrium data if a model is used.

If the equilibrium data are accurately represented, the
model is capable of predicting column heights and output
compositions for absorber-reactors. A total of nine
systems involving mass transfer with chemical reaction
is used to test the mass and heat balance equations and
their solutions. A summary of these systems is presented
in Table C-13. In addition, a comparison of the column
heights reported by the various investigators and the
column heights predicted by the model is presented.

The difference between the reported and predicted column
height in most of the systems studied is six percent or

under; and in over half of the systems studied, the
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difference is less than three percent.

A typical mass transfer problem with chemical reaction
system is that of Tepe and Dodgezs. In the 7.7 foot
absorber-reactor filled with one-half inch Raschig rings,
carbon dioxide in the air phase is transferring and
reacting instantaneously with sodium hydroxide in the
aqueous phase and is the only transferring component.

The heats of reaction and vaporization are sufficiently
large to require both mass and energy balance calcula-
tions. The concentration and temperature profiles
calculated in this work are presented in Figure C-9. The
data for this system are presented in Table C-9. The
difference between the column height used by Tepe and

25

Dodge and that predicted by the model is six percent.

A1l compositions and temperatures are checked at the
opposite end of the column from which the numerical
integration procedure is started. The reported and
predicted liquid phase compositions and vapor and liquid
temperatures [i.e., y; » X ,¢r (ty) 0 () gue] differ by
no more than ten percent and two percent, respectively.
In most cases, the terminal conditions (i.e., at the
opposite end of the column from which the numerical
integration procedure was started) reported by the
original investigators do not differ from the calculated

terminal conditions by more than ten percent.
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As a final demonstration of the versatility of the model
and the resulting computer program, a problem which would
incorporate all the features of the model (energy balance,
chemical reaction, and multicomponent transfer) was
desired; however, no such problem was available in the
open literature. Therefore, a three component test
problem was proposed and then simulated. Two of the
components (yl and y2) transfer from the vapor to the
ligquid phase and react instantaneously in the liquid film.
The other transferring component (y3) transfers from the
vapor to the liquid phase and does not react. The

heats of vaporization and reaction are chosen to
necessitate using the energy balance calculations. A
summary of the data is presented in Table C-10. The
resulting concentration and temperature profiles, which
appear to represent the typical behavior of three compo-
nent nonisothermal absorption with chemical reaction

accurately, are shown in Figure C-10.
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TABLE C-1
PHYSICAL DATA -- SYSTEM 1

Carrier Liquid: Water
Carrier Gas: Air
Compositions:
Yin = 0.001 Xin = 0.0 ?in = 0.001
Youk = 0.0002 Xout = 0.000114 ﬁout = 0.000109
Temperature: Uniform throughout the column
Reaction: None
Flow Rates: L' = 143.3 1lb moles/hr ft2

V' = 20.5 1b moles/hr ft?

Mass Transfer Coefficients (assumed constant):

3

kxa = 0.349 1lb moles/hr ft~ (mole fraction)

kya = 1.996 1lb moles/hr ft3 (mole fraction)
Equilibrium Data:

yl = 7.0 x*
Program Predicted Tower Height: 1465 ft

Reference: 16
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TABLE C-2

PHYSICAL DATA -- SYSTEM 2

Carrier Liquid: Water
Carrier Gas: Air
Column Height: 16.4 ft

Components: 1 = A, 2 =C, 3 =B

Reaction: A+B+C (instantaneous reaction)

Compositions: (yin)l = 0.001 (yout)l = 0.0002
(Yin)p = 0.0 ¥ ap/a = ©-0
(yin)3 = 0.0 (yout)3 = 0.0
(Xin)l =0.0 (Xout)l SOt
(xin)2 = 8-0 (Xout)z - 0T
(Xin)3 = 0.0143 (Xout)3 = 0.0142
(§fin)l = 0.001003 (ﬁout)l = 0.0
(?in)2 = 0.0 (}'Eout)2 = 0.000113
(9in)3 = 0.0 (}'Eout)3 = 0.0142

Temperature: Uniform throughout the column

Flow Rates: L' = 143.3 1lb moles/hr ft2

V' = 20.5 1b moles/hr ft2

Mass Transfer Coefficients (assumed constant):

3 (mole fraction)

(kxa)l = 0.349 1b moles/hr ft

(kya)l = 1.996 1b moles/hr ft3 (mole fraction)
Equilibrium Data:

yi = 7.0 X

Program Predicted Tower Height: 16.55 ft

Reference: 16

104
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TABLE C-3

PHYSICAL DATA -- SYSTEM 3

Carrier Liquid: Water

Carrier Gas: Air

Column Height: 80 ft
Components: 1 = A, 2 =C, 3 =B

Reaction: A+B-»C (instantaneous reaction)

Compositions: (yin)l = 0.001 (yout)l = 0.0002
(yin)Z = 0.0 (Yout)2 = 0.0
(Yin)3 = 1020 (yout)3 = 0.0
(Xin)l = 0.0 (Xout)l = 0.0
(Xin)2 = 0.0 (Xout)Z - "
(xin)3 = 0.0005714 (Xout)3 = 0.000457
(9;,)7 = 0.001003 (R ,e)q1 = 0-0
(j?in)2 = 0.0 (}’Eout)2 = 0.00012
(i}in)3 = 0.0 (ﬁout)3 = 0.000456

Temperature: Uniform throughout the column

Flow Rates: L' = 143.3 1lb moles/hr ft2

V' = 20.5 1b moles/hr ft2

Mass Transfer Coefficients (assumed constant) :

3

(kxa)l = 0.349 1lb moles/hr ft~ (mole fraction)

(k,a); = 1.996 1b moles/hr £t3 (mole fraction)

Egquilibrium Data:

i
1

Program Predicted Tower Height: 81 ft

y] = 7.0 x

Reference: 16
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Carrier Liquid:

Carrier Gas:

Column Height:

Components:
Reaction:

Compositions:

Temperature:

Flow Rates:

V' =

Mass Transfer
(kxa)l =

(kya)l =

A+B->C

TABLE C-4

PHYSICAL DATA --

Air

23 ft

Coefficients (assumed constant):
0.0349 1b moles/hr ft>

1.996 1b moles/hr ft3

Equilibrium Data:

Water

=C, 3 =B

20.5 1lb moles/hr ft

yi = 7.0 xT

Program Predicted Column Height:

Reference: 16

SYSTEM 4

(instantaneous reaction)

(yin)l = 0,001 (yout)l
(yin)2 = P (yout)2
(yin)3 SHC (yout)3
(xin)l = 0.002135 (xout)l
(xin)Z = Ll (xout)z
(xjn)3 = 0.0 out) 3
(9in)l = 0.001001 (}’Eout)l
(?in)Z =0 (ﬁout)Z
(9in)3 S (ﬁout)B
Uniform throughout the column
L' = 143.3 1lb moles/hr ft2
2

0.0002
0.0

0.0

0.0
0.00217

0.0

0.00202

(mole fraction)

(mole fraction)

25.4 ft

108
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TABLE C-5

PHYSICAL DATA -- SYSTEM 5

Carrier Liquid: Water

Carrier Gas: Nitrogen-Hydrogen
Column Height: 22.9 ft

Components: 1l = C02, 2 = KHCO

Reaction: C02+K2CO3+H20—>2KHCO3
Compositions: (yin)l = 0.25
(vy55)p, = 0.0

(%3n)y = 0-0
(x;,), = 0.00704
(x;, )3 = 0.03169
(950)7 = 0.025

(?in)z = 0.0

Temperature: t

Flow Rates: L'

V' = 442 1b moles/hr ft

Mass Transfer Coefficients:

3’

3

652 1lb moles/hr ft

(kxa)l = 190 1lb moles/hr ft3

(kya)l = 51 1lb moles/hr ft

Diffusivities:

(Do) g

(DL) = 6.975 x 10~

3

6.39 x 10

5

= K,CO

2773

(yout)l
(Yout) 2
(Yout) 3
(Xout)l
(Xout)z
(x

(R

out)3
out)l
(ﬁout)Z
(ﬁout)3

2

2

0.005
0.0
0.0
0.0
0.0480
0.0130
0.0
0.0420

0.0141

140°F (uniform throughout the column)

(mole fraction)

- 2
(DV)l = 0.775 £t°/hr

££2 /hr

££2/hr

(mole fraction)
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TABLE C-5 (continued)

iquilibrium Data:

3
1

Program Predicted Tower Height: 22.5 ft

y] = 490.5 x

Reference: 9
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PHYSICAL DATA

Carrier Liquid: Water

Carrier Gas:

(uniform throughout the column)

TABLE C-6

— SYSTEM 6

Nitrogen—-Hydrogen Mixture

0.005

0.0

0.0
0.0000183
0.0480
0.0130
0.0000183
0.0420

0.0142

Column Height: 22.9 ft

Components: 1 = C02, 2 = KHCO3, 3 = K2CO3

Reaction: C02+K2CO3+H20—>2KHCO3

Compositions: (yin)l = 0.25 (yout)l
(yin)z = @50 (yout)2
(yin)3 LR (yout)3
(Xin)l = 0.0 (Xout)l
(Xin)z = 0.00704 (xout)2
(xin)3 = 0.03169 (Xout)3
($3p)q = 02503 (Rout)1
(?in)z = 0.0 (ﬁout)2
(yin)3 = 0.0 (ﬁout)3

x) = x,, where x_ = (.000151) (KHCO,) %/ (K,CO5)

Temperature: t = 140°F

Flow Rates: L' = 652 1lb moles/hr ft?

V' = 442 1b moles/hr ft2

Mass Transfer Coefficients:

(ka); =
(kya)l
Diffusivities: (DV)l =
(D;)q =

(D) 5 =

190 1b moles/hr ft

3

51 1lb moles/hr ft3

(mole fraction)

0.775 £t%/hy

6.39 x

6.975 x 10

10"

ft2/hr

5

ftz/hr

(mole fraction)

113



114

TABLE C—-6 (continued)

Equilibrium Data:

i
1

Program Predicted Tower Height: 22.8 ft

i _
y] = 490.5 x

Reference: 9
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TABLE C-7

PHYSICAL DATA -- SYSTEM 7

Water

Carrier Liquid:

Carrier Gas:

Column Height:

Components:

Reaction:

Nitrogen-Hydrogen Mixture

10.5 ft

= co,,

2 = RNH.COO +RNH.

2

CO.+2RNH..+~RNH..COO +RNH. T

3

, 3 = RNH, (MEA)

2 2
Compositions: (yin)1 Q.25 (yout)l = 0.00002
(yin)z 0.0 (yout)Z Sl
(yin)3 260 (yout)3 = 00
(Xin)l 0.0 (Xout)l = 9-0
(xin)2 0.01374 (Xout)2 = 0.0350
(xin)3 0.03205 (xout)3 = 0.00916
(ﬂ}in)l 0.254 (}’Eout)l = 0.0
(?in)2 DL (ﬁout)Z = 0032
(?in)3 0.0 (}’Eout)3 = 0.013
Temperature: t = 86°F (uniform throughout the column)
Flow Rates: L' = 677.8 1lb moles/hr ft?
V' = 23.2 1b moles/hr ft2

Mass Transfer Coefficients (assumed constant):

3

(kxa)l = 384.4 1b moles/hr ft (mole fraction)

(kya)l = 36.4 1lb moles/hr ft3 (mole fraction)
Diffusivities: (Dy); = 0.775 £t/hr
(D), = 5.425 x 107> £t%/hr
(D), = 2.983 x 107° £t?/hr
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TABLE C-7 (continued)

Equilibrium Data:
i _ i
Yy = 111l.2 %3

Program Predicted Tower Height: 8.8 £€

Reference: 6
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TABLE C-8

PHYSICAL DATA -- SYSTEM 8

Carrier Liquid: Water

Carrier Gas: Air

Column Height: 3.0 ft

Components: 1 = C02, 2 = Na2C03, 3 = NaOH

Reaction: C02+2NaOH+Na2CO3+H20

Compositions: (yin)l = 0.0184 (yout)l = 0.0109
(yin)z =100 (yout)2 = 0.0
(yin)3 SUa0 (yout)3 =R0c0
(xin)1 = 0.0 (Xout)l = 0.0
(Xin)2 = 0.0363 (xout)2 = 0.0375
(xin)3 = 0.0104 (xout)3 = 0.0091
(?in)l = 0.01841 ()’Eout)l = 0.0
(?in)2 = 0.0 (Qout)2 = 0.0368
(9in)3 = 0.0 (ﬁout)3 = 0.0093

Temperature: t = 79°F (uniform throughout

Flow Rates: L' = 91.17 1lb moles/hr ft2
V' = 6.55 1lb moles/hr ft2
Packing: 1/2" Raschig rings

Mass Transfer Coefficients28

(kxa)1 = 120.27 1lb moles/hr ft

(kya)l = 5.27 1lb moles/hr ft

the column)

(assumed constant):

3 (mole fraction)

(mole fraction)
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TABLE C-8 (continued)

Diffusivities: (Dy); = 0.6355 £t°/hr
_ -5 ., 2
(D;); = 6.85 x 10~ ft°/hr
_ -5 _, 2
(DL)3 = 5.85 x 10 ft/hr
Equilibrium Data:
yi = 1680 xi

Program Predicted Tower Height: 3.08 ft

Reference: 24

20
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TABLE C-9
PHYSICAL DATA -- SYSTEM 9
Carrier Ligquid: Water
Carrier Gas: Air
Column Height: 7.7 ft
Components: 1l = C02, 2 = Na2CO3, 3 = NaOH
Reaction: C02+2NaOH+Na2CO3+H20
Compositions: (yin)l = 0.0472 (yout)l
(yin)2 = 0.0 (yout)z
(yin)3 L (yout)B
(Xin)l = 0.0 (Xout)l
(xin)2 = 0.000427 (xout)2
(Xin)3 = 0.01883 (xout)3
(?in)l = U042 (ﬁout)l
(9in)2 aCes (ﬁout)z
(9in)3 U (ﬁout)3
Temperature:
(tL)in = 63°F (tL)out = 80°F (ﬁL)out
(tV)in = 80°F (tV)out = 69°F (ev)in
Flow Rates: L' = 40.1 1lb moles/hr ft2
V' = 6.15 1lb moles/hr ft2

Packing:

1/2" Raschig rings

0.0099
0.0

0.0

0.0
0.00685
0.00539
0.0
0.00619

0.00741

= 79.0°F

= 80.1°F
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TABLE C=9 (continued)

Transfer Coefficient528 (assumed constant) :

3

(kxa)l = 52.5 1lb moles/hr ft (mole fraction)

(kya)l = 2.99%2 1b moles/hr ft3 (mole fraction)
3

hLa = 8758 BTU/hr ft~ °F
hga = 24.6 BTU/hr £t3 oF
Diffusivities (at 79°F): (D,); = 0.6355 ££2/hr
_ -5 _.2
(DL)l = 6.85 x 10 ft“/hr
_ -5 _.2
(DL)3 = 5.85 x 10 ft“/hr

Equilibrium Data:

1

1
0.0000073484 (t1)2

y; = h (10%) x

Program Predicted Tower Height: 8.2 ft

Reference: 24
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where h = 0.025499 + 0.00122338 t1 +
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Carrier Liqgquid:

PHYSICAL DATA

Carrier Gas: Air

Components: 1 = A,

Reactions:

TABLE

Water

2 =¢C,

A+2B~>E, C+B &

125

c-10
- SYSTEM 10
D, 4 =E, 5=F, 6 =B

Compositions:
(yin)l = 0.05 (yout)l 0.01 (xin)l = 0.00
(yin)2 = 0.075 (yout)2 0.02 (xin)2 = 0.00
(yin)3 = 0.014 (yout)3 0.01 (xin)3 = 0.00
(yin)4 = 0.00 (yout)4 0.00 (xin)4 = 0.0001
(yin)S = 0.00 (yout)5 0.00 (xin)5 = 0.00015
(yin)6 = 0.00 (yout)6 0.00 (xin)6 = 0.02
Temperature:

(tL)in = 60°F (tv)in = 65°F

(tL)Out = 87°F (tV)Out = 58°F
Flow Rates: L' = 45 1lb moles/hr ft2

V' = 5 1b moles/hr ft2

Packing: 1" Raschig rings

Transfer Coefficients (at 79°F,

(ka), = 50 lb moles/hr s

(kya)l = 3 1lb moles/hr ft3

(kxa)2 = 45 1lb moles/hr ft

3

(kya)2 = 2.5 1lb moles/hr ft3

(kxa)3 = 332 1lb moles/hr ft

3

assumed constant) :

(mole fraction)

(mole fraction)

(mole fraction)
(mole fraction)

(mole fraction)



TABLE C-10 (continued)

Transfer Coefficients (continued):

(kya)3 = 14 1lb moles/hr ft

3

3

hLa = 9000 BTU/hr ft~ °F

hva = 10 BTU/hr
Diffusivities: (DV)l
(D)
b
(0)
(D) g
Equilibrium Dataz:

N
N
I

_ i
Y3 = 29 %3

ft

3 op

0.64 ££2/hr

5

7.0 x 102 £t2/hr

0.70 £t2/hr

5

7.5 x 10~° £t2/hr

5

6.0 x 10" ° £t2/hr

yl = [0.025 + 0.0012 £ + 0.000007 (£%)?] 10

[0.030 + 0.020 £t + 0.00010 (tl)z] 10

(mole fraction)
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TABLE C-11

128

PHYSICAL DATA -- SYSTEM 11
Carrier Ligquid: Water
Carrier Gas: Air
Components: l = Acetone, 2 = Water
Reaction: None
Compositions: (yin)1 = 0.0309 (yout)l = 0.00231
(yin)2 = 0.0116 (yout)Z = 0.0265
(xin)l = 0.0 (xout)l = 0.0114
(xin)2 = 0.0 (xout)2 = 0.9886
(?out)l = 0.00227 (:’&in)l = 0.0
(1’}out)2 = 0.0186 (ﬁin)2 =1.0
Temperature:
(tL)in = 54.5°F (tL)Out = 69.3°F (ﬁL)in = 56.8°F
(tV)in = 58.8°F (tv)out = 72°F (Ev)out = 58°F
Flow Rates: L' = 38.33 1lb moles/hr ft2
V' = 15.24 1b moles/hr f£t2
Packing: 1" Ceramic rings
Mass Transfer Coefficients28 (at 65°F, assumed constant):
(kxa)l = 21.65 1lb moles/hr ft3 (mole fraction)
(kxa)2 = 39.4 1b moles/hr ft3 (mole fraction)
(kya)l = 4.36 1b moles/hr ft3 (mole fraction)
(kya)2 = 7.93 1b moles/hr ft3 (mole fraction)
h a = 120.0 BTU/hr ft> °F
h,a = 6.93 BTU/hr ft> °F
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TABLE C-11 (continued)

Equilibrium Data:
Yi =Yy p° xi/P (see Appendix D)

: : N
[0.027721 - 0.000733 t* + 0.0000112819 (tl)z][l-zxj]
Jj=1

i
Y5

Reference: 23



130

90

———— ESTIMATED BY SHERWOOD AND
PIGFORD!O
—— —— PREDICTED BY THE MODEL

TEMPERATURE, t

50 ‘ + - $ —t +
(o] 20 40 6.0 8.0 100 120

LIQUID ACETONE MOLE FRACTION, x - 1073

Figure C-11l. Vapor and Liquid Temperature Profiles for
an Adiabatic Absorption of Acetone in

Water24
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TABLE C-12

PHYSICAL DATA -- SYSTEM 12
Carrier Liquid: Water
Carrier Gas: Air
Components: 1 = Ammonia, 2 = Water
Reaction: None
Compositions: (yin)l = 0.0049 (yout)l = 0.0881
(yin)2 = 0.025 (yout)2 = 0.0305
(xin)l = 0.0 (Xout)l = 0.0302
(xin)2 = 1.0 (xout)2 = 0.9698
Temperature:
(tL)in = 61.3°F (tL)Out = 92.1°F
(tV)in = 77°F (tV)out = 68.3°F
Flow Rates: L' = 65.1 1b moles/hr ft?
V' = 24.6 1b moles/hr ft?
Packing: 1" Raschig rings
Transfer Coefficients12 (at 77°F, assumed constant) :
(kxa)l = 126.0 (kya)l = 23.1
(kxa)2 = 143.7 (kya)2 = 26.5
hLa = 12600 hVa = 23.2

Equilibrium Data:
12

760

22.2

1000
{2

—1.6)(0.7574+%%5§%o}]/
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TABLE C-12 (continued)

Equilibrium Data (continued):

. : : N
y, = [0.027721 - 0.000733 t= + 0.0000112819 (tl)z][l—ij]
=1

Reference: 23
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TEMPERATURE, t

A- SHERWOOD AND PIGFORD'C (h a, kya = w)
B- SHERWOOD AND PIGFORD EQUATIONS WITH
EQUILIBRIUM DATA FROM THIS WORK(h a, kya= )|
C- PREDICTED BY THE MODEL (ha, kya= @)
D-PREDICTED BY THE MODEL (h a, kya FINITE)
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Figure C-12.

Concentration and Temperature Profile
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for an Adiabatic Absorption of Ammonia in

Water24



TABLE C-13

REACTION SYSTEMS STUDIED WITH REPORTED AND CALCULATED COLUMN HEIGHTS

Reported Program

Transfer- Column Predicted
Carrier Carrier ring Com- Heat Height  Height Refer-
System Reaction  Liquid Gas ponent Effects (ft) (ft) % Error ence
1 None HZO Air A Isothermal 1550 1465 5 ¢S 6
2 A+B~>C H20 Air A Isothermal 16.4 16.55 0.9 6
3 A+B->C H20 Air A Isothermal 80.0 81.0 1.2 6
4 A+B~>C H20 Air A Isothermal 23.0 25.4 9.4 6
5 C02+K2CO3+ Hzo N2 CO2 Isothermal 22.9 2245 0.7 4
H20+2KHCO3
6 C02+K2C03+ H20 N2 CO2 Isothermal 22.9 22.8 0.4 4
H20+2KHCO3
7 C02+2RNH3+ H20 N2 CO2 Isothermal 10.5 9.8 6.7 4
RNH2COO“+
RNH2

VET



TABLE C-13 (continued)

Reported Program

Transfer- Column Predicted
Carrier Carrier ring Com-  Heat Height  Height Refer-
System Reaction Liquid Gas ponent Effects (ft) (ft) % Error ence
8 C02+2NaOH+ HZO Air CO2 Isothermal 3.0 3.08 2,7 11
Na2CO3 +H20
9 C02+2NaOH+ HZO Air CO2 Adiabatic 7.7 8.2 6.0 11
Na2CO3+H20
10 A+2B-C H20 Air A,B,C Adiabatic - 3.1 vt
A+B->C

SET
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APPENDIX D

EQUILIBRIUM DATA

In the numerical solution of mass transfer equations, one
of the most important considerations is the accuracy of
the equilibrium data. Where data is available, it is

generally reliable.

For example, Perry21 gives equilibrium data for ammonia,
sulfer dioxide, and many others. For isothermal con-
ditions, it is most convenient to curve fit the data
using least squares to the form:

i

vyt = a + bxt + cxH? + ... . (D-1)

For nonisothermal conditions, the data may be correlated
by a graphical technique presented by Daviss. The Stern
equation (Appendix C, System 12) was developed using this

technique. If Henry's Law constants are available, they

can be fit to:

H=a+bt +ct? + ... (D=2)
by least squares and used in:
vt o= H(t)x' (see Appendix C, System 9). (D-3)

All of these methods can represent the equilibrium data
guite well. A problem arises when equilibrium data are
not available and must be estimated from other known

quantities.
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For an acetone absorption (Appendix C, System 1l1), equi-
librium data could not be found in the literature.
Sherwood and Pigford24 suggest that the equilibrium

relationship be estimated from activity coefficient data.

The activity coefficient may be calculated from:

vy = ytp/xtp° (D-4)
where y = activity coefficient; P = total pressure, mmHg;
p° = vapor pressure, mmHg. The vapor pressure of a

substance changes with temperature by the Clausius-

Clapeyron equation:

awnp® _ 29

5 i RT2
Integrating from T to TR gives:
o o T-Tg
nP_ = nP + [—]. (D-6)
T TR TTR
If Pg = 200 mmHg (TR = 22.7°C) is used as a reference,
R
then Equation D-6 becomes:
o _ 7590 ,T-295.7 _
2™ = exp Dm 200 *+ g g (b=7)
where:
80T=22-7 = 7590 cal/gmole.

In addition, the activity coefficient also changes with

temperature according to:



deny
dT

where AQS =

gives:

Lny = RnyR -
For a reference temperature

gives YR = 6. Eqguation D-9

Y = exp [1.79208 +

for x < 0.002.

heat of solution.

If x > 0.002,
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S

RT2

(D-8)

Integrating Equation D-8

Q.

(D-9)
_ ° 15

of TR = 17.6°C, Hartley
becomes:

T-290.6

Carlson and Colburn6 suggest

a slightly different form of:

'Y:

T-290.6
E 296.3TH :

By rearranging Equation D-4,

may be estimated by:

exp {2.303 (1-x)2 [0.77815 + 545.497

(D-11)

the equilibrium relationship

(D-12)

Figure C-10 shows the resulting profiles using the above

representation of the equilibrium data.

The estimation

of the equilibrium relationship was not accurate enough

for the particular problem.

(59°F - 80°F) and concentration (yl; 0o -

In addition, the temperature

0.0205) ranges

may have been too broad for this method to give adequate

results.
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Obviously, the importance of accurate equilibrium data
cannot be stressed too strongly. An accurate representa-

tion of the equilibrium data is essential to reliable

results.
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APPENDIX E
INSTRUCTIONAL USE OF THE NUMERICAL SOLUTION OF THE

ONE COMPONENT EQUATIONS

For the equations:

d kya i

= = <L (y-v) (A-16a)
dx kxa i

a'é- - —L— (X —X) (A—le)

there are three methods to obtain tower height --
numerical, analytical, and graphical solutions. The
graphical technique is still primarily covered in under-
graduate courses in mass transfer. Foust12 and others
have detailed the procedure for the graphical technique.
The tower height can be found from:

z = HGNG (E-1)

where HG is the height of the transfer unit and NG is the

number of transfer units. Equation E-1 is further
defined by:

v
H, = (E-2a)
G kya(l-y)lm

and

Y (1-y), dy
out lm. . (E-2Db)

N. = J
= Yin  (1-y) (y"-y)

Equation E-2b must be graphically integrated to obtain the

value for the number of transfer units.
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Since graphical calculations are time consuming, the

use of the graphical technique to demonstrate anything
other than simple tower height calculations is not
practical. However, properly programmed, Equation A-16
can be solved in a matter of seconds using a digital
computer. But far more effective (if the facilities are
available) is to program the equations on an interactive
terminal. The user may supply the required data and

receive the requested answer all in a matter of minutes.

The types of one component problems that can be handled
by the properly programmed equations are numerous.
Figure 1 shows the general column model. The various
problems possible are:
Case I1:

Quantity Sought: Tower height (2)

Known: All terminal compositions, the flow rates,

transfer coefficients, and equilibrium data.

Case II1:

Quantity Sought: Output compositions (yOut and x )

out

Known: X. , flow rates, transfer coefficients,

Yin’ in

equilibrium data, and tower height. An
initial guess of Yout must be supplied to the

program. For an initial guess try Yout =

0.001 unless a better approximation to Yout

is known.
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Case III:

3 - 1
Quantity Sought: L' and Xout

Known: X transfer coefficients,

]
in’ Yin’ Yout’ Vi,

equilibrium data, and total tower height.

(L' should be read in as zero and xOut as

—lo)
Case 1IV:

Quantity Sought: V' and Yout

Known: . " ' ici
Xin’ Xout’ yln, L', transfer coefficients,

equilibrium data, and total tower height.

(V' should be read in as zero and Yout 25
-1.)
Case V:
Quantity Sought: Either overall transfer coefficient

Known: All terminal compositions, flow rates, total
tower height, and equilibrium data. (The
coefficient not under consideration should
be read as zero and an initial guess of the

desired coefficient should be read in.)

Sample outputs from an interactive terminal are presented

in Tables E-1 through E-4.

Case I would be a straightforward numerical integration
to determine tower height. However, Cases II through V
require the numerical integration to be nested inside a

Newton-Raphson method to search for the unknown variable.
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For a one variable search, Newton's equation is:
£(s;)

iv1 T 1 T FAEGT (B=8)
cE

S

where S is the independent variable and f(S) is the
dependent variable. An estimate of the independent
variable is supplied with the initial data to the program.
Newton's method is then used to improve on that value

until the exact value is determined.

Newton's method requires a function, £, and the function
must be differentiable. For a continuous contactor the

function may be represented by:

£ = (yin_yin) (B=4}
where ?in = the estimate of Yin for a particular value of
the independent variable (kxa, kya, L, v, yout)' The

differential of the function with respect to the indepen-

dent variable may be estimated by:

as; 5,-8; : Eat

Substitution of Equations C-6 and C-7 into Equation E-5

yields:

(s =§. )
S = g. - in “in‘ 2 . (E-6)
[(Yin'yin)z“(yin‘yin)1]
S-S5
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From Equation E-6 it is obvious that two functional
evaluations are necessary to start the search procedure.
The initial estimate is supplied in data given to the
program. The other starting value is calculated from the
initial value by multiplying it by a factor (e.g., 1.05).
Figure E-1 is a simplified flow diagram demonstrating the

construction of the program.

Having a computer solution available for the student
serves a two-fold purpose. The instructor may demonstrate
principles that were previously too time consuming to do
by the graphical technique. For example, the instructor
may wish to show the effect on tower height of changing
the L/V ratio. The student may also fabricate problems

on his own to help answer questions that arise during his
study time. The only mistake he could make would be to
formulate a problem in which the operating and equilibrium

lines crossed. That, too, would be a learning experience.

The computer solution of the one component differential
equations can be a valuable teaching tool for the

instructor and learning device for the student.



TABLE E-1
CALCULATION OF COLUMN HEIGHT (CASE I)
xeq
nal
na2
na3
na4
nas
naé
na?
nas
na9
nalo
nall
YOU HAVE SPECIFIED OVERALL TRANSFER COEFFICIENTS AND

X DRIVING FORCES

a
0,29.3,0,0,0,0
GIVEN EQUILIBRIUM STRAIGHT LINE DATA SLOPE=.29300000E02 INTERCEPT=.0

SYT



TABLE E-1

xin
9,.00088,.001,.06,332,13.8,473,6.56,.05,0,0
INITIAL CONDITIONS XIN=0. X0UT=,00088
LP=473.0000

CALCULATED OVERALL KX = 182.308282

TOWER HEIGHT = 6.750 X CALCULATED = .00087628

** 41. XEQ "STOP".

(continued)

YOUT=.00100

YIN=.06000

DH=.0500

Y CALCULATED = .06036160117

OV T



TABLE E-2

SEARCH FOR CORRECT LIQUID PHASE FLOW RATE (CASE III)

load (chel33,res)user2

1p=0
xeq 31 thru ...

~ INITIAL CONDITIONS  XIN=0. X0UT=-1.00000 YOUT=.00100 YIN=.06000 DH=.5000
LP=0.

YOU HAVE REQUESTED MINIMUM FLOW CALCULATIONS

THE TOWER IS OPERATING AT 1.50 TIMES THE MINIMUM L PHASE FLOW RATE LP=301.2866484
CALCULATED OVERALL KX = 182.308282

ASSUMED FLOW RATE CALCULATED YIN YIN ACTUAL = .0600000000
301.28664835 .03038013
376.60831044 .04988410

NEW L FLOW RATE PREDICTED FROM THESE VALUES = 415.67452320
TOWER HEIGHT = 8.000 X CALCULATED = .00099050 Y CALCULATED = .05999689174
** 41, XEQ "STOP".

LYT



TABLE E-3

SEARCH FOR CORRECT OUTPUT COMPOSITIONS (CASE II)

load (chel33,res)

xeq

nal

o,1,1,1,1,0,0,0,1,0,1

- YOU HAVE SPECIFIED OVERALL TRANSFER COEFFICIENTS AND
X DRIVING FORCES

a
0,29.3,0,0,0,0
GIVEN EQUILIBRIUM STRAIGHT LINE DATA SLOPE = .29300000E02 INTERCEPT = .0

Xin
2,.00088,.0001,.06,332,1388,473,6.56,.05,6.75,0
INITIAL CONDITIONS XIN=0. XOUT=.,00088 YOUT=.00010 YIN=.06000 DH=.0500
LP=473.0000

CALCULATED OVERALL KX = 182,308282
CALCULATIONS FROM NEWTON'S ITERATION

.00010000 .00715274
.00010500 .00750370
NEW YOUT PREDICTED FROM THESE VALUES = ,000852882
.00010500 .00750370
.00085288 .05389807
NEW YOUT PREDICTED FROM THESE VALUES = .000951246

8VvT



TABLE E-3 (continued)

.00085288 .05389807
.00095125 .05922714
NEW YOUT PREDICTED FROM THESE VALUES = ,000965511

TOWER HEIGHT = 6.750 X CALCULATED = .00087089 Y CALCULATED

* %

41. XEQ "STOP".

.05998722097

6Vl



TABLE E-4

CALCULATION OF TOWER HEIGHT WITH LEAST SQUARES CURVE FITTED EQUILIBRIUM DATA

load (chel33,res)user2

xeq

nal

1,2,1,0,1,2,0,0,0,0,1

- YOU HAVE SPECIFIED INDIVIDUAL TRANSFER COEFFICIENTS AND
X DRIVING FORCES

npowr

5,8

x(1)

0,0

x(2)

0,0

x(3)
.000056,.00079
x(4)
;000141,.00224
x(5)
.000281,.0062
x(6)
;000422,.0107
x(7)
.000565,.01566
x(8)
;000844,.0259

0ST



TABLE E-4 (continued)

LEAST SQUARES CURVE FIT AND DATA COMPARISON
THE BEST FIT OBTAINED WITH AN EQUATION OF DEGREE 3

A( 0) = -.270274E04
A(1l) = .121918E02
A( 2) = .398960E05
A( 3) = -.212873E08
Y CALCULATED Y KNOWN X KNOWN
-.000027 0. 0.
-.000027 0. 0.
.000777 .0007900 .000056
.002426 .0022400 .000141
.006077 .0062000 .000281
.010623 .0107000 .000422
.015758 .0156600 .000565
.025884 .0259000 .000844

THE AAPD IS .166368007660E01

xXin

0,.00088,.001,.06,332,13.8,473,6.56,.05,0,0

~ INITIAL CONDITIONS XIN=0. X0oUuT=.00088 YOUT=.00100 YIN=.06000
LP=473.0000

INDIVIDUAL COEFFICIENTS KX = 332.000000 KY = 13.800000
TOWER HEIGHT = 5.300 X CALCULATED = .00094140 Y CALCULATED =
** 41, XEQ "STOP".

DH=.0500

.06449691795

TST
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[INITIAL DATA |

YES
o= NUMERICAL
INTEGRATION
NUMERICAL
INTEGRATION

z=z+Az D @
NO YES

¥ES D (s T in)
| HEIGHT = z | NEWTON' S
METHOD

NO

| STOP |

Figure E-1. Flow Diagram for One Component Transfer
Computer Program Including Newton's Method
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APPENDIX F

COMMENTS ON THE WORK OF CALLIHAN

Often the work of the design engineer requires him to not
only design equipment (i.e., establish operating condi-
tions and determine tower height) but to determine the
capabilities and characteristics of equipment already
existing in the plant. This is particularly true when a
new product will be made in an installation already
established. Here, the design engineer would be con-
cerned with throughput, percent recovery, output composi-
tions, and other operating parameters for a known absorber
and absorber height. Callihan5 has proposed such a
technique and it is an objective of this work to
generalize the Callihan method for multicomponent absorb-

ers and for absorber-reactors.

Callihan built his computer program around the numerical

solution of:

dy (1-y) i 2Ll
Iz = —— k. a (y=-y7) (A-15a)
dx (1-x) i -
= = +— k_a (x-x) (A-15Db)

using the Runge-Kutta method (described in detail in
Appendix B). These equations describe one component mass

transfer in a continuous contactor.

The numerical solution would generate compositions at

various points in the column. These compositions would be
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READ IN INITIAL

SEARCH VALUES

THE
SIMPLEX - MODEL
| SEARCH - (NUMERICAL
INTEGRATION)
CALCULATE
OBJECTIVE
FUNCTION

| STOP |

Figure F-1. Simplified Flow Diagram of Callihan's
Program
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used to calculate the objective function (Figure F-1).
The objective function chosen was:
NDATA 2
s = §=1 (v;=¢)° =g (kga, k.a) (F-1)
where yj is the known vapor composition at a given column
height and 9j is the calculated vapor composition at a
given column height. Using the Nelder—Meadl7 technique,

a search was performed to find the minimum value of S

(kxa, kya).

An example may better illustrate this technique. Consider

the equation:

y = 100 - (10-x)° - (5-x,)% = g (xq, x,). (F-2)
If the Nelder-Mead method were used to find a minimum of
Equation F-2, then:

s = (y-9)° (F-3)
where y is the desired value of the function and $§ is the
calculated value of the function for a given XyXqe The
object is to minimize S. The initial guess of x4 and X5
would be made; the Nelder-Mead would calculate two other
sets of the independent variables, calculate the y's and
proceed to minimize S. The function g(xl,xz) represents
the numerical solution of the model. Every time the
Nelder-Mead requests a value, y, numerical integration

must be performed to calculate the vapor composition

profile.
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yOUT= 0.00l XN° o
L = 473 LB _MOLES
HR FT2
kya = 332 LB MOLES
HR FT3 Ax
kya =138 LB MOLES
HR FT® Ay
yi=29.6 «
v=6.56 LB MOLES
HR FT2

Figure F-2. Operating Conditions for Callihan's Problem
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Although vapor composition profiles were unavailable from
actual plant columns, the data required were simulated
using a problem from Foust12 and are presented in Figure
F-2. The vapor composition profile in the column was
generated using a computer and calculated from the

formula:

Random Error = st(ll\%)o'5 (r—%) (F-4)

where st is the standard deviation of desired experimental
error, M is the number of increment at which the data are
taken, and r is ‘? (random number between 0 and 1).
Random error wasjgéded to each of the points in the vapor
composition profile to make the profile more closely

represent one that had been obtained experimentally.

The operating conditions of interest (i.e., kya, kxa) are
assumed unknown and an "estimate" of their wvalue (e.gqg.,
1.15 kya, 1.15 kxa) is used as the starting values for the

search which is continued until S (the value of the

objective function) is reduced to nearly zero.

Callihan chose four different search techniques -- the
sequential simplex, accelerated simplex, complex method of
Box , and the Nelder—-Mead. Callihan demonstrated that the
Nelder-Mead was more efficient than any other method chosen
and, therefore, it is the only method considered in this
work. A flow diagram of the Nelder-Mead method is pre-

sented in Figure F-3 (in the nomenclature of Callihan).
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MINIMIZATION

START |——{ Calculate: 22,23,§c, from n,a,®

L0000 0.9 444 44444
ANVIVVIVEVRVUEERDY

1

v
| Calculate: Smin(l.2.3.c)|

WRITE: ﬁl,ﬁ ﬁc,Smin(l,Z,B,c)

el

yes

f Smin(1,2,3,c)<epsln

CHOOSE: RnrZn ¥y,

) 4
R . =R_+8 -8R, & 22=0.5*(2h+x3)

Calculate: Smin(2,3)

) —+<Smin (3)>Smin (iT== i#h

4

R =R

2

+gamma*(23—§2);gamma=2

y
[Calculate: Smin (4)]

yes no x5=x2+beta*(&h—&2)

0

beta=1l/2

v
[Calculate: Smin (5)]

A0

\“\\\* ‘
wo
o 3
U
o
>
:\
] X
o
1l
>
W

§l=ﬁL+beta*(ﬁl—2L)|

Common to both flow diagrams

——=—Nelder-Mead flow diagram
###77#-Callihan interpretation of Nelder-Mead flow diagram

Figure F-3. Comparison of the Nelder-Mead Flow Diagram

with Callihan's Interpretation of the
Nelder-Mead Method
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Figure F-1 illustrates how the equations of the search
technique and of the model are integrated. The search
procedure calculates a better approximation to the

optimum of the search variables (i.e., kya, kxa). The
updated values are used by the model to calculate new
values for the vapor composition profile which is used to
evaluate a new value of the objective function. With the
updated values the search begins again until the objective
function, S, is found, as above, to be below some pre-

determined value and the search is discontinued.

Unfortunately the searching technique to determine
operating parameters (in this case, kya and kxa) failed

to find the optimal values for any problem attempted. A
close examination of Callihan's development of his method
and his data in addition to the data generated in this
work will conclusively show that Callihan's method never
functioned properly and probably the idea of searching for

operating variables in this manner will never work.

Callihan's development must be considered first, for it is
precisely that which caused his data to be generated in
such a way that it gave erroneous results and caused him

to draw false conclusions.

Callihan has apparently misinterpreted the flow chart

presented by Nelder-Meadl7. Although the chart is some-

what misleading, the text of the article makes clear the
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procedure for generating a new simplex. The discussion
(p. 308 ff.) details a procedure to replace the search
variable (x) in the simplex with the largest value of the
objective function. The new simplex is used to calculate
a better approximation of the search variables. The
process is continued until the objective function, S, is

minimized.

Callihan, however, appears to have misinterpreted Nelder-
Mead's figure 1 (p. 309). His method calculates a new
simplex each iteration from the search variable with the
smallest value of the objective function. The procedure
is not incorrect; it is just not the Nelder—-Mead method.
The differences between the two methods are illustrated
in the nomenclature of Callihan in Figure F-3. The result
is that the Callihan procedure performs three times as
many functional evaluations at each increment as the
Nelder-Mead. Therefore, when Callihan claims his Nelder-
Mead converged in nine iterations it is equivalent to a

normal Nelder—-Mead of twenty-seven iterations.

Callihan was also fortunate in his choice of starting
values. The chosen values cause the altered Nelder-Mead
to give the illusion of proceeding to and finding the
optimum. From the Foust example problem the optimum
values of kxa and kya are 332 1lb moles/hr ft3 Ax and 13.8

1b moles/hr ft3 Ay respectively. The starting values
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chosen (for the case of starting above the optimum) are

|

kxa 400 and kya = 50. The starting value for kxa is
approximately 20 percent and kya is approximately 260
percent above the optimum although Callihan claimed to

be starting at 15 percent above the optimum. Since kya
was a great distance from the answer, the Nelder-Mead will
cause the simplex to expand for the first few iterations
in an attempt to bring the search closer to the answer.
These large steps toward the optimum plus the special
method Callihan used to calculate the simplex of points

used in the search (to be discussed next) forced the wvalue

of kxa toward the optimum.

Schechter and Beveridge4 present a scheme for calculating
the starting values of the simplex from the initial
estimate of the unknown variables. For a two variable

search the scheme would be:

Variable
1 2
»
1 k k
5 3 x2 v
w g
ga 2 kxa+p kya+q
s & x
5 3 k,a + g ya + p
where
p = 2 [vn+l + n-1] = -2 (/3+1)

nv2 2VZ
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g =-2_[/nfT - 1] = -2 (/3-1)

ny2 2vV2
p # 4
n = number of wvariables (n=2)
a = length of a side of the initial simplex

Callihan5 presents the calculation of the starting
simplex in the form of a flow chart. Translating the flow

chart into a table as above gives:

Variable
1 2
- 5 1 k
P a k. a
B, x ¥
28
¢ 2 k a + k a +
-ﬁ wn x b v b
2 2
[ 5 3

kxa + g kya + g

The first iteration of each of the starting simplex of

Callihan's data5 substantiates the above.

The slight alteration made in the generation of the
starting simplex, the fortunate choice of starting values,
and the minor modification of the Nelder-Mead itself is
precisely what makes the method appear to find the
optimum. In reality, the above errors work together to

"guide" the search technique close to the optimum.

Table F-1 shows that a different choice of starting values
will not produce the same optimum but an entirely
different one. If the search technique is not "guided",

it locates a local optimum which is away from the global



TABLE F-1

A SUMMARY OF THE RESULTS OF SCHWAB AND CALLIHAN USING THE NELDER-MEAD METHOD

Starting Values Final Values
Descrigtion K;a kya Obj. Function kxa kya ng. Function

Callihan's Thesis
1% error 400 50 0.3573E-01 364.15 14.15 0.5868E-04
1% error 320 5 0.9736E-03 345.27 15.27 0.6013E-04
1% error 500 100 0.2220E-00 376.59 13.59 0.5839E-04
15% error 500 100 0.7480E-03 371.85 21.49 0.6338E-04
15% error 1800 500 0.7497E-00 371.65 21.65 0.2288E-03
This work 1% error 400 50 0.3470E-00 362.61 12.61 0.4171E-6
using Callihan _ _
procedure for calcu- 380 50 0.6475E-01 343.3 13.31 0.6673E-7
lating new simplex. 400 20 0.1983E-01 391.73 11.74 0.1655E-6

350 20 0.2166E-01 343.29 13.29 0.4623E-8
This work 1% error 350 20 0.1476E-03 359.08 12.68 0.4066E-4
using normal N-M _ N
mathnd . 300 9.0 0.4906E-02 305.91 15.33 0.5712E-4

€9T
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optimum.

THE NATURE OF THE SURFACE
The nature of the surface is the real problem in attempt-
ing to make the technique work. The surface generated by
the objective function:
NDATA 5

y = §=1 (y5=2)7 = g @) (F=5)
has multiple optima. Tables D-7 through D-9 clearly show
the presence of multiple optima. Once the value of kya
approaches the global optimum within 4-5 percent, the kxa
value ceases to change even though it may be more than 15
percent away from the global optimum. The search tech-
nique ceases to move because it has encountered a local
optimum. The method begins to contract the search area
once it discovers a local optimum and never moves from the
area. Table D=9 shows the results of starting the search
at various locations around the global optimum. It is
impossible to locate the global optimum because it is

surrounded by local optima.

If kya is fixed and values of the objective function are
calculated for a number of kxa values, the presence of the
multiple optima is revealed. An abundance of local
optima exist around the global optimum as is indicated by
a careful study of Tables F-2, F-3, and F-4. A surface

with multiple optima in close proximity to each other



STARTING AND FINAL VALUES FOR A NELDER-MEAD SEARCH USING THE CALLIHAN PROBLEM

Random Error

0% Error

1% Error
ABS (y-9)

1% Error

1% Error
1% Error
0% Error
1% Error
1% Error
0% Error

Callihan's

starting method

1% Error
1% Error
1% Error
1% Error

Starting Values

kxa kya
332 13.8
300 3.0
307.32 14.959
300 3.0
350 20.0
300 9.0
332 13.8
350 13.8
332 15.0
332 14.0
400 50.0
380 50.0
400 20.0
350 20.0

Obj.

TABLE F-2

Function

0.4548E-16

0.5418E-01
0.1450E-02
0.6791E-02
0.1476E-03
0.4906E-02
0.1087E-11
0.1599E-01
0.2980E-01
0.8077E-01

0.3469E-00
0.2632E-00
0.1983E-01
0.2166E-01

Final Values

kxa

332

307.54
307.84
307.69
359.08
305.91
332
350.17
332,38
333.7

362.61
343.3

391.73
343.29

k
ya

15.8

15.2

15.18
15.19
12.68
15.33
13.8

13.01
13.78
13.72

12.61
13.31
11.74
13.29

Itera-

Obj. Function tions
0.4548E-16 3
0.8337E-5 31
0.1439E-6 31
0.3150E-8 22
0.4066E-4 30
0.5712E-4 35
0.1087E-11 3
0.1892E-4 33
0.9549E-8 33
0.2197E-6 33
0.4171E-6 17
0.6673E-7 13
0.1655E-6 14
0.4623E-8 24

S9T



TABLE F-3
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STARTING AND FINAL VALUES USING ANALYTIC EQUATIONS

AND ZERO PERCENT RANDOM ERROR (FOUST

Starting Values

Ega kya
332 13.8
350 8.0
339 7.0
360 14.0
310 14.0
350 20.0
300 20.0
339 20.0
300 8.0

Obj.
Function

0.1635E-15
0.3004E-02
0.4150E-02
0.3739E-03
0.1037E-03
0.1016E-01
0.1298E-02
0.7228E-02

0.3807E-02

12

Final Values

Eka Eya
332 13.8
353.58 12.85
342.49 13.31
361.03 12.58
310.25 15.07
350.55 12.97
300.43 15.80
337.57 13.53
303.44 15.57

ILL. 16.3)

Obj.
Function

0.1635E-15
0.4781E-12
0.2222E-12
0.4844E-12
0.2691E-13
0.7562E-13
0.4708E-13
0.1563E-15

0.1467E-12

(Final wvalues are 40 iterations of Nelder-Mead except for

first set.)
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TABLE F-4

STARTING AND FINAL VALUES USING ANALYTIC EQUATIONS

AND FIVE PERCENT RANDOM ERROR (FOUST12 ILL. 16.3)

Starting Values Obj . Final Values Obj.
kxa kya Function kxa kya Function
332 13.8 0.1350E-04 332.32 13.7 0.1263E-04
360 14.0 0.4238E-03 360.67 12.52 0.1263E-04
300 8.0 0.3706E~-02 302.64 15.52 0.1263E-04
339 7.0 0.4044E-02 342.25 13.24 0.1263E-04
250 8.0 0.2915E-02 353.25 12.79 0.1263E-04
310 4.0 0.9810E-04 311.50 14.89 0.1263E-04
350 20.0 0.1037E-01 350.21 412.91 0.1263E-04
339 20.0 0.7398E-02 337.99 13.43 0.1263E-04
300 20.0 0.1379E-02 300.72 15.67 0.1263E-04

(Final wvalues are 40 iterations of Nelder-Mead.)



prohibits the use of any searching technique.
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Several

attempts were made at smoothing the surface, but smoothing

would not remove the local optima.

Because of the slight error introduced at each step of

the Runge-Kutta numerical integration, Equation
was solved analytically and used to replace the
integration in the computer program. The data,
in Tables F-3 and F-4, show the multiple optima

surface.

16
numerical
presented

on the

There can be only one conclusion —-- multiple optima. Let

those who use similar techniques beware, since the same

misfortune may befall them.
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APPENDIX G
ANALYTIC SOLUTION OF THE ONE COMPONENT DILUTE SOLUTION

EQUATIONS

The analytic solution of the one component dilute solution

equations developed in Appendix A:

4 S 4

izf = _,_\3; (y=y7) (A-16a)
dx kxa i

= = v (x"-x) (A-16Db)

can be of extreme value especially in verifying results
obtained from a numerical solution. Equation A-16 can be

solved with Laplace transforms.

An overall material balance on the transferring component

yields:

dy _ dx -
V'iaz =L §z - (6=12

Substitution of Equation A-16 into Equation G-1 gives:

kya (Y—yi) = k a (xi—x). (G-2)

If the equilibrium data is linear of the form:
yl = mx?t, (G-3)

Equation G-2 may be solved for x1 and yl to give:

kxa X+ Kk ay

i_ Y -
Yy = k_a + k_a {G=ta)
X Y

kxa x + k ay

i_ Y .
x = k a+ kam* (G-4b)
X Y
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Insertion of Equations G-4 and G-5 into Equations A-l6a

and A-16b respectively gives:

k.ay ka k.ax + k ax
- - L (E—EX—1 =0 (G-5a)
X
dx kxa kxa X + kya Y kxa X _
iz T ST xa=) - %! =0 (G=Ek]
X Y

Taking the Laplace transform of the above gives:

2
o _ Ky — KY KX m (KY) "m _
sy(s) - y(0) grY(s) + = — t v - 0 (G-6a)
- (KX)2 - KX KY — KX —
sx(s) - x(0) - =% v X(s) + = y(s) + T x(s)
= 0, (G-6Db)
where
KX = k. a
X
KY = k a
Y
M=ka+kam
Y X
x(0) = Xin
y(0) = Youe
Rearranging Equation G-6 yields:
T(s) XXX M =iy (g4 (KY)°m _ KY, _ (G-7a)
.S VM yis VM T Yous
—_ KX (KX)2 — KX KY
x(s) [s + I - ] * Y(s) < = *in (G=7b)

and solving for x(s) and y(s) results in:
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ol KX KY m [yout _ Xin]
S(s) = Lout M L3 A Peetm o)
Y s (s + X KXY m _ KX RY,
L'M vV'M
< s + KX RY (yout _ Xin)
X(s) = B . 2 e (G-8b)
s (s + X K¥m KX RY,™
L'™ V'™
The Laplace Equation (G—-8) can be solved by partial
fractions for x and y:
[m Yout M Xin, ¥in _ Yout k Kk
LI Vl J Vl Vl ( a yam
Y = ™ T * m T € TTM
R X v

kxa k_._a

M ) z (G=-9a)
Yy X. X._ m 0%

out in in out

7~ T T an k. am

T T T m 1 e ~(——Fy -

i R T g
kxa k.a

A ) =z. (G-9Db)

In Egquation G-9, vapor and liquid compositions are
represented as a function of column height and can be
used to validate computer results for one component

transferring systems.
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APPENDIX H
APPLICATION OF THE GENERAL MULTICOMPONENT MASS AND

ENERGY BALANCE EQUATIONS WITH CHEMICAL REACTION

The purpose of this section is to apply the general
equations for multicomponent mass and energy transfer
with chemical reaction to a specific example. For the
purpose of this development, consider a three transferring
component nonisothermal problem with two of the components
reacting with a reactant from the liguid phase. Equation
12 describes the stoichiometry of the reaction and Equa-
tion 13 describes the rate of reaction. The carrier gas

is noncondensing and the carrier liguid is nonvolatile.

Equation A-37, which describes the change in the vapor
phase concentration with respect to column height,

becomes:

dy; = (d-y;-¥,~¥3y)

i
dz = VA [(l—yl) (kya)l (Yl-yl) = yl (kya)2
(v,-v3y) - vy (ka)y (v3-v3)] (H-1a)
dy,  (1-y;-¥,7¥5) i
= - o [(-yy) (k,a), (v,=¥3) - ¥, (kKga);
(v1-v]) - v, (kA)y (y3-y3)] (H-1b)

dy (l-y,-Y>~Y=<) ;
3 1 2 3 i _
dz = V"' [(l_Y3) (kya)3 (yB_Y3) y3 (kya)l

(v1=¥]) - ¥3 (K,a), (v,-v3)] (H-1c)



dy

d4 =0
2

dy

d5 =0
2

dy

d6 =0
VA
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(H-14)

(H=1le)

(H-1f)

Equation A-48, which describes the change of concentra-

tion with respect to column height,
becomes:

dx1
dz

_ (l—xl—xz—x3—x4—x5—x6) Il

- [E

l) i !

rl] - Xy [E2 (kxa)2 (x%—xz) - r2]

X3) - Xy Py Ty - X) Py ¥y = % [-
r2]}
dx2 _ (l=x,-x -x3—x4—x5—x6) ({1 ] IE
dz LY 2 2
i
X3) = Xy Py Ty T Xy Py Iy = %, [-
r2]}
dx (l=-%X, =X . -X_.-X,=-X_=-X_) .
3 _ 17X TX3THY "X Xg _ i _
e = {(1 x3) (kxa)3 (x3 x3) x

i
[El (kxa)l (xl—xl) - rl] - X5 [E2

= g Py Tg ™ Zg4

in the liquid phase

i
(kxa)l (xl—xl) -

i
- Xy (kxa)3 (x3—

(H-2a)

i
(kxa)2 (xz—xz)

i
- X, (kxa)3 (x3—

(H-2b)

3

i
(kxa)2 (xz—xz) -

[- bl ry - b2

(H=-2c)
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dx (l=-x,-%X_ -X_-X,-X_.—-X,)
_ 17727737 %4 %57 %6 _ _
= =y {(1 x4) P ¥y X, [E, (kxa)l

1SN

3

(Xi_xl) - Tl moxy 1By (kea), (xé"xz) - r2l Xy

3
(kpa) 3 (x3-x3) - x, py ¥y = x, [- Dby ¥y -
b, r,1} (H-24)

dx5 (1—xl—x2—x3—x4—x5—x6)

Iz = T {(A-x5) py £, - x5 [E] (kea),

(xl—xl) - rl] - Xg [E2 (kxa)2 (X§°X2) - r2] - Xg

i
(kxa)3 (x3-x3) - Xg Py Ty — Xg [~ bl ry =

2]} (H-2¢e)

dx (l—xl—xz—x3—x4-X5-X6)

dz L {(1-xg) [- by ¥y = b, r,]

- xg [B] (ka), (xlox)) - x1 - x, (B, (kga), (xj-

x,) = 1) - xg Geady (x3=xz) = x5 By T -

X¢ P, rz} (H-2f)
To fully describe the problem, the energy equations must

also be presented. For the vapor phase, Equation A-54

would become:
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v dy,

i
(1-v,-v,-v3) dz [(Cpp), (-t

d .
—g—-vz- = {I‘R]a (tv—tl) +

R

(Q. ), + (Cp.). (to—tT)] + i Y2 (e
v’ Py’i1 v (T-y{-¥,-Y3) dz Pr) 2

; : ' dy
3. i \ 3
(£7-tg) + (Q)), + (Cpy), (t,~t")1 - (I-vy,-v,-¥3) az

[(Cpp), (Eh=tg) + (@) 4 + (Cpy)y (t,~tD)] = V' (-

d(CpV)

; i ¥y d(Cpp) y
R dz

N+1
t - V! t -t - V'
( R) (l—yl-yz—y3) dz

: Yy d(Cp;)
(tl-—t ) 2 L2
(l_yl_Y2—Y3T dz

i
VA -
R % tR)

Y3 diCprlgy T Y1
T=y,-¥p~v3) 9 (T-y{-v,~¥3)

v

d(Cpy) 5
dz

Y2 d{CPsa

- V! £t -
(I—yl—yz-yj) dz (

A\

= ik
-V (tvt)

N Y3 d(Cpy) 4
(l—yl—yz—yéT dz

- V' ol(Cpy), (tT-tg) +

. b o Vs dy
i 2773 1
(1-y;-v,-¥3)

2 dz _ Y

(1-y,-¥,-v3)

(th-t) + (@), + (Cpy), (t,~tH 1 I —

vy Y2 vy | Yo i}
d= _ _ 2 dz 2 dz




a §
[(Cpp)y (Y-t ) + (Q )5 +

(1-y,-v,) dy,

+

Y3
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(Cpy) 5 (t,=th)]

dy
1 +

[ >

(1-y -¥,~¥3) dz

Y dy

2 5 —21} / [V
(l_yl_YZ—Y3)

+ V!

(l-yl_yZ-Y3)

2 dz

]
(CpPy)yny + V' (Cry),

Yo

(Cpy) 5

and

dt

(1—Y1_Y2_Y3

L 1

3 + V! (va)3

(H-3a)

for the liquid phase, Equation A-61 would become:

dxl

i

(1-x
i
(th-tg) + (@) + (@), +
L' dx,
(l—xl—xz—x3—x4—x5—x6) dz

(Qg), + (Cpy), (t,~t™)] +

[(Cp. ), (EX-tp) + ()5 +

17 XyTX3TXy "X "X )

(Cpy,) 4 (tv—ti)] +
[(Cpy), (t'-t) + (@), +

L' dx 5

(I—xl—xz—x3—x4—x5—x67 dz

i
(Qg) 3 + (Cpy)y (ty=t™)]

L' dxy
(l—xl—xz—x3—x4—x5—x6) dE’Aerl T
L' dx,
AH +
(l—xl—xz—x3-x4-x5-x67 dz rx,
dx dx
L' 4 1
(1l-x —x2—x3—x4—x5—x6) [ dz P1 (CpL)4 dz (CPV)l]

1



di 77

Ll dXS dX2
(IT-X, X.—X_,—X,-X.=-X_,) [ dz P2 (CpL)S T Tdz
1 <2 %3 ¥4 %5 "¢ z

£*=77) +

X
i
(1—xl—x2—x3—x4—x5—x6)

(Cpy) 51 (£5-77) - L' (£ -tg)

d(CPL)l £t (t — ) X2 d(CpL)2 _
dz L R (l—xl—xz-x3—x4—x5—x6) dz
X d (Cp,;)
' _ 3 L°3 _ -
= (tL tR) (l—xl—xz—x3—x4—x5—x6) dz L* (tL
. X4 a(Cpp) 4
L' -
R (l—xl—xz—x3—x4—x5—x6) dz (tL tR)
Xg d(CpL)5 '
ll—xl—xz—x3—x4—x5—x6) dz = L' (g -tR)
*6 d(Cpr) g i a(CPy )41
(l—xl—xz—x3—x4—x5—x67 dz s (tL_tR) dz
- L' i
(I-x) =X, =X3=X,-X—X¢) (Cp; )y (E7-tp)
: (1-x2—x3—x4-x5—x6) dxl N xq
2 dz 2
(l—xl—xz—x3-x4—x5—x6) (l—xl—xz—x3—x4—x5—x6)
(dxz N dx3 N dx4 . dx5 . dXG)] _
dz dz dz dz dz
L' i
(I-X, =X, =X3=X,=X=X() (Cpp), (7-tg)
: (l—xl—x3—x4—x5—x6) dx2 . X,
Zz dz _ 2
(l—xl-xz—x3—x4—x5—x6) (l—xl—xz—x3—x4—x5 x6)
(dxl . dx3 . dx4 N dx5 . dxs)] ~
dz dz dz dz dz
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L' i
B Cp. ) (e =t )
(1 X=X, =X3=X,=Xg x67 5" 3 R
: (l—xl—xz—x4—x5—x6) dx3 N x3
(l-x, - X, —-X.,-X,-X_.—-X )2 dz (1-%X, -X,=X,—-X,~X_-—-X )2
1 72 73 74 75 76 1 72 73 74 5 “6
(dxl N dx2 .\ dx4 N dx5 N dXG)] _
dz dz dz dz dz
3 g i
e R (Lo ) (t7=t.)
(1 X) =Xy =X3=X =X x6) L4 R
: (l—xl-xz-x3—x5—x6) dx4 N X,
2 dz 2
(l—xl—xz—x3-x4—x5-x6) (1-x —xz—x3-x4-x5—x6)
dx dx ax dx dx
( 1 4 2 4 3 " 5 & 6)] _
dz dz dz dz dz
L' i
—— (Cp.. ) (t7=-t,)
(1 xl X, x3 X, x5 x6) L’5 R
[ (l—xl—xz—x3—x4—x6) dx5 . Xg
2 d=z e 2
(l-xl—xz—x3—x4—x5-x6) (l—xl—xz—x3 x6)
(dxl N dx2 . dx3 . dx4 .\ dXG)] _
dz dz dz dz dz
L " i
T T e (Cp.) (t™~t.,)
(1 X) =X =X 3=X, =Xg x6) L’6 R
: (l—xl-xz—x3-x4—x5) dx6 N x6
dz
(l—xl—xz-x3-x4—x5-x6) (l-—xl—x2 X3=X, x5-x6)
dx dx dx dx dx
1 2 3 4 5 '
( o=+ 9 * o * = + dz)]} / {L (CpL)N+l +
Ll
— e [x, (Cp.), + x, (Cp.)., +
(1 X =X,=X3"X, Xg x6) 1 L1 2 L’ 2

x3 (Cpp)y + x4 (Cpr), + X (CpL)5 + X (CpL)6]}(H—3b)
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Equations H-1, H-2, and H-3 are solved numerically by the

Runge-Kutta method described in detail in Appendix B.

Before the above equations can be integrated, the inter-
facial compositions and temperature must be determined.

The interfacial equations are:
i i
(1-y;) (kya)l (yq-v7) - ¥; (kya)2 (v,-v5) - ¥q (kya)3
i i
(Y3—Y3) - {(l—xl) [El (kxa)l (xl—xl) - ryl - % [E2

i i
(kya) 5 (x3-x%x3) - ryl x; (kpa)y (x3-%3) - x; Py ry -

i i

(Y3‘Y§) = {(l-Xz) [E2 (kxa)2 (x%—xz) - r2] - X, [El

i i
(ka); (x3-x9) - r;] x, (k. a); (x3-x3) - X, Py Ty -

X2 P2 rz - X2 (- bl rl = b2 r2]} = 0 (H-4Db)

(1-yy) (k) (v3-y3) - vy (k) (yy-v]) - vy (kea),
(vomyd) = ((1-x.) (k.a). (xi-x.) - x, [E, (k_a), (xi=-x)

27Y; 3 x2) 3 37%3 3 1 %1 F1T*
r1] - x5 [E, (kya), (x3=%X,) - X3 py T} = X3 P,y Tyl -

X [- b

3 - b r2]} = 0 (H-4c)

1 =1 2
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' a4y,
(l_yl—YZ_Y3) dz

v dy,

H
(I-y,-v,-v3) az (

+

ha (tV-tl) + w1

(H.). + Y o (L.). = {h.a (ti-t.) +
Hyl o (T-y,-¥,-v5) dz ‘v’3 L L

L dxl dx2 dx3

(T—xl—xz—x3-x4—x5—x65 [ dz (HL)l + dz (HL)2 + dz (HL)3 +

dx4 dx5 de It
—— (H.), + (H ) + —— (H.)_ ] + e e e e i
dz L’4 dz L’5 dz L’6 (1 Xq=X,=Xq X x5 x6)
dx dx dx

1 2 L. 4
[ dz (Aer)l * dz (Aer)Z] + (l—xl—xz—x3-x4—x5—x65 [ dz

dax .
1 i L'

p, (Cp.), - —= (Cp,) ] [t7=77] + —— e ———
1 L 4 dz vl (1 X=Xy =X37X,=Xg x6)
dx5 dx2 i
[—EE Py (CPL)S = —EE'(CPV)l] [t™=771} = O (H-5)

Equations H-4 and H-5 are solved for the interfacial
compositions, ii, and interfacial temperature, ti, using
Newton's method, detailed in Appendix B, and permit
Equations H-1, H-2, and H-3 to be solved for x, y, tL'
and ty as a function of column height.
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APPENDIX I

USER'S GUIDE

For any computer program, a user's guide is just as
important as the documentation. In addition to supplying
instructions for the use of the program, the guide also
defines all terms used in the Fortran program. The input
data required are listed below with the required format

noted in parentheses.

Card 1 (151I5)
NXFER, NREACT, NHEAT, IRXTRZ, NDIRCT, IVAPOR, IEQDAT,
INTGRT, NPACK, NWATER, KONTAC, KIND, KCOEFF, NDRIVE
NXFER - Number of transferring components
NREACT - Number of reacting components (NREACT XNFER)
NHEAT - 0, if no energy calculations are required

l, if energy calculations are required
IRXTRZ ~ 0, if reactant is also the carrier liquid

1, if reactant only a component in the liquid

phase
NDIRCT - 0, for countercurrent flow
1, for cocurrent flow

IVAPOR - 0, if the carrier liquid does not vaporize

- component number for vaporizing carrier liquid



IEQDAT

- 0,

1,

INTGRT - O,

NPACK -

11,

12,

182

for equilibrium data of the form yl=a+bxl+

C(xl)2+...

for equilibrium data supplied (requires the

inclusion of the equation for the data in

function subroutine F and the derivative of

the equation in subroutine FP)

for numerical integration from bottom to top

of the column

for numerical integration from top to bottom

of the column

if transfer coefficients are supplied

0.5 in. Ceramic
1.0 in. Ceramic
1.5 in. Ceramic
2.0 in. Ceramic
2.5 in. Ceramic
able)

0.5 in. Carbon
able)

1.0 in. Carbon
1.5 in. Carbon
2.0 in. Carbon
2.5 in. Carbon

able)

Raschig
Raschig
Raschig
Raschig

Raschig

Raschig

Raschig
Raschig
Raschig

Raschig

rings
rings
rings
rings

rings

rings

rings
rings
rings

rings

0.5 in. Ceramic Berl Saddles

1.0 in. Ceramic Berl Saddles

(no data avail-

(no data avail-

(no data avail-
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13, 1.5 in. Ceramic Berl Saddles
14, 2.0 in. Ceramic Berl Saddles (no data avail-
able)
15, 2.5 in. Ceramic Berl Saddles (no data avail-
able)
- 0, for no calculation of transfer coefficients
1, for absorption with aqueous solutions
2, for absorption with nonaqueous solutions
3, for absorption with pure water (for vaporiza-
tion)
4, for absorption with pure water (for vaporiza-
tion)
0, for calculation of column height
l, for a search for mass and heat transfer coeffi-
cient
2, for a search for mass transfer coefficient
3, for a search for heat transfer coefficient
4, for a search for flow rates
- 1, for individual coefficients
2, for overall coefficients
- 0, for individual coefficients
1, for overall coefficients, Y driving forces

2, for overall coefficients, X driving forces



Card 2 (151I5)

NRX (J) J=1, NXFER

NRX -

0, no reaction

l, instantaneous reaction

2, finite reaction, pseudo first order

3, finite reaction, second order

4, slow reaction

5, very slow reaction

Card 3 (8F10.0)

LP, VP, DH, HL, HV, TLIN, TVOUT, TR

LP - liquid flow rate, 1lb moles/hr ft2

VP - vapor flow rate, 1lb moles/hr ft2

DH - numerical integration height increment, ft
HL - liquid heat transfer coefficient, BTU/hr ft3
HV - wvapor heat transfer coefficient, BTU/hr ft3
TLIN - temperature of liquid in, °F

TVOUT - temperature of vapor out, °F

TR - reference temperature, °F

Card 4 (8F10.0)

XIN(J)' J=1,N where N=NXFER+NREACT

XIN - mole fraction of the incoming liquid components

Card 5 (8F1l0.0)

YIN(J)' J=1,N

YIN - mole fraction of the incoming vapor components

184
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Card 6* (8F10.0)
YOUT (J) 8 values per card

YOUT - mole fraction of the outgoing vapor components

Next N cards (if IEQDAT=1l, no cards are required) **
(8F10.0)
COX (J,M) 6 values per card, NXFER cards

Equilibrium data of the form yl=a+bxl+C(xl)2+...

Next NXFER cards (2F10.0)
V(M,J) 2 values per card, NXFER cards

stoichiometric reaction coefficients: A+V(1,J)B, V(2,Jd)C

*Integration is performed from the top to the bottom of
the column. If integration is from the bottom to the top,
then: for XIN the compositions of the outgoing ligquid
should be given, for YIN the compositions of the outgoing
vapor should be given, for YOUT the compositions of the

incoming vapor should be given.

**Tf the user has an unusual representation of the equi-
librium data, the functions F and FP must be changed in
the program. The function F is used to represent the
equilibrium data and calculate yi from a given xi.
Function FP is the derivative of F with respect to both

xl and tl.
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Next NXFER cards (2F10.0)
KX(J), KY(J) 2 values per card, NXFER cards

KX - liquid mass transfer coefficient, 1lb moles/hr ft3

KY - vapor mass transfer coefficient, 1lb moles/hr ft3

Next NXFER cards (2F10.0)
KRX(M,J) 2 values per card

KRX - reaction rate constant

Next N+1 cards (2F10.0)

D(M,J)
D(1,J) - vapor phase diffusivities
D(2,J) - liquid phase diffusivities

(On card N+1 the diffusivities of the carrier gas and

liquid respectively are given.)

Next card(s) (8F1l0.0) (omit if NHEAT=0)
QV (J) N wvalues

QV - heat of vaporization, BTU/1lb moles

Next card(s) (8F1l0.0) (omit if NHEAT=0)
QS (J) N wvalues

QS - heat of solution, BTU/lb moles

Next card(s) (8F1l0.0) (omit if NHEAT=0)
DELHRX (J) NXFER values

DELHRX - heat of reaction, BTU/l1lb moles
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Next 3 (N+1l) cards (3E20.8) (omit if NHEAT=0)

COCP (JJ,M, J)

For heat capacity data of the form:

Cpj = cocp(JJ,1,J) + Cocp(JJg,2,J) t + COCP(JJ,3,J) e

where t is temperature in °F

COCP(1,M,J) - heat capacity coefficient for a component
in the wvapor

COCP(2,M,J) - heat capacity coefficient for a component

in the liquid

Next card (151I5)
IREF (J) N values
IREF - reference state of the component
1, if component has vapor reference state

2, if component has liquid reference state

Next card (8F10.0) (omit if NPACK=0)

UL, UV, RHOL, RHOV, SIGMA, TCONDL, TCONDV, PRESS
UL - viscosity of the liquid

UV - viscosity of the vapor

RHOL - liquid density

RHOV - vapor density

SIGMA - surface tension dynes/cm2

TCONDL -~ liquid thermal conductivity

TCONDV - vapor thermal conductivity

PRESS - total pressure of the column, atm.



Next card (8F1l0.0) (omit if NPACK=0)
CPL, CPV
CPL - heat capacity of the liquid phase

CPV - heat capacity of the vapor phase

Next N+l cards (2F10.0) (omit if NPACK=0)

AMW(I,J)
AMW(1l,J) - vapor component molecular weight
AMW(2,J) - liquid component molecular weight

Next card (8F10.0) (omit if NPACK#O0)

RHOL, PRESS, AREA, AVEMWL

RHOL - liquid density, 1lb/ft>
PRESS - total pressure of the column, atm.
AREA - interfacial area per cubic foot of contactor

volume, ftz/ft3

AVEMWL - average molecular weight of the liquid,

1b/1b mole

Next card (15I5) (omit if KIND=O0)
NNV, NDATA, NPTS, NTYPE
NNV - number of search wvariables

NDATA - number of sets of data to be used in the

minimization
NPTS - number of points in each set of data
NTYPE - variable used in the objective function

1, for y and tV

2, for x and tL
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for x only

ul > w
“

s EGT tV only

6, for tL only

Next card (8F1l0.0) (omit if KIND=0)

ASIDE, EPSLN, ALPHA, BETA, GAMMA, H

ASIDE - length of a side in the starting
EPSLN - stopping criteria

ALPHA, BETA, GAMMA - Nelder—-Mead constants

H - column height

Next NDATA (NPYS/4) cards (4E20.8) (omit if KIND=0O0)

YS(1I,J)
YS - experimental data to be used in the objective
function

Next card (8F10.0) (omit if KIND=O0)
SCALE(I)

SCALE - scale factor for each variable

189
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COMPLETE NOMENCLATURE

Interfacial area per cubic foot of
contactor volume, ftz/ft3

Stoichiometric coefficients of the
reactants and product

A transferring-reacting component from the
vapor phase

Independent search variables
Cross-sectional area of the column, ft2
The reacting component in the liquid phase

Concentration, 1lb NH3/1000 1lb H,O

2
Heat capacity, BTU/lb mole
Diffusivity, ft2/hr

Indicators of functions
Enhancement factor

Instantaneous enhancement factor
Defined by Equation F-=17

Liquid heat transfer coefficient,
BTU/hr £t2 °F

Vapor heat transfer coefficient,
BTU/hr ft2 °F

Height of a transfer unit, ft
Heat of reaction, BTU/1lb mole
Henry's Law constant

Enthalpy, BTU/1lb mole

Defined by Equation B-6
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Liquid mass transfer coefficient,

1b moles/hr ft2 mole fraction

Defined by Equation B-6

Vapor mass transfer coefficient,

l1b moles/hr ft2 mole fraction

Reaction rate constant

Iteration counter

Total liquid flow rate, l1lb moles/hr ft2
Flow rate of the solvent liquid, 1lb moles/
hr ft2
Natural logarithm

Defined by Equation 16

Defined by Equation B-6

Reaction order

Equilibrium constant

Total number of components

Number of data points

Number of transfer units

Defined by Equation C-1

Number of transferring-reacting components
Number of transferring-reacting and
transferring-nonreacting components
Reaction product or pressure, atm

Vapor pressure, atm

Simplex search variables

Heat of solution, BTU/lb mole
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Qv Heat of vaporization, BTU/lb mole

r Rate of reaction, 1lb moles of A/hr ft3

2 Random number between 0 and 1

R Defined by Equation 10

R Gas law constant

S Independent search variable

s Designates a function

st Standard deviation

t Temperature, °F

i Temperature, °K
Total vapor flow rate, 1lb moles/hr ft2

! Flow rate of the noncondensing carrier gas,

1b moles/hr ft2

X Component concentration in the liquid
phase, mole fraction

X A vector representing all ligquid phase
compositions

Y Component concentration in the vapor
phase, mole fraction

Yy A vector representing all vapor phase
compositions

z Column height, ft

P Molar density, 1b moles/ft3

Subscripts

Cc Centroid

H The search variable which gives the



1m

N+1

a,B,Y

a,B

1,2,...N
0

Superscripts

i

”~
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largest value of the objective function
The search variable which gives the
smallest value of the objective func-
tion

Liquid phase

Log mean

Component number of the carrier gas
and carrier liquid

Reference

Vapor phase

Liquid phase

Vapor phase

Parameters of the Nelder-Mead method
Defined by Equation C-1

Activity coefficient

Component numbers

Initial value

Interface

Values predicted by the model
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COMPLETE REFERENCE LIST
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Mass transfer with chemical reaction
Elsevier New York T967

ASTARITA G GIOIA F
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Industrial and Engineering Fundamentals vol 4
1965 pp 317-320
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CALLIHAN C

Mass transfer coefficients determined by simplex
optimization techniques
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