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SCOPE 
Trickle-bed reactors are packed beds of catalyst with cocur- 

rent flow of liquid and gas reactants and represent an impor- 
tant class of three phase reactors for gas-liquid contacting in 
the presence of a solid catalyst. Their use is widespread in the 
petroleum industry and potential applications in chemical pro- 
cessing, coal liquefaction, and waste water treatment are in- 
creasing. One of their advantages is an order-of-magnitude 
smaller power requirement in comparison to typical slurry 
reactors (Germain et al., 1978). Thus, it is not surprising that in 
the last five years several major review papers and mono- 
graphs have addressed the various topics related to trickle-bed 
modeling and design (Satterfield, 1975; Goto et al., 1977; Hof- 
mann, 1977,1978; Gianetto et al., 1978; Shah, 1979). A consen- 
sus emerges that in order to predict trickle-bed performance 
and model its behavior, it is necessary to know what fraction of 
the catalyst is effectively wetted by the liquid phase (contacting 
efficiency) and the effectiveness factor of the resulting partly 
wetted catalyst. Unfortunately, catalyst contacting data taken 
on small porous particles typical of trickle-flow operation is 
very sparse (Satterfield, 1975; Schwartz et al., 1976; Colombo 
et al., 1976; Werskowitz et al., 1979). Furthermore, various 

measures of catalyst contacting and catalyst utilization have 
been defined and different methods have been proposed to 
evaluate them (Satterfield, 1975; Colombo et al., 1976; 
Schwartz et al., 1976). 

Our objective is to develop efficient methods for determina- 
tion of liquid-solid contacting. It is desired to evaluate the effect 
of liquid mass velocity on various measures of contacting ef- 
ficiency and to determine whether contacting can be reliably 
determined from dynamic tracer tests. The effect of the 
catalyst packing activation state on the results obtained by 
dynamic testing is also sought. Evidence is presented, based on 
the work performed in this study, which show that dynamic 
tracer methods coupled with impulse or step response analysis 
can be used effectively to evaluate overall catalyst contacting 
by the flowing liquid. In addition, discrimination between 
reactor-scale and particle-scale incomplete contacting, exter- 
nal and internal contacting efficiency or partial pore fill-up can 
also be performed. Furthermore, the experimental data ob- 
tained in this study and that available in the literature is used to 
develop a correlation for external contacting and dynamic 
liquid holdup over the range of physical properties and flow 
rates typical for trickle-flow operation. 

CONCLUSIONS AND SIGNIFICANCE 

Proper interpretation of dynamic tests using nonvolatile 
liquid tracers provides information on both external and inter- 
nal catalyst contacting in trickle-bed reactors. The fraction of 
internal catalyst area contacted by liquid can be obtained from 
the impulse response of an adsorbable tracer as proposed 
earlier by Schwartz et al. (1976). The variance of the impulse 
response for either a nonadsorbable or adsorbable tracer is 
related to the fraction of external catalyst area wetted in 
agreement with the method proposed by Colombo et al. (1976). 

The fraction of internal catalyst area wetted (internal con- 
tacting efficiency) is unity over the whole range of liquid mass 

velocities studied (from 0.15 kg/m2s to 3.5 kg/m2s). The fraction 
of externally wetted area (external contacting efficiency) in- 
creases monotonically with liquid mass velocity and is unity 
only at highest velocities. An improved correlation for dynamic 
liquid holdup is presented in terms of appropriate dimension- 
less groups. A correlation for external contacting efficiency in 
terms of appropriate dimensionless groups has been developed 
based on the data of this study and that available in the litera- 
ture. 

The effect of the catalyst packing activation state on tracer 
adsorption is illustrated and the accuracy of the tracer method 
is demonstrated. 

CONTACTING EFFICIENCY AND CATALYST UTILIZATION 
Some ambiguity exists in the literature as to the definition of 

liquid-solid contacting efficiency (effectiveness) and catalyst 
utilization in trickle-bed reactors. The fraction of external 
catalyst area wetted by liquid vCE, the fraction of total catalyst 
area (internal and external) wetted qC, the fraction of internal 
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catalyst area wetted qi, and fractional pore fill-up Fi  are each an 
estimate of contacting efficiency, yet at given conditions they all 
may have different values. Various experimental methods de- 
termine different measures of contacting and thus care should 
be  taken to properly identify which measure of contacting is 
being evaluated. 

Satterfield's (1975) method of taking the ratio of the apparent 
rate constants obtained in trickle-flow operation to the one 
determined using the same catalyst under conditions of com- 
plete external and internal wetting is also called contacting 
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effectiveness but is really a measure of catalyst utilization. This 
measure represents the ratio of the effectiveness factors for the 
catalyst in both the trickle-bed and the liquid-full reactor. In 
the case of a large Thiele modulus (low effectiveness factor for 
completely wetted pellet), catalyst utilization is related to ex- 
ternal contacting efficiency. Under certain circumstances, the 
catalyst utilization will be directly proportional to either the 
fraction of externally wetted area for nonvolatile liquid limiting 
reactants (Dudukovii., 1977; Mills and Dudukovii., 1980) or 
directly proportional to the fraction of externally dry area in the 
case of gas limiting or volatile liquid limiting reactants 
(Herskowitz e t  al.,  1979; Mills and Dudukovii., 1980). When 
the Thiele modulus is small, catalyst effectiveness factors are 
almost unity for completely wetted catalysts so that catalyst 
utilization is proportional to internal contacting efficiency or 
internal pore fill-up (Dudukovii., 1977). When the apparent 
rate of reaction in trickle-flow is determined by acornbination of 
gas-to-liquid, gas-to-solid, and liquid-to-solid external mass 
transfer resistances, then catalyst utilization is a function of 
external contacting efficiency. As a consequence, the measure 
of catalyst contacting which is representative of catalyst utiliza- 
tion depends on the kinetic regime and limiting reactant. 

I t  has been assumed in the above discussion that only 
particle-scale incomplete contacting is present in the reactor. 
When only reactor scale incomplete contacting is present due to 
global maldistribution of liquid flow, some areas of the reactor 
may be completely dry while in other areas the catalyst parti- 
cles are completely externally and internally wetted. All of the 
above defined measures of catalyst contacting yield now the 
same result. For the case of nonvolatile liquid limiting reactants 
catalyst utilization can properly be represented by the fraction 
of the reactor that is completely wetted. When both particle 
scale and reactor scale incomplete contacting occur it is difficult 
to determine various measures of contacting from the tracer or 
reaction tests alone. Comparison of tracer tests in liquid-full 
and trickle-flow reactor may yield this information as shown in 
this paper. 

EVALUATION OF LIQUID-SOLID CONTACTING 

Methods 

Several methods have been proposed in the literature which 
allow experimental assessment of liquid-solid contacting. They 
may be basically divided into two categories: (i) destructive 
methods and (ii) nondestructive methods. Destructive methods 
either require a change in the nature of bed packing or special 
choice of the flowing phase, or require dismantling of the bed 
for the experiment to be performed. Examples include non- 
reactive synthetic packing dissolution methods (Shulman, 1955) 
for estimation of external contacting, direct measurement of 
contacted area by permanent dye adsorption (Onda, 1967; 
Krauze and Serwinski, 1971), and determination of externally 
contacted area by dissolution of synthetic packing with a react- 
ing buffer solution (Specchia e t  al., 1978). Nondestructive 
techniques rely on dynamic tracer tracing. These include de- 
termination of liquid holdup and fractional pore fill-up 
(Lapidus, 1957; Schiesser and Lapidus, 1961), evaluation of 
total catalyst area contacted by comparison of dynamic impulse 
responses for nonadsorbing and adsorbing tracers (Schwartz, e t  
al.,  1976), and determination of liquid-solid external contacting 
efficiency by comparison of dynamic responses in two-phase 
flow to liquid-full operation (Colombo et  al.,  1976). As dis- 
cussed earlier, Satterfield’s (1975) ratio of rate constants k,,,,/k, 
based on reaction data in both a two-phase flow and liquid-full 
reactor, as used by Koros (1976) and Herskowitz e t  al. (1979), is 
a direct measure of external contacting efficiency only in case of 
very low catalyst effectiveness factors. 

The destructive methods described above have had success 
in producing useful correlations for absorption columns packed 
with large nonporous packing (d, > 1.27 cm or 55 in.). There is 
no correlation for external contacting which is based on data for 

small porous catalyst particles r0.079 cm (U32 in.) c d, 5 0.159 
cm (1/16 in.)] obtained for flow regimes and physical properties 
typical for trickle-flow operation. The state of the art in predict- 
ing external contacting is given by the summary of empirical 
processing data on kapplkL. in Figure 4 of Satterfield’s paper 
(1975) which has been reproduced by most review papers that 
followed. 

The tracer techniques mentioned above seem to be more 
promising in rapidly producing contacting information which is 
more representative of commercial processes than the destruc- 
tive methods. Among the tracer methods, those of Colombo e t  
al. (1976) and Schwartz e t  al. (1976) are the most current. 
Colombo et al. (1976) express liquid-solid contacting efficiency 
by the ratio of the apparent diffusivity (Dpo)ap, of the tracer in a 
porous particle in a trickle-bed reactor to the diffusivity (DeJLF 
obtained in a liquid-full reactor. Diffusivities are obtained from 
the first moment of a step response, or equivalently, from the 
variance of the impulse response. The interpretation of results 
relies on the assumption that catalyst particles are internally 
completely wetted and it is argued, based on reduced external 
area for transport and increased diffusion path length (but not 
proven) that (Dr,,)npp/(Dr,JLF = vcL.  Schwartz e t  al. (1976) use 
the ratio of the apparent equilibrium constant (KA)npy of a 
linearly adsorbing tracer as determined in a trickle-bed reactor 
to the adsorption equilibrium constant (QLF obtained from 
totally wetted pellets. The method uses the first moment of the 
impulse response curves for both adsorbing and nonadsorbing 
tracers and claims to determine the fraction of total catalyst area 
contacted. Both approaches are used and compared in the 
present study. 

Interpretation of Tracer Data 

Responses to impulse injections of both nonvolatile adsorb- 
ing and nonadsorbing tracers in the liquid are used in this study 
to obtain information on liquid holdup, fraction of internal 
catalyst area contacted, and external contacting efficiency. If a 
particular model for the reactor is assumed, direct time-domain 
parameter estimation is possible (Mills, 1980) and will be sub- 
ject of a future publication. Here, the objective is to illustrate 
and compare the methods of Schwartz e t  al. (1976) and Col- 
ombo et  al. (1976) using the method of moments to determine 
the above parameters. The axial dispersion model is assumed 
for the transport of tracer in the reactor coupled with external 
mass transfer and diffusion with/without fast adsorption in each 
catalyst particle. The pertinent equations and the algebra in- 
volved in finding the moments are well known (Schneider and 
Smith, 1968; Suzuki and Smith, 1971; Colombo et  al., 1976; 
Mills, 1980) and only the final results for the first moment and 
variance of a normalized impulse response for a nonvolatile 
tracer are presented below. 

The expression for the first moment presented below is de- 
rived based on the assumption that solid catalyst is incom- 
pletely wetted: 

Due to assumptions used in deriving this expression, the frac- 
tional pore fill up F , ,  and internal catalyst contacting efficiency 
vt may be used interchangeably. Furthermore, in the case of 
typical porous catalysts, the internal surface area which is avail- 
able for tracer adsorption dominates over the external area of 
the particles (e.g., 232 m2/g vs. 0.003 m’/g for the 20-28 mesh 
Alcoa F-1 alumina used in this study). This suggests that the 
ratio of the apparent adsorption equilibrium constant observed 
in two-phase flow (K4)RpP to the adsorption equilibrium constant 
determined for completely wetted particles (such as in a batch 
experiment or in a liquid filled column) K q ,  is a measure of 
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internal catalyst contacting efficiency, ni. This is due  to the 
dominance of internal surface area over the external surface 
area so that the internal contacting efficiency ni is indistinguish- 
able from total catalyst contacting efficiency nc. 

In order to apply the method of Schwartz e t  al. (1976) it is 
necessary to perform experiments with nonadsorbin tracers 

by experiments with adsorbing tracers in order to find ( K A ) a p p  

from which contacting efficiency is determined. For liquid-full 
reactors, Eq. 1 is still valid when bed porosity EB replaces 
external liquid holdup H L ,  total porosity eE + (1 - eE) cp 
replaces total liquid hcldup H T ,  true adsorption equilibrium 
constant ( K A ) L F  replaces (K.Japp, and F,  equals one. Internal 
contacting efficiency is then obtained by comparing the differ- 
ence in first moments for adsorbing and nonadsorbing tracers in 
two phase flow to their difference in liquid filled operation: 

(2) 

( K A  = 0) to determine total liquid holdup HT.  This is f ;  ollowed 

(P1,ad)TP - ( p l , n . a d ) T P  - (KA)aPP -~ 7 ) t  = 
(PI . ~ A L F  - (pi , ~ . ~ A L F  (KA)LF 

Two adsorbing tracers with a sufficient difference in adsorption 
constants can be used alone. 

The method of Colombo et  al. (1976) relies on the use of the 
variance of the impulse response (the first moment of a step 
response was used in the original paper which is equivalent to 
the approach presented here) and is based on the assumption 
that internal wetting is complete and thus K A  = (K,Japp. Under 
these conditions, and assuming negligible adsorption resist- 
ance, the expression for the variance of the impulse response 
obtained in two-phase flow operation can be written as: 

where: 

6, = ai + 6, (4) 

(7) 

In the case of liquid-full operation, bed porosity eE replaces 
external liquid holdup H L ,  and the effective diffusivity for a 
liquid-full reactor ( D P O ) L F  replaces the apparent diffusivity 
(Dp,,)ayp observed in two-phase flow. The original paper 
by Colombo et al. (1976) asserts that the ratio (Dro)apJ(DPo)w is 
equal to external contacting efficiency. This heuristic argument 
at first seems acceptable since in the derivation of the above 
equations the effective diffusivity is based on total catalyst area, 
and, thus, for two-phase flow, contains in itself a correction 
factor proportional to the fraction of external area wetted. La- 
ter, Baldi (1980) modified the above statement. By equating the 
Thiele modulus for apartly wetted catalyst pellet, based on the 
measured (DpJap,  and on actual geometric volume and external 
surface of the pellet, to the modulus for partly wetted pellets as 
defined by Dudukovib (1977), under the assumption of com- 
plete pore fill-up, q1 = 1, Baldi (1980) arrives to the conclusion 
that the square root of the ratio ( D r o ) a p d ( D P o ) L F  equals external 
contacting efficiency. It should be pointed out, however, that a 
complete rigorous solution to the transient diffusion problem in 
a spherical particle that is incompletely wetted on the external 
surface has not been presented to date. For that reason, the 
rigorous proof of the relationship between (Dpo)appl(Dpo)LF and 
external contacting efficiency is still lacking. 

In order to interpret tracer response data for Colombo's 
model (1976) by the method of moments, one must evaluate 
effective diffusivities in liquid-full and two-phase flow opera- 
tion and in the process estimate Peclet numbers and liquid- 
solid mass transfer coefficients. For liquid-full operation, Pec- 

let numbers are obtained in this study from the Chungand Wen 
(1968) correlation and mass transfer coefficients are estimated 
from the correlation of Dwivedi and Upadhyay (1977). Upon 
substituting these correlations into Eq. 3, the follo,wing form is 
obtained: 

The last term in Eq. 8 demonstrates that only the constant term 
of the Chung and Wen (1968) Peclet number correlation is 
found to be significant at conditions of this study (ReL < 10). The 
correlation suggests C, = 5, but since the nature of packed beds 
vary this constant is left as an undetermined parameter. It can 
be determined by simultaneous nonlinear regression of the 
volumetric flow rate and dimensionless variance data pairs. 

For two-phase flow, Peclet numbers can be estimated from 
the correlation of Hochman and Effron (1969) or Buffham and 
Rathor (1978) while mass transfer coefficients can be obtained 
from the correlation of Specchia e t  al. (1978) or Goto and Smith 
(1975). 
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Figure 1. Experimental equipment for tracer studies. 

TABLE 1. LIST OF KEY EQUIPMENT ITEMS 

Item No. Item 

Step Valve Supply 
Pressure Cylinder 
Feed Tank Supply 
Pressure Cylinder 
3-Way Ball Valve 
(Pressure/BIeed) 
3-Way Ball Valve 
(PressureNacuum) 
Cylinder Pressure 
Indicator and 
Regulator 
4-Way Ball Valve 
3-Way Pneumatic 
Switching Ball Valve 
Feed Tank Pressure/ 
Vacuum Gauge 
Solvent Supply Tank 
Solvenflracer 
Supply Tank 
Low Range Liquid 
Flowmeter 
High Range Liquid 
Flowmeter 
Liquid Inlet 
Metering Valve 
Inlet Gas Supply 
Cylinders 

15 

16 

17 
18 
19 
20 

21 

22 

23 

24 

25 

26 
27 

28 
29 
30 

Low Range Gas 
Flowmeter 
High Range Gas 
Flowmeter 
Inlet Gas Bubblers 
Vacuum Pump 
Trickle-Bed Column 
Outlet Gas 
Flowmeter 
Outlet Gas 
Metering Valve 
Column Pressure 
Indicating Gauge 
Refractometer Water 
Bath 
Refractometer Reference 
Side Liquid 
Refractometer Outlet 
Liquid Flowmeter 
Control Module 
VoltmeterlPrinteri 
Microprocessor 
Recorder 
Waste Tank 
Tracer Injection 
Valve 
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Exoerimental Apparatus and Procedure 

The experimental apparatus used in this study is represented 
schematically in Figure 1 and described in Table 1. Both impulse 
injections (30) (sample loop volume = 0.606 cm3) and step changes 
activated by a three-way pneumatic switching ball valve (7) are possible. 
For two-phase operation, carrier gas (helium) is saturated with carrier 
liquid (hexane) in a set of bubblers (17) while the carrier liquid (hexane) 
is kept under carrier gas (helium) pressure in a tank (9). This eliminates 
gas-liquid exchange in the column. All flow rates are carefully con- 
trolled and monitored by rotameters. The exit liquid stream is passed 
through the optical block of the Waters R-403 differential refractometer 
immersed in a highly accurate Tronac CTB-405 temperature bath. The 
major modifications of the refractometer included installation of a coil 
for temperature equilibration of the liquid stream prior to entry in the 
optical block. The resulting superior performance of the instrument in 
terms of high baseline stability and fine resolution are described in a 
previous publication (Mills and Dudukovit, 1979). 

The output signal from the control module of the refractometer 
consists of a continuous 100 mV analog source. The tracer response 
curves are always displayed on a ten-inch Beckman strip-chart recorder 
for visual assessment of the particular experiment as it progresses from 
start to finish. A quartz crystal-controlled clock is tuned to the AC 
voltage line source frequency and an Analog Devices STX 2603 mi- 
croprocessor has been used to convert the BCD signal from the digital 
meter to asynchronous ASCll  format to drive an ASR 33 EIA teletype. 
The output signal from the control module of the refractometer is then 
punched by the teletype onto paper tape at selected discrete time 
intervals as the experiment proceeds. The teletype is then rolled to one 
of the available ports of the Engineering School DEC-20 computer and 
read directly into a data file with special computer software for direct 
signal processing. As many as twenty data sets each containing a 
minimum of 500 points could be  recorded and stored in a single day as a 
result of this procedure which represented a dramatic improvement 
over the previous procedure of manually keypunching the data. 
Further details are provided by Mills (1980). 

TWO-PHASE LIQUID- FILLED 
COLUMN COLUMN 

LIQUID INLET LIQUID INLET 

LIQUID 4 
OUTLET 

Figure 2. Experimental trickle-bed reactor. 

The teletype and paper tape can be  readily bypassed if the signal 
could be introduced directly to the DEC-20 provided that additional 
hardware were available. Alternately, the data could be stored directly 
on magnetic tape. However, a magnetic tape drive is often too costly 
due to budgetary limitations and additional ports for direct computer 
linkage are either not available or are also prohibitively costly. In such a 
case, the above solution was found to be extremely cost effective and 
satisfactory. 

The same packed bed is used in all liquid-full and two-phase flow 
experiments (Figure 2). In this study, the results obtained on 20-28 
mesh Alcoa F-1 alumina are presented. Bed porosity was determined to 
be e, = 0.374 while pellet porosity e,, = 0.495 with an average pore 
radius of 27 A .  Average particle size is 0.0718 cm. Complete physical 
properties of all the packings used are reported by Mills (1980). 

Three types of packing activation were used: i) non-activated packing; 
(ii) packing exposed to flowing dry helium; and (iii) packing activated in 
situ by exposure to flowing dry helium and maintained at temperatures 
of up to 250°C. All experiments are performed with preflooded beds. 
Hexane is used as a carrier fluid (Fisher Scientific Company ACS 
reagent grade) but has been purified in our laboratory by passing over 
activated carbon and activated alumina. Pentane, heptane, cyclo- 
hexane, cyclohexene, para-xylene, tetrahydronaphthalene, and other 
similar organic compounds are used as tracers. The range of operating 
variables covered is 0.33 < ReL < 7.91; 0.146 (kg/mzs) < L,,> < 3.48 
(kg/mzs) and 1.19 X 

Multiple experiments are performed at each of the several selected 
liquid flow rates for both liquid-filled column and two-phase flow 
operation. Repeated experiments are performed at the same flow rate 
with the packed bed removed and the inlet and outlet column heads 
(Figure 2) connected together in order to determine the response of all 
the lines between the tracer injection point and optical block of the 
refractometer. The subtraction of the corresponding moments for these 
injection-sampling system experiments from the ones obtained with 
liquid-full or two-phase columns in place allows the moments for the 
packed bed to be determined. Further details concerning the purifica- 
tion ofchemicals and experimental procedure are given by Mills (1980). 

(kgim's) < G,,z < 1.98 (kg/m2s). 

Data Analysis 

Various computer software was developed for tracer data 
processing specifically for: (i) transformation of output voltages 
from the analytical equipment to a computer compatible form; 
(ii) storage of raw experimental data for future signal process- 
ing; (iii) evaluation of the stored experimental data by the 
method of moments; and (iv) evaluation of the stored experi- 
mental data by time-domain analysis. 

The theoretical expressions for the moments in terms of 
unknown parameters (K& or (K. l )npp and (D,2,Jl,F or (Dp,,)app are 
given by Eqs. 1 and 3. The moments of the experimental curve 
are defined by: 

" t 7 W  

l k d t  
PI1 = (9) 

and 

u2 = - p: (10) 

Since the first moment and the variance are additive for linear 
systems, the moments corresponding to the response of the 
packed bed (subscript C) are obtained by the following subtrac- 
tion: 

(PI)(.  = (PJlI - (PAI.V. (11) 

(+ = V ) D  - ( U B ) D . Y .  (12) 

The subscript D indicates the moments obtained from a re- 
sponse with the packed bed in place, and subscript D. v. refers 
to the moments of the injection-sampling system response. 
Since the relationship between tracer concentration and output 
voltage is linear, the moments given by Eq. 9 can be obtained 
by direct numerical integration of the stored output voltage 
data for a particular experimental run. A data reduction pro- 
gram called TBR (Mills, 1980) was developed for this purpose. 
Program TBR is a complete program for the analysis of tracer 
responses. It includes data input and editing, numerical inte- 

Page 896 November, 1981 AlChE Journal (Vol. 27, No. 6) 



24 0 

200 

160 

m 

m - 120 
c 

80 

40 

OO 20 30 

Figure 3. Mean residence time of the combined injection-sampling system 
for two-phase operation as o function of flow rote. 

gration of th(b time-voltage curve including computer graphics 
display for ease in exponential decay tail extrapolation, calcula- 
tion of unknown parameters, and output of data and parameters 
in tabular form. It may be used to evaluate the moments for 
either pulse, step-up or step-down response data. It also in- 
cludes optioirs for: (i) smoothing of noisy data by cubic-spline 
analysis; (ii) cvrrection of the baseline for long term drift; (iii) 
calculation of the age density functions; and (iv) storage of 
results for subsequent processing if needed .  CompIete 
documentation is presented by Mills (1980). 

RESULTS AND DISCUSSION 
Injection Sampling System Response 

The most demanding test of the tracer method is when the 
volume of the system to be tested is small. For this reason, 
impulse tracer experiments were first performed using the 
combined injection valve, valve-to-column inlet tubing, capil- 
lary coil in the temperature bath, and associated fittings as the 
system. The volume of the system was accurately determined 
by filling and draining with liquid to be 3.84 om3. Tracer tests 
were performed at a number of flow rates and the first moment 
was plotted against reciprocal flow rate. A straight line was 
obtained whose slope gave a value of 3.935 * 0.225 cm3 for the 
system volume. This was within 2.5% of the measured volume. 
The same type of tracer experiments were performed for the 
whole in1 ection-sampling systt:m including specially fabricated 
heads which simulate the available liquid head space in two- 
phase flow. The results for the first moment (TJ and variance 

I - '  \ t 't SERIES: 

b L  I02 \ 
\ 

r2 =3.013QL -1.845 4 
\ 
\ 
\ 
\ 

4 

I I 1 I 1  I l l 1  I I I k  I I l l  

10-1 I00 
,011 

10-2 
Q L ,  cm3/s - 

Figure 4. Variance of the combined injection-sornpling system for two- 
phose operation 0s a function of flow rote. 

(d) are given in Figures 3 and 4. Similar results were obtained 
using the heads for liquid-full operation (which contains a 
somewhat larger liquid space). For liquid-full operation, the 
external volume with respect to the packed bed was V,,? = 6,535 

and the empirical equation for the variance was CT' = 3.013 

It should be pointed out that in Figures 3 and 4 and all 
subsequent Figures every data point represents a mean value of 
several repeated experiments with the error bars, i .e . ,  variation 
of values on which the mean is based. These are well within the 
symbol for the data point unless otherwise indicated. 

Qt 1.845. 

Liquid-Full Experiments 

The objective of the liquid-full tests was to: (i) establish that 
tracer based values of the bed active volume were reliable, and 
examine the effect of water adsorption on these values; (ii) 
determine the adsorption equilibrium constant ( K . d ) L F  for to- 
tally wetted pellets using a suitable tracer and examine the 
effect of the packing's state-of-activation on this value; and (iii) 
determine the effective diffusivities (Dr,,)LF for both an adsorb- 
ing and nonadsorbing tracer. 

A series of tracer tests was first performed in a liquid-filled 
column using F-1 alumina to determine the role of water and 
the packing activation state on tracer accessible volume. Hep- 
tane was selected as a suitable nonadsorbing tracer. The bed 
was packed with 55.2604 grams of alumina which had been 
exposed to humid laboratory air. The packing was neither 
heated nor exposed to dry helium. The bed was flooded for 24 
hours and tracer tests performed. From the results presented in 
Figure 5, a tracer accessible liquid volume of 38.034 t 0.286 
om3 was determined. When the volume of sampling system was 
subtracted, a hexane fractional pore fill-up of0.716, i.e., 71.6% 
was obtained. The bed was then drained and dry helium was 
passed through the bed for 24 hours at room temperature 
followed by another prewetting procedure. The repeated 
tracer runs yielded a value of 42.473 t 0.664 cm3 as a tracer 
accessible volume for a fractional pore fill-up of0.993 or 99.3%. 
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Figure 5. Comparison of mean residence times for heptane tracer using wet 
and dry porous F-1 alumina. 

The bed was drained, dried at room temperature in presence of 
helium, and weighed to give 50.9585 grams of packing. The 
amount of water of 4.3019 grams driven off by helium occupies 
26.9% of the pore volume leaving 73.1% available to hexane 
which is in excellent agreement with the tracer determined 
value of 71.6% for the original bed.  

Another set of runs was performed using para-xylene as a 
tracer while the same packed bed was used in three different 
states of activation. These included: (i) an unactivated state in 
which the bed was only exposed to dry helium for 24 hours at 
room temperature; (ii) an activated state in which the packing 
was exposed (in situ) to dry helium at 70°C; and (iii) an activated 
state in which the bed was treated with helium at 90°C. The 
results for the first moment are presented in Figure 6 where the 
“blank runs” indicate the first moment for the injection- 
sampling system. The slope of the lower line (KA = 0.0) is 
42.177 cm3 which is within 0.7% of the liquid volume deter- 
mined by heptane tracer (Figure 5). This confirms that the 
results are tracer independent. Activating the packing at 70°C 
( K A  = 0.113 cm3/g) resulted in a slight adsorption of tracer while 
heating at 90°C increased KA four-fold ( K A  = 0.491 cmYg). 
Heating the packing further to 250°C resulted in irreversible 
adsorption of para-xylene, i.e., no tracer was detected in the 
outflow upon repeated impulse injections into the system. 

Additional liquid-full runs were performed over a wider 
range of liquid flow rates and are summarized in Table 2 and in 
Figure 7. The tracer based volumes (using nonadsorbing trac- 
ers) yield results which are within the accuracy with which the 
bed porosity E ~ ,  pellet porosity ep ,  reactor volume V,, and 

o;’, s/cm3 

w 4 8 

Figure 6. Effect of packing activation temperoture on adsorption equilib- 
rium constants for para-xylene tracer. 

injection-sampling system Vs,y are determined. Similar results 
(not shown here) for the available liquid volume were obtained 
for a column packed with glass beads. As expected, n-heptane 
and n-pentane yield identical results (Figure 7) but somewhat 
surprisingly even they are weakly adsorbed (K ,  = 0.125) on 
fully activated F-1 alumina. Pentane or heptane on nonacti- 
vated helium dried alumina and cyclohexene on fully activated 
alumina are therefore possible choices for nonadsorbing and 
adsorbing tracers, respectively. 

Effective diffusivities of pentane and cyclohexene corre- 
sponding to cases 2 and 4 in Table 2 were evaluated from the 
expression for the variance given by Eq. 8. The remaining 
unknowns (DcJLI.. and C,, i.e., PeL, were calculated by non- 
linear regression. The results are shown in Figure 8 where the 
dimensionless variance u,2 = crz/pL: is plotted as a function of 
liquid volumetric flow rate QL. The full curves represent the 
values calculated based on the estimated parameters. The aver- 
age error between the fitted line and experimental values of the 

TABLE 2. SYSTEMS STUDIED IN LIQUID FULL TESTS 

Particle 
Bed Porositv Porositv 

Volume (cm3) 
Activation K.4 ~ ~~ 

Tracer State Tracer Calculated % Error (cm3/g) Case Packing EL3 EP 
__ - -  _ _ _ _ _ _ _ _  

1 T-61/F-1 0.425 0.08 n-heptane activated 31.6 t 0.4 31.6 2 0.4 -1.6 0 
alumina 

2 F-1 alumina 0.374 0.495 n-pentane helium 43.4 2 0.7 42.6 t 0.6 +1.9 0 
dried 
activated 49.0 t 1.6 - - 0.125 3 F-1 alumina 0.374 0.495 n-pentane 

n-heptane 
4 F-1 alumina 0.374 0.495 cyclohexene activated 64.3 2 1.6 - - 0.427 

I n  all cases the volume of the reactor is 51 6 em3 
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Figure 8. Effective diffusivities for cyclohexene and n-pentane tracers in 
porous F-1 alumina. 

02, s/cm3 
Figure 7. First absolute moments for various tracers in a liquid-filled 

column far various alumina packings. 

dimensionless variance is 2.6% for pentane and 1.5% for cyclo- 
hexene. The effective diffusivity for pentane was found to be 
8.381 x 10-ficm2/s and 7.681 x 10-6cm2/s forcyclohexene. The 
molecular diffusivities when estimated from U'ilke-Chang cor- 
relation as reported by Reid et  al. (1977) for pentane in hexane 
and cyclohexene in hexane are 3.66 x cm2/s and 3.84 x 

cm2/s. respectively. The tortuosity factor based on pentane 
data (nonadsorbing tracer) is 2.2, while avalue of 2.5 is obtained 
from cyclohexene data (adsorbing tracer). Since the two are 
within experimental error, it is not possible to tell whether pore 
diffusion of the adsorbing tracer is somewhat more hindered. 
The relative importance of liquid-to-solid mass transfer resist- 
ance to the combined liquid-to-solid plus internal diffusion 
resistance (S,J(& + 8,)) is about 23% at the lowest flow rate ( Q L  = 
0.032 cm3/s) and about 11% at the highest flow rate (QL = 0.527 
em3/$. The reproducibility of the variance, from which effec- 
tive diffusivity is calculated, is excellent. The largest variations 
are encountered at the lowest liquid flow rate (QL = 0.032 
cm3/s) where three repeat injections with cyclohexene pro- 
duced values of 0.0207. 0.0197 and 0.0197 for the dimension- 
less variance. 

Two-Phase Flow Experiments 

The objective of the two-phase flow experiments was to: (i) 
obtain total external and dynamic liquid holdup for comparison 
to the data and correlations available in the literature; (ii) de- 
termine the effect of liquid flow rate, if any, on catalyst contact- 
ing as obtained by the method of Schwartz e t  al. (1976); and (iii) 
establish the effect of liquid flow rate on catalyst contacting as 
obtained by the method of Colombo et al. (1976). The most 
recent investigations for liquid holdup and liquid-solid contact- 
ing in trickle-flow over beds of small porous particles are sum- 
marized in Table 3. The range of operating variables over which 
these investigations were performed are shown on the flow map 
of Charpentier and co-workers (1976) in Figure 9. All of the 
studies according to this flow map were performed in the trickle 
flow regime. The transition to pulsing flow was visually ob- 
served in this work at the highest liquid velocities but is not so 
indicated by examination of this figure. 

a. LiyuidHoZdup. Total liquid holdup was obtained from Eq. 
1 using nonadsorbing tracers such as pentane and heptane on 
unactivated, helium dried F-1 alumina or cyclohexane on rela- 
tively non-porous T-61 alumina (ep = 0.026, eB = 0.466). The 
holdup results are plotted as function of liquid flow rate in 
Figure 10. The solid lines were determined by fitting the data 
to the relationship given below which was proposed by Sat- 
terfield and Way (1972): 

TABLE 3 SUMMARY OF RECENT LIQUID HOLDUP AND SOLID-LIQUID CONTACTING INVESTIGATIONS FOR SMALL POROUS PACKINGS 

Inc estigation Packing Itemis) ReL FrL X lo4 We, x lo' 

Goto and Smith 0.0541 crn CuO . ZnO €f m 0.29 - 3.0 1.4 - 153 5.1 - 556 
(1975) 0.291 cm CuO . ZnO 1.55 - 16.1 0.3 - 29 27 - 2927 
Colombo et i d .  0.1  cm act. carbon Hi),  ?Tct. 0.57 - 7.8 
(1976) 0.38 cm x 0.48 cm 2 .3  - 31.9 0 .3  - 49.0 49 - 9073 

This work 0.0718 cm A1,0, H i ) , ? q < f . ,  qt 0.33 - 7.5 0 .3  - 133 3.4 - 1722 
Herskowitz e t  al. 0.162 cm Pd on A1,03 7 ) r  E 1.07 - 42.9 0.48 - 765 38.8 - 61980 
(1979) 

10.9 - 2021 1.2 - 220 

cartion cylinders 
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Figure 9 .  Flow regime of two-phase data according to the flow map of 

Chatpentier e t  01. (1976). 

H T  = H s  + A ( Z L ~ , ) ~ ! ~ ( ~ ~ , ) ’ / ~  (13) 

The parameter A and total static holdup H s  were determined 
from the plots of HT versus ( u L ) ” ~  (pL)”* which yield straight 
lines. This allows the dynamic liquid holdup H ,  = HT - H,s to 
be calculated. 

The apparent data scatter was caused by a malfunctioning 
timing circuit and analog clock (data marked by triangles and 
diamonds). A much smoother trend was observed when a new 
quartz crystal-controlled clock was installed (data marked by 
squares and circles). The error bars for these former runs are 

‘0 0.2 0.4 0.6 0.8 1.0 1.2 
WD (MEASURED) 

Figure 1 1. Comparison of predicted to measured values for dynamic sat- 
uration correlation. 

0-75- 
0.0541 cm CuO.ZnO 1 GOT0 R SMITH(1975)l 1 

N00065-NO0084 N-PENTANE 
A N00300-NO0316 N-HEPTANE 
0 N00350-NO0364 N-PENTANE 
0 N00136- NO0159 CYCLOHEXANE 

1 
0.2 0.4 0.6 0.8 

Q L , cm 3/s 
Figure 10. Total liquid holdup for various packings as a function of liquid 

volumetric flow rate. 

TABLE 4. h N G E  OF VARIABLES FOR DYNAMIC SATURATION 
CORRELATION 

A .  Dinlensionless Variables 
0 . 3  5 ReL 5 32 

3 .0  X 5 FrL  c 2.2 x lo-’ 
3.4 x 1 0 - 7  5 weL 

ad, 
€; 

5 9.1 x 10-4 

0.87 c - 5 8.1 

B.  Actual Variables 
0.65 c p L ( g h n 3 )  5 1.0 
0.32 5 /r&/cm s) c 0.96 
0.054 5 d,(cm) 5 0.41 
0.37 5 E 8  5 0.52 
0.08 c e p  5 0.56 

larger than the data symbol which represents the mean value 
obtained at a given flow rate. However, the error bars are well 
within the data points for the latter runs. 

The equation of Satterfield and Way (1972) agrees with the 
holdup trends established by the data of Goto and Smith (1975) 
and of this study. However, this equation does not contain the 
basic dimensionless groups necessary for prediction of liquid 
holdup for other systems and involves an undetermined pa- 
rameter A .  Specchia and Baldi (1977) have recently proposed a 
correlation for dynamic saturation 01) = H , / . E ~  as a power func- 
tion of the Galileo number GaL. Reynolds number ReL, and 
packing characterization factor u,d, , / .~b.  This correlation yields 
an average relative error of - 15.6% with a standard deviation of 
the i’rror of 53.8% when applied to the data of Table 3.  It was 
felt that a more suitable correlation could be obtained if a 
different form was used so that the dynamic saturation 
asymptotically approached unity at high liquid velocit)-. The 
following two forms were found to yield a more satisfactory 
correlation for the reported literature data on sinall porous 
particles (excluding the large absorption packing of Specchia 
and Baldi, 1977): 
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0.924 

0.731 ReL0.333Fr~.70sW e i 0 ~ 3 4 R ( ~ )  ] (15) 

4 0.538 0.473 CARBON CYLINDERS 0.381048 K U 
5 0.302 0.557 CARBON GRANULES 0.1 zns04 

I I I I I I I  I I I I 1 1 1 1  

Equation 14 yielded an average error of 0.74% with an error 
standard deviation of 6.8% while Eq. 15 yielded an average 
error of 0.39% with a standard deviation of 6.2%. The agree- 
ment between the second correlation and data is presented in 
Figure 11. The range of dimensionless groups and actual physi- 
cal properties over which the correlation was established are 
given in Table 4. 

It should be noted that the packing characterization factor in 
this case was defined to be a,d,lrg. This particular form yielded 
a relative error standard deviation which was approximately 
one-third ofthat obtained when the usual definition ald,lEs was 
employed as the dimensionless group. This particular form, 
however, should not be regarded as final due to the limited 
data base upon which it was established. 

b. Liyuid-Solid Contacting. The estimates of liquid-solid 
contacting by the method of Schwartz e t  al. (1976) were ob- 

1.2 

I .o 

0.2 

0 

(Dee) app 0 CYCLOHEXENE 
(be01 LF N-PENTANE I \*, I A CYCLOHEXENE 

0.2 0.4 0.6 0.8 
Q L ,  cm% 

I I I I I I I I 
0 I .o 2 .o 3 .O 

Lm ,kg/m2-s 
Figure 12. Comporison of (DrO)nppl(Dro)LF and (KA)ayJ(KA)LF volues for 

cyclohexene and n-pentane trocers. 

.aD 
W!VE %% PACKING dp.cm TRACER 

0.790 0.097 Pd on ALUMINA 0.162 oms HYDROGENATION 
2 0.758 0.286 ALUHINAGRANULES 0.0718 t&#FxENE 

TABLE 5. SOLID-LIQUID CONTACTING EFFICIENCY VALUES 
OBTAINED FROM FIRST ABSOLUTE MOMENTS 

(KA ).PP* 

(crn3/min) (s) (4 (cm3/g) (KA)LI.. 
7)( = ___ QL ( ~ ~ ) a < i s  ( c L I ) ~ ~  ( K A L Y .  

_ _ _ - - -  

1.9184 1480.4 785.0 0.437 1.025 
3.810 778.1 439.8 0.422 0.990 
7.686 393.4 229.9 0.412 0.966 

16.000 201.4 120.9 0.422 0.990 
31.597 104.6 63.9 0.422 0.989 
42.891 80.8 48.5 0.454 1.064 __ - 

Average: 0.428 ? 0.015 1.004 2 0.035 

* Based on (KIILp  of 0.427 (cm3/g) obtained from liquid-filled column operation. 

tained by applying Eq. 2 to the first moments for the adsorbing 
cyclohexene tracer and nonadsorbing pentane tracer at corre- 
sponding flow rates. The data are summarized in Table 5 and 
represented in Figure 12. It is apparent that liquid-solid con- 

1.2 
17 0.0718 cm ALUMINA (THIS WORK)/ 

G w 0.81 

P, 
- I  

Figure 14. Comporison of predicted to measured volues for solid-liquid 
contocting correlotion (q(  t; = ( D , ~ , , ) ~ p p l ( D , , , , ) L ~ ) .  

2 .o 

10  

zoz 1; 0 I 0 7; 00,97 , Pd,ON;;,U 0 16: CfCLOHEXENE ;: HYD,,xl 1 
01 02 03 04 06 08 10 20 4 0  60 80 0 

PENTANE 
A 
0 0798 0 148 CARBON GRANULES 010 

0865 0 137 A L U M I N A G R W  00718 [ 

4 0741 o 180 CARBONCYLINLYRS 0 3 ~ x 0 4 ~  KCI 

01 

L,. SUPERFICIAL LIQUID MASS VELOCITY, kg/m2 I 

Figure 15. Externol liquid-solid contocting efficiency for vorious Iitero- 
ture doto 0s o function of su rficiol liquid moss velocity L , , , ( q c f  = d and q r r  = k,,,Jk,) 
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tacting defined by (KA)app/(KA)~p does not exhibit any trend with 
flow rate and yields an average value of 1.004 +- 0.035 over the 
flow rate range examined. This indicates the absence of 
reactor-scale incomplete contacting, i.e., an internal contacting 
efficiency of unity. This also indicates that the catalyst internal 
pore structure is interconnected. The method cannot assess 
whether external contacting is complete since external area is 
negligible in comparison to internal area as indicated earlier. 

Schwartz et al. (1976) reported a constant value of 0.65 for 
liquid-solid contacting over a similar range of liquid flow rates. 
A value less than unity may have been caused by either reactor- 
scale incomplete contacting or by a lower activation state of the 
alumina bed on which the two-phase runs were performed. As a 
consequence of this latter condition, (KA) f lpP  determined from 
the alumina pellets in two-phase flow would be less than (KA)LP 
obtained in batch adsorption-isotherm measurements. 

That the ratio (K.4)nPP/(KA)LF is unity can also be shown for the 
data of Colombo et al. (1976) which was not done in their 
original paper. This confirms that their pellets were indeed 
completely internally wetted. In addition, the analysis of Col- 
ombo et  al. (1976) can be applied to the variance of the impulse 
response curves obtained in this work. Application of Eq. 3 with 
the previously mentioned correlations for Pel, and kLs [neither 
of which had a significant effect on (Dc,,)aPli] allowed the values 

' of (D,,),zp, to be determined for pentane (nonadsorbing) and 
cyclohexene (adsorbing) tracer. The ratio of (Dp,,)ap,l/(Dr,,)~,F is a 
strong function of liquid flow rate as illustrated in Figure 12 
and, since the internal wetting was shown to be complete, must 
be a measure of external contacting efficiency. 

Roberts and Yadwadkar (1972) showed that laminar film flow 
theory of a liquid rivulet over a plate could be used to relate 
external contacting to liquid superficial mass velocity by a sim- 
ple power law equation of the form: 

3s- I - 
7)r .K = a Lm2 

The available holdup correlations suggested a value of s in the 
range from 0.5 to 0.75. 

It was first assumed that the ratio of (DC,,)apP/(DCO)LF is a direct 
measure of external contacting efficiency as suggested by Col- 
ombo et  al. (1976). The next three figures are based on that 
assumption. Figure 12 demonstrates the Eq. 16 yields a satis- 
factory correlation for the external contacting when defined in 
the above manner. Figure 13 shows that all available literature 
data on external contacting are adequately represented by such 
a form. The tracer based curves 2-5 [q(.F; = (D,,,,)a,,,/(DC,,)~,.F1 
seem to follow a trend. Curve 1, which was obtained by evaluat- 
ing external contacting from reaction studies ( q(.E = l ~ , , ~ , ~ / k ~ ) .  
has a slightly different trend. If one disregards this later curve 
and curve 5, which even the authors could not explain, then for 
a given L, the external contacting increases with decreasing 
particle size. This is consistent with the observation of Goio and 
Smith (1975) for liquid holdup and with the industrial practice 
of adding fines to improve contacting. 

Several correlations (Shulman et  al., 1955; Onda et al., 1967; 
Puranik and Vogelpohl, i974) for external contacting of large 
non-porous packing (rl, > 1.0 cm) typical of absorption columns 
exist in the literature. None of these, however, includes data on 
small porous packing typical for trickle-bed reactors. The form 
of the correlation proposed by Onda et al. (1967) includes all of 
the pertinent dimensionless groups such as ReL, FrL, WeL and 
cr(./crL. The last ratio represents the ratio of critical to noncritical 
capillary number, CaJCa. This correlation form is equivalent to 
Eq. 14 presented in this paper for dynamic saturation so that it 
exhibits the proper asymptotic behavior. The information on 
critical surface tension for the data presented in Table 3 is 
lacking and such a correlation could not be attempted. Fur- 
thermore, it appears that external contacting should be a fnnc- 
tion of Reynolds, Froude, and Weber numbers and dynamic 
contact angle which is probably a function of Capillary number 
and packing characterization factor. Since the Capillary number 

is a ratio of Weber and Reynolds numbers, correlations of the 
type presented by Eqs. 14 and 15 were attempted. The follow- 
ing results were obtained using all the tracer based data of 
Table 3: 

The agreement between the correlation given b y  Eq. 17 and 
data on which it is based is given in Figure 14. The relative error 
and standard deviation of the error is 0.83 % 6.5% for each 
equation, respectively. 

It should be noted that both Eqs. 17 and 18 are based on 
tracer data for the range of variables indicated in Table 4 which 
pertain to the non-interacting regime. In addition, both equa- 
tions are based on the assumption that (D,,,,),,ppl(Dr,,)LF is a direct 
measure of external contacting efficiency. 

If one assumes the latest formulation by Baldi (1980), then 
contacting efficiency is given by .\/(D~,,,)flPli/(D,,,~)LP. This is plot- 
ted in Figure 15 and it seems that both tracer based data and 
reaction based data now indicate more similar trends. The 
reaction data of Herskowitz e t  al. (1979) were taken at a very 
high value of the modulus and are a good measure of external 
contacting efficiency. Since the square root of the diffusivity 
ratios brings both the reaction and tracer based contacting data 
into closer agreement. it seems that such a square root relation- 
ship is a better measure of external contacting efficiency. Corre- 
lations developed on this basis based on both reaction and 
tracer data are: 

Both Eqs. 19 and 20 yielded an average error of 0.3% with 
standard deviation of 3.5%. One should recall, howevcr, that 
five unknown constants were determined from 26 experimental 
points representing mean values from a total of about eighty 
experiments. Nevertheless, this correlation fits all small 
catalyst packing and reconciles reaction and tracer determined 
contacting efficiencies. The exact relationship between 
(D,,,,)a,,,,/(D,,,,)l.E. and external contacting can only be obtained 
when the difficult transient diffusion problem for partially 
wetted catalysts is solved. 
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NOTATION 

a/ 

A 

= packing external surface area per unit volume of 

= parameter in Eq. 13, ( ~ m / s ) - " ~  (g/~rn/s)-"~ 
reactor, S J l  - cB)/VP, ni-' 
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= reactor inner cross-sectional area, m2 
= tracer concentrations in the liquid at the reactor exit, 

= constant in Eq. 8, dimensionless 
= Capillary number,  ratio of viscous to surface tension 

forces, WeL ReL’, dimensionless 
= catalyst particle diameter, m 
= effective diffusivity of tracer in the pores of catalyst 

pellet  base’d on total pellet  cross-sectional area, D,, 
= D , E ~ / T ,  m2s-‘ 

mol m-3 

= molecular diffusivity of the tracer, m2s-l 
= axial dispersion coefficient of the flowing liquid 

based/ on total reactor cross-sectional area, m*s-’ 
= fraction of catalyst pore volume filled with liquid, 

dimensionless 
= Froude number for the liquid phase, atLk/pZg, di- 

mensionless 
= superficial gas mass velocity, kg m-’s-l 
= dynamic liquid external holdup, (m3 of flowing 

liquid)/(m3 of bed volume), dimensionless 
= external liquid holdup, (m3 of liquid external to the 

catalyst pellets)/(m3 of bed volume), dimensionless 
= total static liquid holdup, (m3 of stagnant liquid in 

and outside of the pellets)/(m3 of bed volume), di- 
mensionless 

= total liquid holdup, (m3 of total liquid)/(m3 of bed 
volume), dimensionless 

= first order  reaction rate constant, (m3 fluid)/(m3 
catalyst-second), s-l 

= liquid-to-solid mass transfer 
= first order  reaction rate constant determined in 

= adsorption equilibrium constant, m3  kg-’ 
= length of reactor packed section, m 
= superficial liquid mass velocity, kg m-’s-’ 
= Peclet  number for the liquid based on  reactor 

length, uLLIDLO, dimensionless 
= liquid volumetric flow rate, m3s-’ 
= catalyst pellet  radius, m 
= Reynolds number  based on particle diameter ,  

dpuLpL/pL, dimensionless 
= external surface area of the catalyst pellet, m2 
= Schmidt number for the liquid, /LL/PLD,, dimen- 

= time, s 
= liquid superficial velocity, m s-’ 
= volume, m3 
= pellet volume, m3 
= unpacked reactor volume, m3 
= Weber number for the liquid, L$/uLPLu~, dimen- 

liquid-full beds,  s-l 

sionless 

sionless 

Greek Letters 

6,, 6,>, 6, = parameters defined by Eqs. 4 through 6, s 
8” 
EL3 

E P  

77r 

771  

qcE 

PI, 
Pn 

P L  

4 
UL 

= parameter defined by Eq. 7, dimensionless 
= bed void fraction, (m3 of voids external to the 

catalyst pellets)/(m3 of bed volume), dimensionless 
= porosity of catalyst particles, dimensionless 
= liquid-solid contacting efficiency based on total 

catalyst area, dimensionless 
= liquid-solid contacting efficiency based on internal 

catalyst area, dimensionless 
= liquid-solid contacting efficiency based on external 

catalyst area, dimensionless 
= liquid viscosity, kg m-l s-l 
= n-th normalized absolute moment of the tracer im- 

pulse response curve defined by Eq. 9, s“ 
= liquid density, kg m+ 
= dimensionless variance, u2/pLf, dimensionless 
= surface tension for the liquid, kg m-l s-l 
= mean residence time of tracer, T = p, ,  s T 

Subscripts 

a p p  
C 
D 

D.V. 
eo 
L 
LF 
S S  
sys 

= apparent, evaluated in two-phase flow 
= refers to the packed bed (column) alone 
= refers to the system consisting of the packed bed and 

= refers to the sampling and injection system alone 
= based on total cross-sectional area of catalyst 
= refers to the liquid 
= refers to liquid-full operation 
= refers to sampling system 
= refers to the total system consisting of packed bed 

sampling and injection lines 

plus all the sampling and injection lines 
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Multistage Membrane Separation Processes 
for the Continuous Fractionation of Solutes 
H av i ng S i m i I a r Pe rmea b i I it ies 

A new cascade configuration for the continuous membrane fractionation of 
solutes having similar permeabilities is proposed. In this scheme, solute selectivity 
is amplified by combining a concentrator and several mass exchangers (e.g., a 
reverse osmosis unit and hollow fiber dialyzers) to achieve a desired degree of 
separation. Separation efficiency of the new cascade is compared with that of a 
conventional counter-current cascade. 
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Liquid-phase membrane separation processes (such as 
dialysis, reverse osmosis, and ultrafiltration) utilize the differ- 
ence in the membrane permeability of molecules as a basis for 
separation. In dialysis, the flux of solutes across a membrane is 
mainly controlled by diffusional transport. Large surface area 
membrane modules such as hollow fiber units (Mahon and 
Lipps, 1971; Breslau e t  al., 1975; Stevenson e t  al., 1975; and 
Viswanadhan and Kramer, 1975) are  often used to compensate 
for the slow diffusion-controlled flux. Hollow fiber dialysis has 
been successfully used, for example, in artificial kidney 
hemodialysis (Babb e t  al., 1971) to remove rnembrane- 
permeable waste materials from the blood. The application of 
dialysis so far has been limited to the separation of highly 
permeable solutes from practically impermeable colloids and 
particulates because of the low solute selectivity of currently 
available membranes. I t  is very difficult to obtain an appre- 
ciable degree of separation of solutes by dialysis if the per- 
meabilities of the solutes a re  relatively close. 

A single separation unit often achieves only a limited degree 
of separation. In order to obtain a desired degree of separa- 
tion, the units a re  usually cascaded to construct a multistaged 
unit which multiplies the separation effect of each stage. This 
technique to enhance the separation is used for many separa- 
tion processes. Gas phase multistaged separations which 
exploit the kinetic properties of gases as a basis for separation, 
e.g., mass diffusion (Maier, 1939), thermal diffusion (Clausius 
and Dickel, 1939), and gaseous diffusion (Hertz, 1922), have 
been known for many years. These operations are  often used 
for the separation of isotopes. In aqueous systems, Ohya and 
Sourirajan (1969) and Kimura e t  al. (1969) proposed a multi- 
staged reverse osmosis process for the separation of solutes 
from solution. Dialysis, on the other hand, has been almost 
exclusively used as a single-staged operation for the separation 
of highly permeable solutes from impermeable solutes. This 
investigation extends the possible application of dialysis to the 
fractionation of solutes having similar permeabilities. 

CONCLUSIONS AND SIGNIFICANCE 

Continuous dialysis separation of solutes having similar 
membrane permeabilities can be achieved by a multistaged 
cascade operation of dialyzers coupled with several concen- 
trators. The degree of solute separation is not increased by a 
multistaged continuous dialysis without a concentrator. Large 
numbers of concentrators are often required to achieve the 
desired degree of the separation of solutes if a conventional 

counter-current  cascade configuration of concentrator- 
dialyzer pairs is used. In this report, a novel cascade configura- 
tion which requires fewer concentrators to obtain the same 
degree of separation is presented. The successful development 
of a scheme to reduce the requirement of the number of 
concentrators is rather important since the concentrators usu- 
ally contribute greatly to the cost of the solute separation. The 
results of the analysis of the multistaged dialysis systems are  
given in the form of a McCabe-Thiele diagram. The feasibility 
of separating solutes having relatively similar permeabilities is 
shown. 
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