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A brief review is presented of the theoretical solution obtained by the authors to the 
problem of a rapid second-order reaction in the incompressible laminar boundary layer 
on a flat plate. An experimental system is described for investigating reactions of this 
type, specifically the dissolution of plates and cylinders of benzoic and cinnamic acids 
in aqueous solutions of sodium and potassium hydroxide. Experimental data are reported 
in terms of a reaction factor, that is the ratio of the transfer rate with reaction to that in 
the absence of reaction. The reaction factor is independent of position. The theory closely 
predicts the reaction factor for cylinders as  well as for flat plates. Data obtained by other 
investigators for packed beds can also be correlated although less successfully. 

In a previous study ( 1 )  the authors 
obtained a theoretical solution to the 
problem of a rapid second-order reac- 
tion in the laminar boundary layer on a 
flat plate. Physically the problem treated 
was of the following nature: Substance 
A diffuses across a rigid interface into 
a fluid flowing over the surface. Sub- 
stance B diffuses from the mainstream 
to a point (usually near the surface) 
where it meets A and the rapid, ir- 
reversible reaction 

aA + bB -+products (1) 

takes phce. Components A and B and 
the products of reaction are convected 
downstream as the reaction proceeds. 
The reaction consumes A, steepens the 
concentration gradient at the interface, 
and increases the transfer rate. The 
principal contribution made in reference 
1 was the development of a theoretical 
solution to the problem for an  important 
convective system, namely the laminar 
boundary layer on a flat plate. This 
solution also gives a semiquantitative 
picture of transfer in the laminar 
boundary layers of other shapes such as 
spheres and cylinders. 

In brief it was shown in the theo- 
retical study that the mean Sherwood 
number for the entire plate up to any 
point L along the plate is given by 
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The relation between the mainstream 
concentration of B and the surface 
(saturation) concentration of A is 

-{ } (3) 
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The function el is plotted by Schlichting 
(4) .  With these equations the rate of 
dissolution of any substance A as a 
function of mainstream concentration of 
B can be calculated if the Schmidt num- 
bers are known. 

The present paper deals with the 
application of these results to a specific 
experimental system, namely the dis- 
solution of benzoic and cinnamic acids 
in dilute solutions of sodium and potas- 
sium hydroxide. These substances were 
chosen since they have been previously 
investigated and their physical properties 
are well known (2 ,  3). 

EXPERIMENTAL 

Experiments were carried out in the 
system shown in Figure 1. The solution of 
base was pumped from the holding tank 
to the head tank, and i t  then flowed through 
the Lucite test section. A well-faired en- 
trance section was used to prodlice a 
uniform velocity profile across the duct. 
Screens inserted in the head tank to break 
up the large eddies in the water from the 
return line served also as a disengaging 
section for any air in the system, since 
fine bubbles tended to collect and grow on 
the wire and eventually make thrir way 
to the surface. During a run the temper- 
ature was constant to  the nearest 0.5"C. 
However the energy imparted to the stream 
by the pump caused a slow rise in temper- 
ature, particularly a t  high bypass flows. 
Hence a cooling coil was installed in the 
holdup tank and the cooling water rate 
adjusted to keep the temperature constant 
over a series of runs. Most of the runs were 
made at a temperature of 25°C. 

Figure 2 shows the details of the test 
section. Velocities up to  GO cm./sec. were 
attainable in the 9-sq.-cm. duct. The 
plate was placed in the center of the duct 
rather than in the wall so that the begin- 
ning of the velocity boundary layer would 
be known exactly. A correction to the 
theory was necessary because thP velocity 
and concentration boundary layers began 
at different points, as can be seen from 
the drawing of the plate holder, Figure 3. 
The sampling section of the plate holder 
was approximately 5 cm. wide and 14 cm. 
long. Seven smaller plates, each 2 cm. 
long, were carefully fitted togrther in the 

TABLE I. SLOPES OF THE CURVES IN FIGURE -1 

Observed Standard 
l V S h M  deviation, 

System h;laLl''Nsc''3 f '/b 
Beiizoic acid plates (A) 0.855 1 . G  
Cinnamic acid plates (F) 0.808 1.4  
Benzoic acid cylinders (G) 0.741 1.G 

*By the von KBrmPn approximate method. 

Calculated* 
N S h a r  

N& L1'2,vSe1'3 

0.556 
0.556 
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Fig. 1. Experimental apparatus. 

Fig. 2. Detail of test section with plate- 
holder support. 

plate holder. The individual plates allowed 
determination of local mass transfer rates. 
Cylinders were used as well as plates to 
determine how sensitivc the theoretical 
results were to geometry. The cylinders, 
which were 1 cni. in diameter and about 
2 in. long, were held together by stainless 
steel pins and suspended in a holder. 

The test pieces, both cylinders and 
plates, were pressed from reagent-grade 
benzoic and cinnanic acids. The powdered 
acid, as received, was first ground and 
then sieved to separate the fraction be- 
tween 40 and 60 mesh. The weight of 
powder from this fraction necessary to 
give the desired thickness was poured 
into the mold and compressed in a labo- 
ratory press. No binder was required. The 
pieces were quite smooth to the touch 
and did not have the grainy crystal faces 
which resulted when efforts were made to 
cast pieces. 

Dissolution rates were determined by 
weighing the test pieces before and after 
each run. Preliminary tests were run to 
determine variation of weight with im- 
mersion time and water absorption. The 
benzoic acid specimens were found to 
absorb a negligible amount of water upon 
immersion. They could be reweighed as 
soon as the surface liquid had evaporated, 
but i t  was necessary to do this soon after 
a run had been completed, since they lost 
weight by sublimation (about 0.5 mg./day). 
A standard procedure was developed in 
which the specimens were reweighed an 
hour after removal from the solution. The 
specimens were kept in an enclosed box 
containing Drierite to keep them clean 
and to promote drying. 

The cinnamic acid plates absorbed a 
considerable amount of water upon im- 
mersion, approximately 5% of their origi- 
nal weight, depending upon immersion 
time. However it was found that after 

Fig. 3. Detail of plate holder. 

3 hr. in the dry box h e  specimens all 
returned to their original weight. Further 
checks were made by inserting a complete 
plate, a t  zero flow, into the test section 
for a short time. After 3 Iir. in the dry box 
the specimens had readied their original 
weight within the precision of the determi- 
nation. This waiting timi- was included as 
part of the standard ~,rocedure in the 
cinnamic acid runs. 

Runs were made in the I’ollowing manner: 
setting the desired velovity and concen- 
tration, checking for conctaney of temper- 
ature, and inserting the hpecimen through 
the entrance section. TJie time required 
for insertion and removal of the test pieces 
was only a small fraction of‘ the total 
running time. 

Because of the large volume of solution 
recirculated and the reh tive insolubility 
of the test materials, the increase of con- 
centration of the dissolvetl acids was negli- 
gible. However t o  be on [,he safe side the 
liquid was changed after each series of 
runs. The water required .tging for several 
days to remove dissolved air, which other- 
wise caused bubbles to form in the duct. 

RESULTS AND DISCUSSION 

Runs were made with water and 
solutions of sodium :ind potassium 
hydroxide. The res‘ults obtained with 
water are shown in Figure 4 and Table 
1.” As theory predictcad, the mean 
Sherwood number varied with the square 
root of the Reynolds number with little 
deviation from a least-squares line up 
to a Reynolds number 01 about 50,000. 
Above this value the dissolution rates 
rose sharply, probably owing to the 
onset of turbulence in the previously 
laminar boundary layer. The slopes of 
the lines, given in Table 1: wcre consider- 
ably higher than those predicted by the 
theory. [The theoretical constant was 
0.556 and not 0.664, as in Equation (2), 
because the velocity and concentration 
boundary layers began at different 
points.] The factors contributing to this 
deviation were as follows. 

1. Mainstream turbulence-This was 

*The letters in this and the wbsequent figures 
refer to the runs listed in tables of data deposited as 
document 6093 with the American Documentation 
Institute Photoduplication Rervici. Library of Con- 
gress W’rtshington 25, D. C. It (hay be obtained 
for $2.50 for photoprints or $1.7; for 36-mm. mi- 
crofilm. 

m 1% ya 
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Fig. 4. Dissolution in water as a function 
Of Nxe4. 

reduced as much as possible in the design 
of the apparatus, but at the higher 
velocities the length of the calming tank 
was not sufficient to allow the turbulence 
to die out, as was shown by dye-stream 
studies. 

2. Surface Toughness-The test pieces 
were not hydrodynamically smooth as 
assumed in the theory; moreover, some 
disturbance was bound to be produced 
at the point where plates butted up to 
one another. For the high Schmidt num- 
bers of this study the mass transfer was 
particularly sensitive to roughness near 
the surface which would tend to increase 
the mass transfer rate. 

3. Edge eflects-Since the plate was of 
finite width, transfer at the edges tended 
to increase the rate of solution above that 
predicted by the theory for the semi- 
infinite plate. 
Other factors which may have tended to 
produce high results were vibration of 
the pump, stagnation at the front of the 
plate, and turbulence at the back end 
of the plate. 

While the Sherwood number was higher 
than that predicted for dissolution in 
pure water, for the given experimental 
systems it was reproducible and hence 
was used to  characterize the system in 
the absence of reaction. The effect of 
reaction was calculated in comparison to 
the effect without reaction; that is, the 
results with reaction are given in the 
form of a factor which is the ratio of the 
mean Sherwood number with reaction 
to that without reaction. 
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The results are shown in Figures 5 
and 6, where the reaction factors cal- 
culted from the mean and local Sher- 
wood numbers, respectively, are plotted. 
(The values calculated from the local 
Sherwood numbers were obtained from 
the data for the first few plates.) The 
solid line is the reaction factor cal- 
culated from Equations (2) and ( 3 ,  
with 900 used as the Schmidt number 
of the acids and 300 as that of sodium 
hydroxide. It is seen that agreement 
between the observed and calculated 
results is good not only for the plate 
(which one might have excepted) but 
also for the cylinders. Also included are 
several points calculated from the data 
of Van Krevelen and Krekels (53 for 
sodium hydroxide flowing over a packed 
bed of benzioc acid pellets. One may 
conclude that the theory for the flat 
plate predicts the experimental reaction 
factor quite closely and is also relatively 
insensitive to geometry. 

The values of the Schmidt numbers 
used in the calculation of the theoretical 
curve require some discussion. Schmidt 
numbers for molecular benzoic and 
cinnamic acids diffusing through watcr 
have been measured by a number of 
investigators, and some values are tabu- 
lated in reference 2.  The proper diffusivity 
for the sodium hydroxide is more dif- 
ficult to determine. The reacting species 
is actually hydroxyl ion, but in the 
hydroxide boundary layer there are three 
ionic species: hydroxyl ion, sodium ion, 
and benzoate ion. The hydroxyl ion 
cannot diffuse independently of the 
sodium ion because of the requirements 
of electrical neutrality; however it is 
not retarded so much as it would be in 
pure water because the benzoate ion 
diffuses from the reaction zone. Data 
obtained by King and Brodie (2) do 
indeed shom- a dependence of sodium 
hydroxide diffusivity on benzoate-ion 
concentration, the diffusivity increasing 
with benzoate Concentration. It is there- 
fore to be expected that in such a system 
the actual diffusivity of the sodium 
hydroxide would lie somewhere between 
that of the free hydroxyl ion and sodium 
hydroxide in water. This was found to 
be the casc. 

The value of Nsea which best cor- 
related the experimental results was 
obtained in the following way. At  high 
values of CB%f/CAs Equation (3) reduces 
to 

and a plot of reaction factor vs. C B M / C A s  

should be linear with a slope of 
( N S c ~ / N S e B ) 2 ' 8 .  Such a plot for the 
benzoic acid-sodium hydroxide data is 
shown in Figure 7. A value for NscB = 296 
calculated from the slope of the line 
was used to compute the full curve 
shown in Figures 5 and 6. It is interesting 

to note that Equation (5) ,  derived for 
high values of CaM/CAs, actually holds 
fairly well for C,M/C,s as low as  1 or 2. 

An independent estimate of the proper 
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Fig. 5. Reaction factor vs. concentration 
ratio. 
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Fig. 6. Reaction factor vs. concentration 
ratio (calculated from local Sherwood 

numbers). 
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Fig. 7. Reaction factor vs. concentration 
ratio (series D for high C B M / C A , ) .  

value of N s c B  can be obtained from the 
relations for ionic diffusion derived by 
Vinograd and McBain (6). From esti- 
mates of the concentrations and their 
gradients the diffusivity was calculated 

to be about half the value for the free 
ion, corresbonding to a Schmidt number 
of 330. When one considers the roughness 
of the calculation, this compares fairly 
well with the value estimated from the 
experimental data. 

ACKNOWLEDGMENT 

The material presented in this paper 
was taken from the doctoral dissertation 
of Mitchell Litt, who wishes to acknowledge 
the support of a fellowship from the E. I. 
du Pont de Nemours Company, Inc. S. K. 
Friedlander wishes to acknowledge the 
assistance of National Science Foundation 
Grant 05079. 

NOTATION 

a, b = stoichiometric coefficients 
of chemical reaction 

C A  S = surface concentration of 
A , moles/liter 

CL7 ili = mainstream concentration 
of B, moles/liter 

= dimensionless Blasius 
stream function 

F R  = reaction factor, ratio of 
Sherwood number with 
reaction to Sherwood num- 
ber in the absence of 
reaction 

L = distance from leading 
edge, cm. 

N R ~ L  = Reynolds number with L 
as the characteristic linear 
dimension 

N s ,  = Schmidt riuinbcr 
N s c A ,  Nsco = Schmidt number for re- 

N S h M  = mean Sherwood number 
17 = dimensionless boundary- 

layer coordinate 
e l  = dimensionless boundary- 

layer temperature 
e l A R ,  ~ I B R  = dimensionless boundary- 

layer temperature based 
on N A y c A  or N S e B  and 
evaluated a t  the reaction 
zone 

f 

actant A or reactant B 

LITERATURE CITED 

1. Friedlander, S. K., and Mitchell Litt, 
Chem. Eng. Sci., 7,  229 (1958). 

2. Hixson, A. W., and S. J. Bauin, Ind. 
Eng. Chem., 36, 528 (1944); King, C. V., 
and S. S. Brodie, J. Am. Chem. Soc., 59, 
1375 (1937). 

3. Linton, W. H., Jr., and T. K. Sherwood, 
Chem. Eng. Progr., 46, 258 (1950). 

4. Schlichting, Hermann, "Boundary Layer 
Theory," p. 265, McGraw-Hill, New 
York (1955). 

5. Van Krevelen, D. W., and J. T. C. 
Krekels, Rec. trav. chim., 67, 512 (1948); 
69, 1519 (1950). 

6. Vinograd, J. P., and J. W. McBain, 
J .  Am. Chem. Soc., 63, 2008 (1941). 

Manuscript Teceived December 89, 1958: revision 
recezved April 7. 1959; paper accepted May 1, 1959. 

Vol. 5, No. 4 A.1.Ch.E. Journal Page 485 




