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Fig. 1. Correlation of data from saturation experiments. Fig. 2. Correlation of data from elution experiments. 

Studies of the rate of absorption of 
glycerol from aqueous solutions by 
packed beds of ion exchange resin 
have recently been reported (1, 2 ) .  In 
particular, Vassiliou and Dranoff ( 2 )  
showed that the rate of absorption and 
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desorption of glycerol in beds of am- 
berlite IR-120 resin could be described 
by a linear rate equation containing 
an unknown mass transfer coefficient k. 
They studied the effect of Reynolds 
number on k in a limited number of 
experiments and also noted differences 
between k values for saturation and 
elution and an effect due to resin par- 
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ticle size. The present work was under- 
taken to obtain more complete and ex- 
tensive data, including the effects of 
Reynolds number, temperature, and 
particle size on the transfer coefficient. 

The detailed analysis of the transi- 
ent operation of a packed bed during 
the saturation and/or elution cycle has 
been presented previously ( 2 ,  3 )  and 
is therefore not repeated here. Suffice 
it to say that a linear rate equation of 
the form 

is combined with appropriate material 
balances and initial conditions to yield 
equations which predict the familiar 
breakthrough curves encountered in 
such operations. Comparison of these 
theoretical curves and those measured 
experimentally then makes possible the 
estimation of the appropriate k values. 

EXPERIMENTAL 

The absorption of glycerol from 
dilute water solutions (approximately 
6.5 wt. % glycerol) was carried out in 
a standard glass chromatographic col- 
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The article, “The Laminar-Turbulent 
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tric Annuli, and Parallel Plates,” by 
Richard W. Hanks, which appeared on 
page 45 of the January, 1963, issue of 
the A.Z.Ch.E. Journal, was omitted 
from the table of contents. 

Vol. 9, No. 2 A.1.Ch.E. Journal Page 283 



Abstracts and Key Words 
Of the latest book in the Chemical Engineering Progress 

Symposium Series 
APPLICATIONS OF PLASTIC MATERIALS IN AEROSPACE 

Vol. 59, No. 40, 1963, $3.50 to members, $15.00 to nonmembers. Symposium Series books may be 
ordered from the Secretary's Office, the American Institute of Chemical Engineers, 345 East 
47 Street, New York 17, New York. 

Key Words: Reinforced Plastics-0, Structural Plastics-0, Heat Resistant 
Plastics-0, Glass-Reinforced Plastics-0, Asbestos-Reinforced Plastics-0, 
Low-Pressure Laminates-0, Fi lament Winding-0, P las t i c  Sandwich Construc- 
tion-0, Ablation-0, Aerospace Applications-0, Mechanical Properties-0, Ther- 
mal Properties-0, Polyester Resin-0, Epoxy Resin-0, Phenol ic Resin-0, S i l i -  
cone Resin-0, Glass Fibers-0. 

Abstract: Reinforced p las t i cs  are composite mater ia ls consist ing o f  f ibered 
reinforcements banded together w i th  a thermosetting resin. Reinforced plas- 
t i c s  were developed jus t  prior to  World War II and found immediate use  in air-  
craf t  construction, Presently, major emphasis in apply ing reinforced p las t i cs  
to aerospace vehic les i s  placed on f i lament w ind ing  for pressure vessels and 
rocket cases and on ab la t ion  mater ia ls for thermal protect ion o f  re-entry 
vehicles. 

Reference: Strauss, Er ic  L., Chem. Eng. Progr. Symposium Ser. No. 40, 59, 
p. 1 (1963). 

Key Words: Epoxy Resins-1, Heat Shields-8, Ablat ion Materials-1, Ablat ion 
Mechanisms-7, Re-entry Veh ic le  Design-8, Thermal Properties-6, Charring 
Plastics-1, P las t ics  Mechanical Properties-6, Chemical T a i  lo r ing  o f  P las t ics -  
8, Phys ica l  Ta i lo r ing  o f  Plastics-8, Cross-linking-6, Thermosetting Resins-1, 
Thermal Protect ion Systems-8, Transpiration-2, Transient Heat Conduction-1, 
Ablat ion Analysis-1, Avco Corporation-10, Re-entry Environment-5, lBM-704- 
10, Ph i lco  Model 5-2000-10, Computers-lo. 

Abstract: The techniques are discussed for al ter ing the  phys ica l  and chemical 
nature o f  an ac id  cured epoxy res in  system to make the resu l tan t  product use- 
ful as a heat sh ie ld  material for either ba l l i s t i c  suborbital or manned super- 
o rb i ta l  re-entry vehicles. Ab la t ion  character ist ics and thermal and mechani- 
cal  property data are presented for several epoxy formulations. Examples of 
typ ica l  re-entry veh ic le  conf igurat ions as we l l  as a weight comparison o f  
several p las t i cs  are also presented. 

Reference: Coll ins, James A,, Omar K. Salmassy, and Lawrence E. McAIIister, 
Chem. Eng. Progr. Symposium Ser. No. 40, 59, p. 9 (1963). 

Key Words: Ablation-8, Polymer-9, Epoxy-9, Functionality-6, L e w i s  Acid-4, 
Pyrolysis-8, Pyro ly t i c  Graphite-2, S i l i ca  Fibers-9, Si l icon Carbide-2, Novalac- 
9, X-Roy Diffraction-10, Char.2, F iber  Glass-9, Plasma Arc-10. 

Abstract: Recent physical, chemical, and thermal invest igat ions have re- 
sul ted i n  a better understanding o f  the  ab la t i ve  mechanism i n  un f i l l ed  and re- 
inforced charring polymer systems. Ab la t i ve  arc tests of cured epoxy res in  
systems indicated that a system func t iona l i t y  o f  2.6 was required for the 
formation o f  stable ab la t i ve  chars. In add i t ion  certain ac ids  were found to 
induce stable ab la t i ve  chars i n  noncharring epoxies. A mechanism o f  char- 
layer formation and removal has  been postulated, wherein the polymer de- 
gradation products deposit py ra ly t i c  graphite i n  the  char layer during obla- 
tion. T h i s  graphite has been found to  react w i th  s i l i ca  reinforcing fibers to 
form s i l i con  carbide a t  the ablat ing surface. 

Reference: McAl l is ter ,  Lawrence, J. Bolger, E. McCaffery, P. Roy, F. Ward, 
and A. C. Walker, Jr., Chem. Eng. Progr. Symposium Ser. No. 40, 59, p. 17 
(1963). 

(Continued on page 286) 

*For de ta i l s  an the  use  o f  these key words and the A.1.Ch.E. fnformatian 
Retr ieval  Program, see Chem. Eng. Progr., 57, NO. 5, p. 55 (May, 19611, 
No. 6, p. 73 (June, 1961); 58, No. 7, p. 9 (July, 1962). 

umn packed with ion exchange resin. 
The column, which was 36 in. long'and 
1 in. in inside diameter, was fitted with 
a concentric glass heating jacket for 
close temperature control. The packed 
bed, which had a height of 76 cm. in 
all experiments, was supported in the 
column by a sintered glass filter disk 
and was covered at the top by a fine 
stainless steel screen. The portions of 
the column above and below the resin 
bed were filled with 4-mm. glass 
beads. The bottom of the column was 
equipped with an Ultramax valve ( 4 )  
that allowed fine control of the effluent 
rate. At the top of the column was a 
three-way stopcock which was used 
to direct fluid through the fixed bed or 
into a waste container. 

The feed solutions were stored in 
1-liter flasks located in a constant tem- 
perature water bath. Solution was 
pumped from these flasks through a 
rotameter and then to the column. The 
rotameter was used for estimation and 
control of the flow rates. All fluid lines 
were made of tygon tubing. The water 
in the constant temperature bath was 
also circulated through the concentric- 
tube heating jacket which, like all 
fluid lines, was insulated to minimize 
heat exchange with the surroundings. 
With this equipment it was possible to 
maintain the temperature of the feed 
solutions and the column contents con- 
stant to within one degree centigrade. 

The resin used in this work was 
Dowex 50W-X8 in the hydrogen form. 
It was divided into three particle size 
ranges by dry screening through U. S. 
Standard' screens. The mean particle 
size (and range) for each range was 
0.0715 cm. (0.0590 + 0.0840), 0.0505 
cm. (0.0420 + 0.0590) and 0.0274 
cm. (0.0250 -+ 0.0297). 

The resin bed was packed by the 
usual technique of allowing a slurry of 
particles to settle in the column when 
it was full of water. The resultant uni- 
form bed had measured interparticle 
and intraparticle void fractions of 35 
and 39.7 %, respectively, based on the 
superficial bed volume. These values 

TABLE 1. REPORTED VALUES OF K d  FOR 

AQUEOUS-GLYCEROL SOLUT~ONS 

Glycerol con- 
centrations, Distribution 

Investigation (wt. % ) constant, Ka 

Vassiliou and 4.06 0.58 
Dranoff (2) 7.05 0.60 

9.80 0.625 

Shurts and 2.00 0.60 
White (5 )  7.00 0.63 

This work ( 3 )  6.5 0.63 
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were determined by the procedure 
reported previously (2 ,  3 )  . 

Effluent concentrations were deter- 
mined with this system for both satur- 
ation and elution experiments. Analy- 
sis of solution composition was by re- 
fractive index measurement. 

Additional details of equipment and 
procedure are presented elsewhere (3). 

RESULTS AND DISCUSSION 

Fifty-one saturation and fourteen 
elution runs were made at various 
conditions of flow rate, temperature, 
and particle size. (Elution data were 
not collected after every saturation ex- 
periment since early analysis indicated 
no unusual trends in these results.) 

The breakthrough curves from sev- 
eral runs were analyzed to determine 
the equilibrium distribution coefficient 
K d .  The results indicated that K d  is 
not affected significantly by changes in 
temperature, flow rate, or particle size. 
Since K ,  is an equilibrium parameter, 
it is to be expected that its value would 
not depend on flow rate or particle 
size. Although a temperature effect 
might be expected previous studies (1) 
have shown that this dependence is 
negligible' over the range of tempera- 
tures considered here. 

From the present results an arith- 
metic average value of 0.63 was chosen 
for use in subsequent calculations. 
This value is consistent with the data 
of Vassiliou ( 2 )  and Shurts and White 
( 5 )  as shown in Table 1. 
Note that these data indicate a slight 
concentration dependency which was 
assumed negligible for present pur- 
poses. 

Mass transfer coefficients were cal- 
culated for each run after graphical 
matching of experimental and predicted 
breakthrough curves (3 ) .  Such match- 
ing was found to be quite satisfactory 
for all of the present data as was also 
noted by Vassiliou ( 2 ) .  

The effects of temperature, flow rate, 
and particle size upon the coefficient k 
were next considered. For a single par- 
ticle size and temperature the value of 
k increased approximately with the 0.7 
power of particle Reynolds number, as 
the latter was changed from 0.08 to 
about 1.0. Further increase in Reyn- 
olds number produced a rather sharp 
change after which k values appeared 
to be constant. The same kind of be- 
havior was observed by Vassiliou, al- 
though the transition to constant k val- 
ues was more gradual. Note that 
Reynolds numbers were based on aver- 
age fluid properties corresponding to 
solutions of 3.2% glycerol. 

Again as found by Vassiliou ( a ) ,  the 
k values for elution runs were consider- 
ably higher than corresponding values 
for saturation experiments. The only 
explanation for this difference pres- 
ently available is that nonlinearities in 
the K ,  concentration relationship may 
be responsible. Further experiments 
will be necessay before this may be 
confirmed. 

A correlation of the data for various 
particle sizes and temperatures was 
then sought. It was found that as tem- 
perature was increased at constant flow 
rate, the value of k also increased. 
However the Reynolds number in- 
creased as well, owing to decreases in 
the viscosity of the liquid, with the re- 
sult that the data for any particle size 
fell on essentially one curve. Further- 
more decrease in particle size also 
produced an increase in k. Such in- 
creases were higher than might be ac- 
counted for simply in terms of the 
larger particle-solution interfacial area 
per unit volume of bed associated with 
the smaller particles. 

It was found that the data could be 
best correlated by a plot of kD,l.so 
against Reynolds number. Such plots 
are shown in Figure 1 for saturation 
data and Figure 2 for elution data. 
Simple equations were fitted to these 
data and the results are as follows: 
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For saturation: 

kDi.'' = 0.0250, N , ,  1.35 
For elution 
kD,'." = 0.0275NR:.'4, N,, 4- 1.15 
kD;.OQ = 0.031, N, ,  A 1.15 

In these relationships the units of k are 
taken as (minutes)-', and D, is given 
in centimeters. The above equations 
will reproduce the experimental data of 
this investigation with an average ab- 
solute difference of 9.75% for satura- 
tion data and 5.57% for elution data. 

Over the range of flow conditions 
studied here, it seems clear that the 
rate process is controlled by a combina- 
tion of external or film diffusion of 
solute at low N g e  and internal or parti- 
cle diffusion at NR, greater than about 
1.0. These conclusions are based upon 
the observed influence of changes in 
N R e  which are characteristic of such 
regimes of operation. 

An attempt was made to separate 
these two mechanisms by assuming 
they act in series, much as was done 
by Baddour and Gilliland (6) with ion 
exchange data. The results were nega- 
tive in that consistent values of system 
parameters could not be determined. 
This was in part due to the sharp, al- 
most discontinuous change in the N , ,  
dependence mentioned above and 
shown in Figures 1 and 2.  It  thus ap- 
pears that a somewhat more detailed 
model of the transfer process is re- 
quired to explain the observed phe- 
nomena. Although the linear rate equa- 
tion used here does lead to break- 
through curves of appropriate shape, 
the effective mass transfer coefficient k 
is obviously a complex parameter 
which demands further study. 

It should be noted that the data of 
this study are in good agreement with 
those of Vassiliou. The Reynolds num- 
ber dependence agrees exactly as does 
the value of k at high NRe. At lower 
values however Vassiliou's data appear 
to be higher than those reported here. 
This may be due to poorer flow rate 
control in the earlier work or to use a 
different resin (Amberlite IR 1 2 0 )  
with possibly different cross linkage. 

In summary, it has been again shown 
that a simple linear rate model may 
be used to describe glycerol absorption 
in packed beds of ion exchange resin 
at low flow rates. The effects of tem- 
perature, flow rate, and particle size 
upon the one parameter of this model 
have been correlated empirically to 
yield working relations of moderate ac- 
curacy. The data indicate that the 
process is controlled by some combina- 
tion of diffusion within and at the sur- 
face of the resin particles, although the 
exact mechanism of the rate process is 
not yet clearly understood. 

kD,'." = 0.0275NRs0.'', NRs 6 1.35 
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NOTATION 

c =  
c, = 

up = 

K d  = 

k =  

L =  

N f i e  = 

Y =  

t =  

P =  
- 

- 

I I =  

solute concentrations in 
ternal solution, (wt. % ) 
input solute concentration 
particle diameter, (cm.) 
equilibrium distribution 
efficient, (dimensionless) 
mass transfer coefficient, 
(min.-’) 

ex- 

co- 

solution flow rate, ml./ (min.) 
(sq. cm.) 
particle Reynolds number, 
D P  G 
- 

I I  
solute concentration in inter- 
nal solution, (wt. % ) 
time, (min.) 
average fluid density, (g./ 
ml. ) 
average fluid viscosity, g./ 
(cm.) (min.) 
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Absorption, Distillation and Cooling TOW- 
ers, W. S. Norman, John Wiley and Sons, 
Incorporated, New York ( 1  961). 477 
pages. $1 1.50. 

This book is devoted to the chemical 
engineering treatment of mass transport 
phenomena and, more particularly, to the 
mass transfer unit operations involving gas 
and liquid phases. Its principal value is 
as a knowledgebale, up-to-date, and ex- 
tensive review of engineering research 
work in these areas. 

The first three chapters deal with mo- 
lecular transport properties and the devel- 
opment of the mass transfer coefficient. 
The fourth chapter treats the fundamen- 
tal procedures for the anal sis of per- 
formance of absorption a n l  distillation 
towers, and the fifth chapter. contains in- 
formation on equilibrium relations and 
special distillation processes. The sixth 
through the thirteenth chapters must be 
considered the heart of the book. Found 
here are rather complete discussions on 
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