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Abstract— An investigation on dissolving rate of a solid in a liquid flowing between two flat plates, with the
contribution of a second-order reversible chemical reaction, has been carried out. The process was analyzed
as an isothermal one, taking place within a transition region at a stationary laminar flow. From the
differential momentum and mass balances a process model was formulated under suitable initial and
boundary conditions and a numerical solution was obtained for the benzoic acid-methanol reaction.
According to the proposed model it is possible to calculate concentration profiles for any cross-section of a
slit reactor. The presented model has been experimentally proved. Average difference between experimental
values and theoretical calculations ranged to + 5.3%. Longitudinal diffusion has been shown to have a
negligible effect on the results. The presented method of calculation was found to be sufficiently accurate for
the problem under consideration.

NOMENCLATURE
¢, concentration [mol/1];
C
C, dimensionless concentration, C = -
1
Dd", II Damkohler’s number;
D, diffusion coefficient in solution [m?/h];
J, diffusional stream [mol - m/h - 1];
k, reaction rate constant { 1/h] or [I/mol - h];
L, reactor length [m];
[P 2y W
Pe,  Peclet diffusion number, Pe = ———;
r, rate of reaction {mol/h -1];

W,  mean linear velocity [m/h];

X, y, z, Cartesian coordinates;

Yos half distance between two parallel
plates [m];

X, Y, dimensionless coordinates.

Greek symbols

i, function dependent on chemical reaction
process (+1 or—1);

1, time [h].
Subscripts
e. estrification;

eq, equilibrium;
h, hydrolysis;

i, i = 1, 2, 3 benzoic acid, methanol, methyl
benzoate respectively;

0, initial values (except for y,—as shown
above);

s, at saturation state.

1. INTRODUCTION
THE PROCESS of mass penetration from the surface of a
solid into liquid, though rather frequently encountered
in practice, appears to be, in fact, relatively little
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known. General information concerning the rate of
this process is normally taken either from analogy
between the transfer of heat and mass, or from
calculation based on the Hatta’s model, Danckwert’s
model, or other models of this kind. Investigation of
the mass-transfer models has been usually based on
experimental determination of the transfer coefficients.
Such an approach to the problem causes the proved
models, and relationships describing the process in
question, to be obtained only for some specified
conditions and systems. On the other hand, taking the
differential equations for mass, momentum and heat
transfer as a starting point and by defining suitable
initial and boundary conditions for the problem under
consideration, more general relationships can be de-
duced and with the use of a computer one can solve
problems considered otherwise as impossible or very
difficult for analytical solution. The way of solving
transfer equations with the aid of computers appears
to be much more economical than experiments, es-
pecially where time is concerned. This applies parti-
cularly to industrial processes. It will be of crucial
importance in the development of an optimization
system for such processes, both for the design of
equipment and assessment of it.

The aim of this paper is to formulate, on the basis of
differential balances of momentum and mass, a model
for the dissolution of solid, with chemical reaction in a
flow-type flat slit reactor, along with a numerical
solution of the problem and its experimental con-
firmation.

A process of dissolving a solid in the liquid, with the
second-order reversible chemical reaction, has been
assumed. The benzoic acid-methanol reaction has
been chosen, benzoic acid being the solute, and a 1%
aqueous methanol solution being the solvent. The
reaction was carried out in a flow-type reactor with a
rectangular horizontal slit, the upper and the lower
wall of the slit were formed by flat benzoic acid plates.
The whole process was carried out at isothermal
stationary laminar flow conditions.
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2. MASS TRANSFER FROM SOLID SURFACE

The problem of mass transfer from the solid surface
into laminar liquid flow has already been the object of
studies, however, the amount of information available
about this type of phenomenon is still far from being
satisfactory. Considerations included bodies and sys-
tems varying in their geometry, but without the
contribution of chemical reactions. The rate of dissolv-
ing of balls, cylinders, tubes and plates without
chemical reaction was investigated. The problem of
mass transfer with a not very rapid second-order
chemical reaction has not been analyzed so far for the
flat system and laminar flows. The flat system has been
the object of a few papers only [ 1-3, 5-11, 13]. A small
number of research workers have investigated the
problem complicated by the presence of a chemical
reaction, and only very few of them found an analytical
solution for the problem.

Generally, most considerations were related to
simple, very rapid and irreversible reaction. Potter
[10] has developed a theory of boundary layer for the
case of mass transfer from the solid to liquid accom-
panied by a simultaneous irreversible chemical re-
action occurring at a very high rate in the reaction zone
which lies in the laminar boundary layer. Fridlander
and Litt [5] gave an analytical solution to the
problem, based on Potter’s theory, by making use of
the flow equation and their solutions as proposed by
Blasius. Later, Acrivos [ 1] suggested a solution to the
case of mass transfer with a rapid homogeneous
chemical reaction. For the case of equality of Schmidt
numbers for both reagents, relationships proposed by
Acrivos resembled those of Hatta’s equation.

3. MATHEMATICAL MODEL OF THE PROCESS

From the principle of mass conservation, differential
mass balances of benzoic acid, methyl alcohol and
methyl benzoate can be derived.

~

ac;
Viw-c)+V{J) + . +r; =0
4

for i=1,273. (1)

Where i = 1,2, 3 corresponds to benzoic acid, meth-
anol and methyl benzoate respectively. Streams J; may
be due to molecular diffusion, ionic diffusion, pressure
diffusion or thermal diffusion. Taking into account
molecular diffusion only, we get:

Ji= =D;V(c). @)

Diffusion coefficients will be assumed equal unary
aqueous solutions acid, methanol or ester. Such an
assumption, is possible on the basis of papers by Curtis
and Hirschfelder [4], and by Wilke [12]. Those
authors give relationships describing the influence of
other components of the mixture on the value of
diffusion coefficients. In the case under consideration
assuming small concentrations of soluble components
in the system, differences in the diffusion coefficients,
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calculated as for mixture and a simple solution, will be
almost identical. The following other assumption has
been made. Since in the case of constant density the
principle of continuity takes the form:

Viw) =0, 3)

assuming that the flow proceeds in one direction—one
gets:

w,=w, = 0. 4)

If, moreover, diffusion in the direction of axes 0X and
0Z is omitted in the balances and the process is
considered as stationary, then equation (1) could be
written in the following way:
5Ci D @ZC,- 0
x o3 " Mty tn=
W ox? dy?
for i=1,23. (5

Since we analyze a laminar flow between two paraliel
flat plates, then:

2
cors[-)] o
0

The chemical reaction under consideration can be
expressed by the equation:

CsHs;COOH +CH;0H = C;H;COOCH,; + H,0(7)
From the principle of chemical kinetics:
Py =Fy = —r;3. (8)

For the reaction under consideration, we can assume
that:

ry=k, e ca—kycs. 9)
Assuming that water concentration ¢, = const
(10)

This product is the reaction velocity constant for
hydrolysis considered as a pseudofirst-order reaction.

ky = kycy = cost.

3.1. Initial and boundafy conditions
For the analyzed system, initial conditions can t=
written as:

x =0 Cz:cg; ¢y =0; {11)
x=0; —po<y<-+po; ¢;=0 {12)
x=0; y=yy; ¢y =c}. (13)

The boundary conditions can be expressed in the form
of following relationships:

Y=y ¢ =¢; =63 ¢=0; (14

Oc;
—») =0 for
ay y=0

The relationships (14) are equivalent with an assump-
tion that on the solid-liquid interface concentration
of the benzoic acid is equal to this of saturated
solution, concentration of methanol to its initial

i=1273. (15)
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concentration, and this of ester to zero. An assumption
that ¢, = ¢} is used in a number of papers, and it found
its experimental confirmation. In the system under
consideration, it would be very difficult to find the
transformation degree of conversion at the surface,
and therefore, the problem of the determination of
ester and methanol concentration is difficult to solve.
As it was impossible to determine the actual surface
concentration, two extreme cases have been analysed
with ¢ taken once as 0 and, alternatively as ¢®. When
a molecule is formed at the interface, its energy state
would be increased by a suitable energy excess result-
ing from its location in the field of surface forces. In
addition, because of high polarity of water, the benzoic
acid—water complexes are forced on to the solid
surface, and only after the decomposition of such

1%//f::ZZ*

F1G. 1. Flow between two parallel plates 2y, = 3
—9.7 mm—slit width; L = 600 mm—slit length).

complexes is a normal chemical reaction likely to take
place. Accordingly, the probability of ester formation
on the benzoic acid surface seems to be very small. One
can suppose that the actual concentration of ester in
the interface would be near zero. The assumption that
¢3 = 0 is, of course, an approximation. Whether it is
acceptable for the accuracy of technical calculations,
should be found by experimentation. Calculations
have been made for both assumptions concerning
surface concentrations of ester. Experimental data
have shown only the ¢; = 0 approximation to be
admissible. Consequently, the interface methanol con-
centration has been taken as equal to initial con-
centration, this concentration being equal to that in
the liquid core.

Considering all the above assumptions, the system
of balance equations (5) will have the following form:

2 2
— Yo aCi 6‘7 Ci
wel1-(2) | =+ D
B [1 (J’> ] 6x+ 8y?

turkecrcatpkyca=0;

for i=1,23. (16)

where y= +1fori=1,2and u= —1fori=3.
System (16) can be reduced to a dimensjonless form
using substitutions, as follows:

X C C
Tax; Loy, Socy; Z2=cy;
L Yo ci i
(1]
<
Coch Z=05 (7
1 i
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Then initial conditions will have the form:

X=0; C,=C} Cy=0; (18)
X=0, —-1<Y<+1; C; =0 (19)
X=0;, Y=+%1;, C,=0. (20)
The boundary conditions will thus run:
Y=41; Ci=1; C;=CY; C3=0; (21
filof ‘
— =0; =123
(6Y>y=0 0; for i=1,23 (22

Having taken into account all above designations and
relationships, equations (16} will take the form:

3-wecl ,. 0Ci Di-¢i 8¢

(=YY — - D
2-L 0X  (yo)* 0Y?

ke (€12 Cr Cotpkyr e Cy = 0;
for i=1,23. 23

By transforming equations (23), we finally arrive at:

Yo aCl 62C,»
2-Pe | =} (1-YY) — — —
B <L>( )3% " av?

+p-Ddy-C, - Cy+p-Dajy Cy = 0;

for i=1,2,3. (24)

Such a system of equations represents an isothermal
process of dissolving horizontal walls of the rec-
tangular slit, with the contribution of a reversible
second-order chemical reaction, but without consider-
ing the effect of the longitudinal diffusion. By solving
equations (24) one can arrive at concentration distri-
bution profiles for any cross-section of the slit reactor
for the acid, methanol and ester; it is also possible to
calculate the reagent concentrations at the reactor
outlet. Equations (24) have been solved numerically by
the grid method using an electronic computer.

4. EXPERIMENTS

Experiments have been carried out at room tem-
perature and normal pressure. The experimental ap-
paratus is shown in Figs. 2 and 3 (the cross-sections).
The slit reactor, built of two rectangular horizontal,
parallel plates, spaced 3.0-9.7mm apart, forms the
main part of the experimental apparatus. The walls of
the middle part of the reactor were formed of benzoic
acid. The spacing between plates could be changed by
insertion of distance gaskets made of hard rubber, of
different thickness. Measurements were taken for four
slit widths (2y,): 3.0; 4.6; 7.4; 9.7 mm. The reactor
assembly was positioned on a levelled table. Aqueous
methanol solution flowed into the reactor from a 1001
tank (1) via “Mariotte’s” bottle (2) and graduated
capillary (3). Eight different capillaries providing flow
rate in the range from 1.1 to 29.01/h (which cor-
responded to Reynolds number from 0.62 to 187.5,
Re = (2-y- w/v), have been used. Downstream of the
reactor inlet, prévision has been made for a plate with
2mm holes located on the 4 mm equilateral triangle
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F16. 2. Scheme of apparatus. 1—Tank for solution; 2—
“Mariotte’s” bottle; 3—Capillary; 4—Reactor inlet part; 5—
Perforated baffle to equalize liquid flow; 6—Part of reactor in
which liquid velocity profile is formed; 7—Part of reactor
with soluble walls; 8-~ Hydraulic seal; 9—Measuring vessel.

pattern. This served to equalize the velocity profile. In
the inlet part of the reactor (6} is a chamber 200 x 300
x 2y, mm in which the process of velocity pattern
build-up took place. In the main part of reactor (7) {300
x 600 x 2y, mm) benzoic acid was dissolved by the
flowing solution and reacted with it. The outlet part of
reactor (200 x 300 x 2y, mm) had the same task as the
inlet part (6). The fluid leaves the reactor through an
hydraulic seal, The fluid flow rate was determined by
measuring the volume of liquid leaving the reactor
during 6 min (three times for each flow rate). The
benzoic acid and ester concentrations at the reactor
outlet were determined by the spectrophotometric
analysis (three samples for each flow rate). Seventeen
series of experiments have been realized for four slit
thicknesses {6-8 experiments per series for different
flow rates). Much attention has been given to obtain
even and smooth surfaces on the reactor walls. To this
end, the grooves furrowed in the central part of both
reactor plates were filled with molten benzoic acid, and
the acid layer smoothed by means of a specially
designed heated tool.

{a)

30

5. COMPARISON OF NUMERICAL CALCULATIONS
WITH EXPERIMENTAL DATA

Equations (24) for initial conditions (18)—20) and
boundary conditions (21), (22) have been solved for the
same flow rates as those used in the experiments. Table
1 shows the percentage error of concentrations of acid
C, and ester €, obtained experimentally vs the
theoretically calculated values. It is seen that the mean
error amounts to+5.3% whereas the highest value

Table 1
C, (error %) C, (error %)
Yo
max. average  max. average
1.50 —13.46 +64 +13.54 +69
2.30 —15.76 +62 —13.03 +8.0
370 —13.23 +4.7 —11.33 +353
4.85 —1218 +52 +14.39 +2.7
for all slits -~1576 +35.6 +14.39 +5.0

reaches — 15.76%. These discrepancies are caused by
the errors of experimentation, the error of spectropho-
tometric determination and also by the approxi-
mations of numerical computations. In order to show
differences between calculations and experiments the
dependences of concentrations of benzoic acid C, and
Cj; ester on linear flow velocity for the 2y, = 3 mm slit
are shown in Fig. 4. Continuous lines on the figure
show theoretical relationships and the points show the
experimental results. As may be seen from Fig. 4,
experimental points are close to theoretical lines. The
results of calculations corresponding to the range of
parameters used in experiments are shown in Fig. 5.
Surfaces shown in this figure visually present the
character of relationships existing between the acid
and ester concentrations, linear flow velocity and
thickness of reactor slit. The intersection of these
surfaces is ascribed to the transition of the process
from the kinetic to the diffusion region with diminish-
ing linear flow rate. On the basis of presented models,
200 profiles of reagent concentration have been calcu-
lated every 3 mm of the reactor length (6--8 different
flow velocities for each of the 4 slits). For example, Fig.
6 shows the concentration profiles of the three reagents
for 3.0mm slit at the reactor outlet. The curves

{b}

FiG. 3. The section of reactor: {a) longitudinal section; (b) cross-section, 1—flange, 2—slit, 3—groove filled
with benzoic acid, 4-—projection of guide, 5-space on the gasket.
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FiG. 4. The concentrations of benoic acid—C, and Cy—
ester in dependence on linear flow velocity for the 2y,
= 3 mm slit.

presented show full concurrence with the assumptions
of the adopted model. The extremum of ester con-
centration in Fig. 6, can be ascribed to the transition of
the process from the diffusional (near the wall) to the
kinetic regime.

With the momentum and mass balance equations
taken as a basis, a system of equations (elliptic second-
order partial differential equations) has also been
formulated to represent mass transfer for laminar flow
in a flat system including the effect of longitudinal
diffusion and reversible chemical reaction. Calculated
data differed only very slightly from those calculated
using the model not accounting for the effect of
longitudinal diffusion (24). This means that the effect in
question may be considered negligible for the process.
A balance equation for benzoic acid only has been
formulated (this being equivalent to the assumption
that coefficients of diffusion for acid, ester and meth-
anol are equal). The results show that this equation
does not represent the process with sufficient accuracy,
they differ greatly from those obtained by experiment.
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6. CONCLUSIONS

1. The physico-chemical model of the solid dissolv-
ing process, with the contribution of a reversible
second-order chemical reaction, has been formulated
in the form of a system of three parabolic non-linear
partial differential equations. The system in question
has been numerically solved by the grid method.

2. The computations worked out can be used for
laminar flow calculations covering different geomet-
rics of the reactor and other chemical reactions.

3. Making use of the proposed model, one can
calculate concentration profiles for any cross-section
of a slit reactor.

4. The general character of the model equations
(including terms describing convection, diffusion and
reaction in both directions) allows their use directly
regardless of wherever the process takes place in the
diffusional, kinetic or mixed region.

5. Using the calculated concentration profiles one
can easily determine the kinetic region in which the
process takes place at various flow points,

6. The model presented here has been experimen-
tally verified for the reaction in which benzoic acid is
estrified with the methyl alcohol solution. Experimen-
tal results confirmed the velocity of assumptions
adopted in the model.

7. From the results obtained it appears that in the
system under consideration it is not necessary to take
into account the effect of longitudinal diffusion.

8. Calculations based on the assumption of equality
of diffusion coefficients of acid, ester and methanol (the
balance of the benzoic acid only) do not give correct
results.

9. The model presented constitutes a good repre-
sentation of the process in which benzoic acid is
dissolved in aqueous methanol solution, with ester
interface concentration assumed to be equal to zero.
The boundary condition for the ester, assuming the

emem~ Ester

—_— Acid

F16. 5. Theconcentrations of acid—C, and ester—C, in dependence on mean linear flow velocity w and the
dimension of the slit 2y,.
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FiG. 6. The halfs of the concentrations profiles of: acid—C,;

methanol—C,; and ester—C; at the reactor outlet. In the y-

axis i indicates the distance from the axis of the reactor (for

= 10 the dissoluble wall of the reactor made from the benzoic
acid).

ester concentration on the solid boundary being at
equilibrium, gives results far apart from the experi-
mental data.
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VITESSE DE DISSOLUTION D'UN SOLIDE AVEC REACTION CHIMIQUE

Résume—On étudie 1a vitesse de dissolution d’un solide dans un liquide s’écoulant entre deux plaques
planes en présence d’une réaction chimique réversible du second ordre. Le processus a été considéré
isotherme et se produisant dans un écoulement stationnaire laminaire. A partir des équations différentielles
de bilan de quantité de mouvement et de masse pour chaque composant du systéme, et avec des conditions
initiales et aux limites convenables, un modéle physico-chimique du processus a été formulé et résolu
numériquement dans le cas particulier de la réaction de I'acide benzoique sur P'alcool méthylique.
Le modéle proposé permet de calculer les profils de concentration dans le réacteur a section rectangulaire
allongée. Le modéle a été vérifié expérimentalement. L'erreur relative moyenne entre expériences et
calculs théoriques atteint +35,3 pour cent. On a démontré en outre la possibilité de négliger influence
de la diffusion longitudinale dans le probléme traité.

UBER DIE AUFLOSUNGSRATE EINES FESTEN STOFFES UNTER
GLEICHZEITIGER CHEMISCHER REAKTION

Zusammenfassung-- Es wurde die Aufldsungsgeschwindigkeit eines festen Stoffes in einer Flilssigkeit unter
gleichzeitiger sekundirer, reversibler chemischer Reaktion untersucht. Der Vorgang wurde bei stationdrer
Laminarstrémung zwischen zwei Platten und isotherm betrachtet. Auf der Grundlage differentieller
Impuls- und Stoffbilanzen wurde ein Modell fiir den Vorgang aufgestelit; geeignete Anfangs- und
Randbedingungen wurden formuliert. Fiir die Reaktion Benzoesdure~Methanol wird eine numerische
Lésung angegeben. Mit Hilfe des vorgeschlagenen Modells kénnen die Konzentrationsprofile in jedem
belichigen Querschnitt des Spaltreaktors ermittelt werden. Das vorgeschlagene Modeil wurde experi-
mentell iiberpriift. Die mittlere Abweichung zwischen Mef- und Rechenwerten Liegt in den Grenzen
+5,3%. Es wurde nachgewiesen, daB die Lingsdiffusion nur einen vernachlédssigbar kleinen EinfluB auf
das Ergebnis ausiibt. Die vorgeschlagene Berechnungsmethode kann als ausreichend genau fiir das
betrachtete Problem angesehen werden.
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O CKOPOCTHM PACTBOPEHUA TBEPIOI'O
TEJA IIPH HAJTHYHMH XUMHWYECKOH PEAKLHU

Annoramun — HMccnenyercst ¢kopocTs PacTBOPCHAS TBEPHOrO Tefla B MOTOKE KHUIKOCTH MEXAY
JNBYMS TUIOCKHMH MIACTHHAMM NPH HANUYMH 00paTHMOM XMMHYECKOR peakUMH BTOPOTO NOPSAKA.
Tlpouecc aHANKU3UPYETCA KaK M3OTEPMHUYECKUH, IIPOTEKAIOWMI B niepexonHoit ofnacTu cTauMoHap-
HOTO NaMHHapHOro noroka. Ha ocnose muddepeHuuanbHbiX ypaBHeHHil Oananca xonuvecTsa
ABHKEHHS M MACChl IPM COOTBETCTBYIOUIHX HAUANbBHBIX M I'DAHMYHLIX YCIOBHAX CQOpMynuposaHa
MOAESTH NPOLECCa M MOMYYCHO YMCTIEHHOE PELUCHUE JUIH peakuny OeH30HHO| KHCAOTH © METAHOROM.
IMpennoxenuan Monens NO3BONEET PACCYHTATH NMPODHIL KOHUEHTPaUUK and MoB0ro nonepedsoro
ceyeHma Lienesoro peaktopa. IpencraBneHnas Moaeb NOATBEPKACHA 3KcnepuMenTanbio, Cpenuee,
OTKIOHEHNE MEXAY OKCHEPUMEHTANbHBIMUY M TEODETHYECKMMH [AHHBIMH cocTaBaser -+5,3%.
Moxazano, 4to npoxonsHoi anddyneit Moxuo nperebpeus. Haitneno, 94T0 NPenioXeHubii MeTOR
pacueTa ABAACTCH QOCTATOMHO TOYHLIM i PACCMATPUBAEMON 3adauu.
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