
terface (kg hydrate/ma solution) 
p. = solution density 
Q 

a, 

q 

= supersaturation [ = ( p  - p” ) / p o l  
= parameter in BCF growth equation [Equation 

= supersaturation at the crystal/solution interface 
(14) 1 

C= (Pi - P*) /P* I  

LITERATURE CITED 

ASTM Special Technical Publication No. 331, Manual of Hy- 
drocarbon Analysis,” 1 ed., Philadelphia, Pennsylvania (1963). 

Abegg, C. F., J. I). Stevens, and M. A. Larson, AIChE J., 14, 
118 ( 1968). 

Bennema, P., Phys. Status Solidi, 17, 563 ( 1966). 
, J .  Crystal Growth, 1, 278 ( 1967). 
, and G. H. Gilmer, in Crystal Growth: An Introduc- 

tion, P. Hartman, ed., North Holland, Amsterdam (1973). 
Bujac, P. D. B., in Industr’al Crysfallization, J. W. Mullin, ed., 

p. 23, Plenum Press, New York ( 1976). 
Burton, \V. K., N. Cabrera, and F. C. Frank, Phil. Trans. 

Royal Soc., 243,299 (1951). 
Garside, J., Chem. Eng. Sci., 26, 1425 (1971). 

, J .  W. Mullin, and S. N. Das, Ind. Eng. Chem., Fund- 

Garside, J., R. Janssen-Van Rosmalen, and P. Bennema, J .  Crys- 

Garside, J,, V. R. Phillips, and M. B. Shah, Ind. Eng. Chem. 

Jan&: S. J., and J. Garside, Chem. Eng. Sci., 30, 1299 

amentals, 13, 299 ( 1974 ). 

tal Growth, 29, 353 ( 1975). 

Fundamentals, 15, 230 ( 1976). 

(1975). 

, in Industrial Crystallization, J. W. Mullin, 
ed p. 365, Plenum Press, New York (1976). 

Jang:: S. J., Ph.D. thesis, Univ. London, England ( 1976). 
Levins, D. M., and J. R. Glastonbury, 

Lewis, B., J .  Crystal Growth, 21, 29, 40 (1974). 
Misra, C., and E. T. White, Chem. Eng. Progr. Symposium 

Mullin, J. W., J. Garside, and R. Unahabhoka, J. Appl. C h m . ,  

Trans. i’nst. Chem. 
Engrs., 50, 132 ( 1972). 

Ser. No. 110, 67, 53 (1971). 

15.502 1965). 
Mullin, J. W., and J. Garside, Trans. Inst. Chem. Engrs, 45, 

T291 (1967). 
Nagata, S., and N. Nishikawa, Proc. First Pacific Chem. Eng. 

Congr., SOC. Chem. Eng. (Japan) and AIChE, Kyoto (0c:t. 

Nienow, A. W., and D. Miles, Ind. Eng. Chem. Process Design 
Develop., 10, 41 (1971). 

Nienow, A. W., Chem. Eng. J., 9,153 (1975). 
Phillips, V. R., and N. Epstein, AlChE J . ,  20, 678 (1074). 
Randolph, A. D., and M. D. Cise, ibid., 18, 798 (197.2). 
Sikdar, S. K., and A. D. Randolph, ibid., 22, 110 (1976). 
van’t Land, C. M. and B. G. Wienk, in Industrial Crystalliza- 

tion, J. W. Mullin, ed., p. 51, Plenum Press, New York 
(1976). 

White, E. T., L. L. Bendig, and M. A. Larson, “The Effect of 
Size on the Growth Rates of K2S04 Crystals,” Paper pre- 
sented at the 67th Annual AIChE Meeting, \Vashington, 
D. C. (1974). 

Youngquist, G. R., and A. D. Randolph, AIChE l., 18, 421 
(1972). 

Manuscript received March 23, 1976; revision received May 7 and 

10-14, 1972). 

accepted May 10, 1976. 

A New Tracer Method for Determination 
of Liquid-Solid Contacting Efficiency in 
Trickle- Bed Reactors 

J. G. SCHWARTZ 
ERIC WEGER 

and 
M. P. DUDUKOVIC 

A new tracer technique is reported for the determination of liquid- 
solid contacting efficiency and liquid holdup in trickle beds packed with 
small alumina particles. Holdup was a function of liquid mass velocity 
for both porous and nonporous packing. Contacting efficiency remained 
uniform at a level of 65aJ,. 

Chemical Reaction Engineering Laboratory 
Department of Chemical Engineering 

Washington University 
St. Louis, Missouri 631 30 

SCOPE 
A trickle bed consists of a fixed bed of catalyst par- 

ticles with liquid, containing one or more of the reac- 
tants, trickling through the bed. A gas, containing the 
other reactant(sl7 is simultaneously passed through the 
bed* The major Problems in the scale-uP Of beds 
have been the difficulties in predicting the extent and 
effect on reactor performance of contacting between the 
solid catalyst and liquid, of mass and heat transfer within 
and to the catalyst particles, and of liyuid backmixing. 

cently summarized in an excellent review paper (Satter- 
field. 1975). 

Our objectives were to develop a method for evaluation 
of liquid-solid contacting which would be applicable to 
both porous and nonporous packing and to compare the 
experimental results obtained with the predictions of the 
available correlations over a range of liquid flow rates. 
A new two-tracer method was developed for h i s  p ~ -  
pose. Hexane was used as the liquid phase and helium as 
the gas. Heptane was employed as the nonadsorbable 

~ d x d d l e  ones- The theory of chromatography was used 
to relate the first moments of the residence time distribu- 

The progress to date on research in these areas was re- tracer> and benzene and naphthalene were the 

tions of the two types of tracers to liquid holdup and con- 
J. G. Schwartz is with the Amoco Oil Company, Amoco Research 

Center, Naperville, Illinois. tacting efficiency. 
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CONCLUSIONS AND SIGNIFICANCE 
A tracer technique is developed for simultaneous evalu- 

ation of liquid-solid contacting and liquid holdup. The 
technique relies on the measurement of mean residence 
times for adsorbable and nonadsorbable tracers. This is 
the first method that allows direct measurements of con- 
tacting in beds packed with porous packing. Equations 
for adsorbable and nonadsorbable vaporizable tracers in 
gas-liquid-solid systems are developed and used in inter- 
pretation of the results. 

The tracer determined holdups are found to be in good 
agreement with volumetrically determined ones. Holdup 
levels are higher than in previously published studies and 
less dependent on liquid flow rate. Contacting efficiency, 

based on total catalyst surface area, is uniform at the 
level of 65 and 66% for nonporous and porous packing, 
respectively, over a wide range of liquid flow rate (0.3 
to 5 kg/m2s). Both holdup and contacting efficiency are 
independent of gas flow rate when the latter is changed 
over a range from 1 X 10-4 to 2 X 10 -3 kg/m2s. 

The experimental results are compared with the avail- 
able correlations for holdup and contacting. Correlations 
obtained for adsorbers on the nonporous packing of 
large sizes and various shapes may not be applicable to 
trickle-bed reactors packed with small granuli. I t  is im- 
portant to distinguish between particle scale and reactor 
scale incomplete contacting. 

LIQUID HOLDUP A N D  CONTACTING EFFICIENCY 
MEASUREMENT TECHNIQUES AND CORRELATIONS 

Liquid Holdup 
Liquid holdup is expressed as a fraction of reactor vol- 

ume that is occupied by liquid. For porous packing, the 
total liquid holdup HT consists of external holdup H E  and 
:internal holdup H I .  The external holdup can be further 
divided into dynamic (free draining) holdup HD and 
:static (residual) holdup H s .  In the case of nonporous 
packing, total holdup is equal to external holdup: 

H T  = HE + H I  

H E  = H D  + H s  
Volumetric, gravimetric, and tracer methods are used 

most frequently in holdup measurements. Evaluation of 
holdup by tracer methods relies on the mean residence 
time of the liquid phase obtained from the first moment 
of the exit age distribution (residence time distribution) 
which is measured as a response to an impulse injection 
of a nonvolatile (relatively), nonadsorbing tracer (Danck- 
werts, 1953) : 

(1) 
(2) 

- t L = - -  HTV -6" tE( t )d t  
QL 

where 

(3) 

( 3 4  

When a step input of tracer is used, holdup is obtained 
from the cumulative age distribution: 

- HTV -1" - [l- F ( t ) ] d t  
QL 

where 

(4) 

(44 

Step and impulse tracer inputs were used by Lapidus 
( 1957), who first used the tracer technique to determine 
holdup in trickle beds, and Schiesser and Lapidus (1961). 
They questioned the validity of the tracer measurements 
because of somewhat different results for holdup obtained 
for various forms of tracer inputs. However, the deter- 
mination of the volume of the system, as presented by 
Equation (3) ,  relies on the central volume principle which 
is theoretically sound (Stephenson, 1960). The principle 
simply states that the first moment of the residence time 
distribution for a linear system, where input and output 
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occur by bulk flow only, is equal to the volume of the 
system divided by flow rate (Levenspiel, 1972). The 
validity of the tracer measurements and the equivalence 
of results for different tracer inputs has been demonstrated 
many times. In particular, Ross (1965) and Rothfeld and 
Ralph (1963) found good agreement for holdup in 
trickle-bed reactors when comparing results obtained with 
different tracer inputs. 

Contocting Efficiency 
Recent studies by Sedricks and Kenney (1973), Rob- 

berts and Yadwadkar (1972), Mears (1974), Weger and 
Schwartz ( 1974), and Satterfield (1975) indicate that 
it is not holdup but the catalyst area contacted by liquid 
(contacting efficiency) that primarily determines reactor 
performance. The analogous problem in packed-bed ad- 
sorbers is to determine the fraction of packing that is 
effectively wetted, An excellent summary and comparison 
of various correlations for packed beds was published by 
Hobler (1966). A number of the most frequently used 
correlations for nonporous packing in packed adsorbers 
(based on external wetted area) are presented in Table 1. 
However, because of the different shape, larger size, and 
nonporosity of the packing used, as well as different 
regimes of gas and liquid flow, the applicability of these 
contacting efficiency and holdup correlations to trickle- 
bed reactors is uncertain. 

Different definitions of contacting efficiency have been 
used in the literature. There is no ambiguity in defining 
contacting efficiency for nonporous catalyst and/or ad- 
sorber packing as the fraction of external area contacted 
by liquid. On the other hand, for porous particles, the 
fraction of external area contacted T C E  the fraction of 
total external plus internal area contacted T ) ~  and the frac- 
tions of pore volumes filled with liquid Fi are each dis- 
tinguishable as possible estimates of the contacting ef- 
ficiency. 

All the experimental methods used to date to determine 
liquid-solid contacting have disadvantages. The indirect 
technique of Shulman et al. (1955) (via mass transfer 
rates) has the disadvantage that the packing must be 
constructed of, or coated with, a solid which either evap- 
orates or dissolves. Thus, it is not possible to vary the 
interfacial properties of the system, such as contact angle 
or interfacial tension, over a wide range. Furthermore, 
it is highly unlikely that the wetting characteristics of the 
naphthalene particles reproduce those of alumina catalyst 
support, which is characteristic of many catalysts used in 
trickle-bed reactors. The assumption that the mass trans- 
fer coefficient is the same in gas-solid and gas-liquid- 
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TABLE 1. CONTACTING EFFICIENCY CORRELATIONS FOR 
NONPOROUS PACKING 

Shulman et al. (1955): 

qc = 0 . 2 4  ” ) 0.25 
( 12.7,25.4,38.1 mm Raschig rings) 

6, 
~ ..” 

0.20 

qc = 0.35 ( 2) ( 12.7,25.4 mm Berl saddles) 

for 
5 x 103 L,  6 5 x 104 kg/m2 hr 
5 x 1 0 2 L G , 6 5  x lOJkg/mzhr 
13.4 < ReL < 399.4 

qc = 0.655 L,O,36 for 2.88 x l @  L L ,  

qc = 0.585 L,OJ7 for  2.98 x 103 6 L ,  

Krauze and Serwinski ( 1971) : 

6 1.98 x l o 3  kg/m2 hr 

6 2.88 x 104 kg/m2 hr 
(5, 7,  10, 17 mm Rabchig rings) 
(0.75 < ReL < 259.5) 
Onda et al. ( 1967 ) : 

qc = 1 - exp -1.45 ReLo.1 Fr~,-0.05 WeL0.2 ( 
for 

0.04 < ReL < 500 
1.2 x 10-3 < WeL < 0.27 
2.5 X 10-9 < F T L  < 1.8 X 10-2 
0.3 < QJQL < 2.0 
8.0 < dD < 50.8 mm 
5.0 x 1P 6 L ,  6 3.0 x 104 kg/m2 hr 

(8, 17, 25, 35 mm Raschig rings; 12.7; 25.4 mm spheres; 12.7, 
25.4, 38.1, 5.08 mm Berl saddles) 
Puranik and Vogelpohl ( 1976 ) : 

Qc 
(dynamic) 

uL-0.182 

Qc 
qc = 1.045 Re~o.041 We~o.133 - 

(totaI) 
for 

2.1 x 10-6 < Wer. < 1.2 x 10-2 
0.5 < RSL < 85 
7.7 x 10-7 < F~~ < 4.7 x 10-3 
0.3 < q / a C  < 1.05 
0.08 < aw/aT < 0.8 
9 x 1 0 2  < L,  < 4.32 x 1 0 4  kg/m2 hr 

25 < UL < 75 dyne/cm 
10.0 < d, < 37.5 mm 

0.5 < V L  < 13 cp 

solid systems, on   which this technique relies, has not 
been verified. 

The direct method of Krauze and Serwinski (1971), 
which is based on measurements of dyed areas, suffers 
from possible great inaccuracy in measuring such areas 
on small particles. The technique is cumbersome and time 
consuming. Each experiment at a given set of operating 
conditions requires a comp2ete dismantling of the column 
to measure the area of individual particles contacted by 
the liquid. There is also the possibility of an experimental 
bias toward higher than actual contacting efficiencies if 
reactor scale contacting patterns change during the middle 
of a run. A liquid rivulet as it passes through the bed 
might contact a certain area of a particle, deposit indicator 
material, then change course and never contact that par- 
ticular area again, 

Neither the indirect nor direct technique can be used 
to measure the contacted area inside porous particles, 
and thus both are inapplicable to studies of contacting 
efficiency in trickle-bed reactors which are packed with 
porous catalysts. 

The only previous method for estimating contacting 
efficiency in porous packing was developed by Lapidus 
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(1957). Responses to a step input of tracer were mea- 
sured in a 5 cm diameter trickle bed, first foi beds of 
porous particles and then for beds of nonporous particles 
which were otherwise identical. Total holdups on porous 
and nonporous packing were obtained by use of Equation 
(4). The internal liquid holdup in the pores of the porous 
particles was then calculated by difterence. Contacting 
efficiency was defined as the fraction of the catalyst pore: 
volume that is filled with liquid: 

HZ 
(1 - e)ep 

( 5 )  
- ( H T )  porous - (H~)nonporous  F,  = - 

(1  - e ) e P  

Schiesser and Lapidus (1961) extended the above work: 
by performing holdup measurements for both porous 
and nonporous alumina spheres in a 10 cm diameter 
trickle bed. The fractional pore filling was relatively con- 
stant at about 80% as the liquid rate was varied by a 
factor of about 2.5. 

Several comments are appropriate concerning these 
tracer studies. First, since the fractional pore filling was 
calculated by taking the difference between {.he total 
and the external holdup, it was necessary to measure 
both holdups accurately to three significant figuies. With 
tracer response curves that have pronounced tailing, this 
may be difficult. Second, the fractional pore filling, as 
determined in these studies, is not necessarily equal to 
the contacting efficiency, based on external geometric 
area. The fractional filling of the interior voids may or 
may not be directly related to the fraction of the ex- 
ternal catalyst area that is contacted by liquid. 1 he exact 
relationship between these parameters will depend on 
such factors as the pore structure of the catalyst and the 
surface properties of the gas-liquid-solid-systen . Third, 
it has not been established that external holdup o m  porous 
and nonporous packing are the same at fixed ~~perating 
conditions. 

DEVELOPMENT OF THE NEW TRACER METHOD 

The method reported here eliminates the disadvantages 
of the previously mentioned techniques, provides informa- 
tion on contacting and holdup simultaneously, and is 
applicable to both porous and nonporous packing. The 
method represents an extension of the principles of tracer 
chromatography to three-phase systems. If a pulse of 
tracer which does not absorb preferentially on the solid 
is injected into the liquid phase at the inlet at the top 
of the column, that is, trickle bed, and the concentration 
of tracer emerging from the column is measured at the 
exit, the total liquid holdup in the column can be ob- 
tained, as shown previously, from Equation ( 3 ) ,  and the 
mean residence time of the tracer is equal to the mean 
residence time of the liquid: 

If, then, a tracer that adsorbs reversibly, linearly, and 
preferentially is similarly injected into the column oper- 
ated at the same conditions as in the previous experiment, 
it can be shown (Schwartz, 1975) that 

(7) 
Equation (7) is generally applicable to two-phase sys- 
tems consisting of one flowing and one stagnant phase 
where the tracer distributes itself with some partition 
coefficient K ,  in both phases. The formula is \slid for 
systems of all geometries provided that transport in the 
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inflow and outflow stream is by bulk flow only (Dudukovic', 
1972; Roberts et al., 1973). The catalyst area actually 
wetted (external and internal) A, can be determined 
from Equation (7)  when the adsorption equilibrium con- 
stant K ,  is known from independent measurements. Con- 
tacting efficiency, based on total catalyst area AT, is then 
evaluated : 

A, 
AT 

7)c = - 
Am alternative method is to run the tracer tests on a 
liquid filled column at the same flow rates at which the 
experiments are performed in trickle flow. An explicit 
value of K ,  is then unnecessary, and holdup and contact- 
ing efficiency can be obtained from the following formulas: 

I t  is usually difficult to find nonvolatile tracers that 
will closely resemble the carrier liquid and also have a 
linear adsorption isotherm. Therefore, an extension of 
the theory to account for vaporization is necessary. The 
zeroth and first moment of the residence time distribu- 
tion curve of a volatile tracer in the liquid phase will 
depend on the vapor-liquid equilibrium coefficient and 
oa the rate constant for vaporization. Of primary in- 
terest in this paper is the maximal effect that tracer 
vaporization may have on holdup and contacting ef- 
ficiency values. Both holdup and contacting efficiency are 
proportional to the mean residence time of the liquid 
and the sum of liquid mean residence time and catalyst 
contact time, respectively. The liquid mean residence 
time FL is directly measured by the mean residence time 
of the nonvolatile nonadsorbing tracer Ti- but not by the 
mean residence time of the volatile, nonadsorbing tracer 
( & ) e .  The difference between Y T  and (&)e  will be 
largest if local equilibrium of the volatile tracer between 
vapor and liquid phase is established everywhere in the 
column, and this will cause the greatest error in holdup. 
Thus, in order to estimate the greatest effect of tracer 
volatility on holdup and contacting, it is necessary to 
study only. the system where vapor and liquid are pre- 
sumed to be in equilibrium. 

The analysis of the trickle-bed column presented below 
i:j based on the following assumptions: 

1. Temperature and pressure are essentially constant 
throughout the column. 

2. The liquid, gas, and solid phase are treated as con- 
tinua. 

3. Longitudinal diffusional or dispersion effects are 
negligible. 
4. Attainment of equilibrium in the iadial direction in 

the liquid and gas phase is very fast, 
5. The liquid and gas phase are homogeneously distrib- 

uted in the column with a molar ratio Q. 
6. The tracer molecules are completely distinguishable 

from all other molecules. 
7. Holdup is not a function of position, 
8. Local equilibrium is established for the tracer in 

9. Adsorption on the solid is linear and reversible. 
With these assumptions, one can write a comLined 

equation of continuity for the liquid and gas phases in 

ihe gas and liquid phase. 

terms of tracer concentration together with an equation 
for the solid phase. These equations, with the appropriate 
initial and boundary conditions, are 

a C T L  U S L  usv aCTL 
( 1  + K V L )  - at = - (- H T  + KVL -) hT 7 

-= aCTs k( CTL - 7) C T S  
at 

CTL(O, r )  = CTS(O, = 0 (13) 

8 ( t )  (14) 

(15) 

M T i  

QL + KVLQV 
C T L ( ~ ,  0) = 

where 
CTV KVL = - 
CTL 

Taking the Laplace transform, solving for G, and sub- 
stituting into the equation for G, we obtain an ordinary 
first-order differential equation for GL(s, x) .  Upon in- 
tegration and evaluation of the transform at the end 
of the trickle bed, the following result emerges (taking 
into account that a = A,/HTV) : 

r 

I 

(16) 
The zeroth and first moments of the tracer concentration 
curve are 

(0, L )  
dCTL PI=-- 
ds 

KaAW 
- M T ~  HTV 

Qv 

~ + K v L + -  
(18) - 

+ KVL-  QL + KVLQV QL 

HTV hTV 
The mean residence time of a volatile, adsorbable tracer 
in the column is 

QL 

The same result as that given by Equation (19) would 
have been obtained if local equilibrium between liquid 
and solid was also assumed, but Equation (16) would 
have had a dill'erent form (Schwartz, 1975). This is due 
to the fact that the magnitude of the exchange rate be- 
tween a moving and stationary phase does not affect the 
zerotll and first moment of the tracer concentration curve 
and appears orily in higher moments (Dudukovic, 1972; 
Roberts et al., 1973; Buffham, 1973). The exchange rate 
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1 
hood to 

i. 
Fig. 1. Schematic diagram of the equipment for tracer-based meo- 

surement. 

between two moving phases, however, does affect even 
the first two moments (Schwartz, 1975; Dudukovic e t  al., 
1976) .  Once the assninption of local equilibrium between 
the moving phases is made, Equation (19)  holds even 
for more complex models of the trickle led, which ac- 
count for dispersion effects (Dudukovic, 1972; Roberts 
et al., 1973) .  Thus, in  that sense, Equation (19) repre- 
sents a general result. If one assumes that K, = 0, the 
mean residence time of a volatile, nonadsorbing tracer is 
obtained: 

(20) 
- HTV 1 + KVL 
t T e  = - 

Qv HT 
1 + K v L - -  

QL h~ 
QL 

This result is essentially the same as the  one obtained by 
Perilloux and Deans ( 1972) for bubble-liquid chromatog- 
raphy. 

For  a given vaporization equilibrium constant KvL, 
Equations (19)  and (20)  for volatile tracers present the 
largest possible departure from Equations (7) and  (6) ,  
respectively, for nonvolatile tracers and reduce to  the 
latter equations for K V L  = 0. The maximum possible 
effect of tracer vaporization on holdup is given by the 
difference in holdups evaluated from Equations (20)  
and (6) .  Similarly, the difference in the contacted area 
evaluated from Equations (19)  and (7) gives the maxi- 
mum effect of vaporization on contacting efficiency, 

APPARATUS AND PROCEDURE 

The measurements of holdup and contacting efficiency were 
made at a temperature of 25 3. 0.5"C in a trickle-bed 
column, consisting of a 38.1 cm insulated, borosilicate glass 
tube (1.35 cm I.D.) packed randomly with either porous or 

liquid in 

hL- 
gas in-- 

sect pocked ion 11 I O C T L , ,  
-7- detector 

I t I 
I 

I cqntrol 
module recorder D---{Rl 

I 

I 

gas 0 u t - U  ! I 
I 

- - - - 1- detector 
liquid 

out 1 
t 

Fig, 2. Measurement of tracer concentrations. 
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nonporous material to a height of 30.5 cm. Tht packing was 
packed dry with intermittent vibrations. Actib <tted F-1 alu- 
mina (Alcoa), -20 to $28 mesh was wed as porous packing 
( So = 270 m2/g). Special samples of relatively nonporous alu- 
mina T-61/F-1 of the same mesh size were prepared by pre- 
cipitating thin layers of porous F-1 alumina on the nonorous 
T-61 alumina. The specific surface area of these samples was 
4 mz/g. The liquid critical surface tensions on thy two types of 
packing were approximately the same ( Schwartz 1975). Data 
were obtained on a number of repacked columns. 

Pure n-hexane as the carrier liquid and pure hvlium, presatu- 
rated with hexane, as the gas phase were fed separately into 
the top of the column and then through 30.5 cm bed of pack- 
ing supported by a 60 mesh stainless steel screen After leaving 
the bottom of the test column, the two-phase sybtem was sep- 
arated in a 2 cm diameter glass bulb with gas leaving through 
a side port and li uid draining from the bottom. The operating 

valve (Whitey) through which the as passed ibefore it was 
vented to the atmosphere. Pressure cfrop through the column 
was small, that is, on the order of a few centimeters of water. .4 
schematic diagram of the equipment for tracer based measure- 
ment is shown in Figure 1. The liquid flow rates ranging from 
0.3 to 5 kg/m% ( 4  to 64 cm3/min) were measuied with a ro- 
tameter (Brooks) which was calibrated by using htaxane. Liquid 
was introduced through a centrally located glass tube 0.2 cm in 
diameter. 

Prior to entering the trickle-bed column, the liquid stream 
passed first through a six-port stainless steel sainpling valve 
( Perkin-Elmer), A known volume and concentration of tracer 
solution from a separate supply tank was injected into the liq- 
uid feed stream via the samplin valve. The tracei was injectted 
by switching a sample loop, w i g  a volume of 0.606 cm3, from 
the tracer stream to the main carrier stream. Thi. was accom- 
plished by the use of a grooved Teflon face plata on the six- 
port valve. Tracer introduced in this manner is p oportional to 
the velocity of the flowing liquid which sweeps thc sample loop 
and thus produces the correct flow averaged introduction of 
tracer (Turner, 1971; Buffham, 1972). 

The stimulus pulse was measured repeatedly .it each flow 
rate by use of a Waters Associates R-403 refracti ie index op- 
tical detector and was found to be reproducible m d  uniform. 
The first moment at a iven flow rate never varied by more than 

the system. The refractometer was operated with liquid flowing 
only through one side. Some carrier li uid was placed in the 

operation was also used for the measurements of the tracer con- 
centration in the exit stream. The optical modult of the de- 
teotor was connected to a control module which supplied power 
to the light source and amplified the signal from the photo tle- 
tector module. The output signal from the detector's control 
module was fed in parallel to a Beckman Model 1005 strip 
chart recorder and to a digital voltmeter-printer unit (Data 
Technology/Hecon ) . 

Figure 2 can be used to describe the operation of the differ- 
ential refractometer. The trickle-bed effluent liquid stream con- 
taining the tracer passes through the photo deteotor cell, where 
the difference in refractive index between the effluent stream 
and reference liquid is continuously measured. The change in 
refractive index is directly related, according to Snell's law, to 
the change in concentration of the effluent liquid stream as the 
tracer pulse passes through the detector. Calibrations were per- 
formed to determine the relationship between changes in re- 
fractive index and changes in concentration at dig-rent liquid 
flow rates. 

Further details about the experimental system may be found 
in the original study (Schwartz, 1975). The selec tion of ap- 
propriate tracers is also described there. Heptane was used as 
nonadsorbing tracer for all runs; benzene was originally used 
as an adsorbing tracer. Typical injection and response curves 
are presented in Figure 3. Separate batch experiments were per- 
formed to determine the adsorption of the tracers on the porous 
Alcoa F-1 and the nonporous Alcoa T-61-F-1 alumina. It was 
found that heptane does not adsorb on either alumina, while a 
linear adsorption isotherm was observed for benzme at low 
concentrations. The composite isotherms for benzene are pre- 
sented in Figures 4 and 5. All measurements were made with 

pressure of the co 'i umn was set by the back preArure metering 

0.01 min, which is wit f in the accuracy of time meE surement for 

reference side, and this provided a stab 'i e signal. This mode of 
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1 Tracers I 

nonadsorbing trocer 8 4X 
Liquid Hexane, I 25 x lo3 kg/m2- hr 
Gas He, 4 6 kg/mz- hr 
Packing Alcoa F-I alumina 

-20 to t28 mesh 
prewetted ~- - 

a d g t y  tracer 6 z x  

\ 
\ 
\ 

, 
\ 

0 0 5  10 15 2 0  25 30  

8 ,  dimensionless time 

Fig. 3. Typical injection and response tracer curves. 

dry, freshly activated aluminas. Within the accuracy of the data 
in this range of low concentrations, the isotherm is linear and 
adsorption is reversible. The adsorption equilibrium constants 
are indicated in the figures. Naphthalene was used as adsorbin 

below. 
All raw data from the experimental runs were processed by 

using an IBM 360-65 computer. A data reduction program was 
used routinely to convert data points of the RTD curves to the 
moments of the curve. The zeroth moment, or area under the 
RTD curve, was used to check the mass balance for tracer re- 
maining in the liquid phase. The expressions used to calculate 
the first and second moment of the RTD curve are the same for 
both the adsorbing and the nonadsorbing tracer. The first mo- 
ment or mean residence time can be calculated as 

tracer in runs with the nonporous packing for reasons discusse % 

Slope, Ka =8.8 x 10-7cm 

[ 25°C 1 
A Adsorption 

A Desorption 

I I I  1 I I I I I 
1.0 20 3.0 4.0 5.0 

Bulk Liquid Concentration, 
c,, (g/cm3) x lo5 

Fig. 4. Adsorption isotherm-benzene on Alcoa F-1 alumina from so- 
lution (solvent: n-hexane). 

rn 
A Adsorption 

A Desorption 

Slope, K,= 7.25 x 10-6crn 

0 1.0 2.0 3.0 4.0 5.0 6.0 

Bulk Liquid Concentration, C,,(g/crn3) x lo5 
Fig. 5. Adsorption isotherm-benzene on Alcoa T-61/F-1 alumina from 

solution (solvent: n-hexane). 

Once 7 s  are determined, the liquid holdup HT and contacting 
efficiency nc can be calculated by the previously given equa- 
tions. 

RESULTS AND DISCUSSION 

Liquid Holdup 
The comparison of tracer determined holdup to the vol- 
metrically measured one is presented in Figure 6. The 

10 
9 
8 

7 

6 

5 

I' 

$ 3  
fi 
3 PcROuS PACKING 

- 
NONPOROUS PACKING 2 2  

I-0 

01 
1 2 3 4 5 6 7 8 9 1 0  

Superficial Liquid Mass Velocity. L,,,xlO~fhg/mz,hrl 

Fig. 6. Total and external (tracer-based and volumetric) liquid holdup 
as a function of liquid superficial mass veocity. 
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Fig. 7. External, dynamic, and static (volumetric) liquid holdup as a 
function of liquid superficial mass velocity. 

tracer based average holdup data for nonporous packing 
are only about 4% lower than the volumetrically deter- 
mined values at most flow rates, with a maximum differ- 
ence of -7% at the highest flow rate of our study. On 
the other hand, the tracer determined average liquid 
holdups for porous packing are greater than the volumetric 
values by only about +6%, with the exception of +12% 
at the lowest liquid flow rate in the column. No definite 
bias in the data could be observed. The volumetric total 
holdup obtained on porous materials may actually be 
low if the required procedure of starting with a dry bed 
does not develop the same internal holdup levels which 
existed iii the prewetted beds used for the tracer tech- 
nique. A long period of time, about several hours or more, 
was indicated by Shulman et al. (1955) as being nec- 
essary to achieve relatively constant holdup startiiig with 
a dry bed of larger nonporous packing. Even larger times 
are necessary for beds of porous particles. A comparison 
with literature data demonstrates that the reproducibility 
of holdup data in our laboratory was very good. The dif- 
ferences between holdup calculated by using Equation 
(6), which is based on the assumption of no vaporization, 
and that obtained by using Equation (26), which is 
based on the assumption that complete vaporization equi- 
librium is achieved, were less than 1%. 

Holdup for nonporous particles, also by using the 
volumetrically determined static holdup, is plotted as a 
function of liquid mass velocity in Figure 7. Total holdup 
was found to be proportional to Lmo.20 over most of the 
flow range. Holdup appeared to level off for flow rates 
around lo4 kg/m2 hr (2.8 kg/m2s). Dynamic holdup, 
plotted in the same figure for comparison, showed a 
greater dependence on flow rate; that is, it was propor- 
tional to L,o.26. For laminar flow over spheres, dynamic 
holdup is predicted to be proportional to Lm1I3 by theory 
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(Davidson et al., 1959). Static holdup was found to de- 
crease with increasing liquid velocity in agreement with 
the observations of Gelbe (1968). Static holflup, mea- 
sured after liquid flow was reduced to zero, was found 
to have a relatively constant value of 0.05. Liquid holdup 
appeared to be independent of gas flow rate, which was 
varied from 2 x kg/m2s. This lack of 
dependence of liquid holdup on gas flow rate was also 
found by Hochman and Effron (1969), Ross (1965), 
Robinson (1975), and Sater and Levenspiel (1972). 

Holdup measured for the porous packing has also been 
plotted vs. liquid mass velocity in Figure 8. Total holdup 
for the porous material showed a slightly lower depend- 
ence on flow rate (LmoJ5) compared to the to+al holdup 
for nonporous material H E  as is shown in the same figure. 
This is due to the fact that the internal holdup ( omponent 
obtained by the subtraction (HT - H E ) ,  as suggested 
by Lapidus (1957), demonstrated only a \my weak 
dependence on liquid flow rate, indicating that the pores 
of the material used in this study are filled by capillarity. 
The comparison of holdup data obtained in this study to 
data of others and to available holdup corrdations is 
presented elsewhere (Schwartz et al., 1976). 

Contacting Efficiency 

The values of contacting efficiency for nonpo-rous pack- 
ing (fraction of external area that is wetted) and f o r  
porous packing (fraction of total BET area that IS wetted) 
are presented in Figure 9 as functions of liquid mass 
velocity and particle Reynolds number. The range of 
values obtained as a result of a randomized 5 x 2 fac- 
torial experiment design with three replicates is indicated. 
Heptane and naphthalene were used as rionadscrbing and 

to 2 x 

HT 0.2 1 

0.6 I . "  r--- 
HE 0.4 0.2 1 / 

0.1 7 . J  
103 Lm lo4 (kg/m2,hr) 

Fig. 8. Total, external, ond internal (volumetric) liquid holdup as a 
function of  liquid superficial mass velocity. 
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Fig. 9. Contacting efficiency of porous and relatively nonporous alu- 
mina. 

adsorbing tracer, respectively, for nonporous packing and 
heptane and benezene with the porous one. No vaporiza- 
tion correction was necessary for naphthalene, and the 
maximum correction for heptane, as discussed easlier, 
amounts to 1%. The vaporization correction for benzene 
i.3 potentially large, since the maximum equilibrium amount 
vapoiized ranged from 29% at the lowest flow rate to 
It% at the highest. However, the values of contacting 
efficiency which are based on complete vaporization were 
only 1 to 6% higher (depending on flow rate) than the 
ones calculated on the assumption of no vaporization. 
Variation in -qC values due to vaporization cannot be used 
to explain the apparent random variation in calculated 
contacting efficiency which occurs at all flow rates. 

Contacting efficiency based on external area of the non- 
porous particles appears to be uniform for this particular 
system at the conditions of our study presented in Table 
2. The statistical F test indicates no significant variation 
of contacting efficiency with flow rate. The line of best 
fit of all the data is a horizontal line at about 65% con- 
tacting efficiency. This level of external contacting is 

TABLE 2. RANGE OF VARIABLES AND PHYSICAL PROPERTIES 
OF THIS STUDY 

0.39 < ReL < 6.20 
2.9 x < WeL < 7.5 x 10-4 
5.8 x 10-5 < FTL < 1.5 x 10-2 

T I 25°C 
1.0 X 103 < L, < 1.8 x 104 kg/m2 hr 

0.40 < G ,  < 4.10 kg/m2 hr 
CL = 18.2 dyne/cm 

,UL = 0.315 cp 
p~ = 0.656 g/cm3 

dp = 0.06 cm 

U L / U ~  zz 0.66 

- 

close to the values predicted by the correlation of Krauze 
and Seiwinski ( 1971). The other available wetted area 
correlations of Puranik and Vogelpohl (1974) and Onda 
et al. (1967), which are also presented in Figure 9, do not 
fit the data of this study at all. Similarly, an overall value 
of 66% over the whole range of liquid flow rate studied 
characterizes the contacting efficiency, that is, the frac- 
tion of the catalyst BET total area that is wetted, on 
porous packing. This high level of contacting might have 
been expected, since the bed had been prewetted prior 
to the tracer runs. It is important to point out that the 
same level of contacting efficiency was obtained whether 
the calculation was based on Equation (7) ,  that is, on 
total BET area and a properly evaluated K ,  value from 
static adsorption experiments, or on Equation (10) 
which compared the total benzene (or naphthalene) avail- 
able areas in trickle flow and a liquid filled column. 

Another estimate of contacting efficiency of a porous 
material is fractional pore filling. This can be calculated 
from holdup data by using Equation (5)  based on the 
assumption of Lapidus (1957) that external holdup at 
given operating conditions is the same for porous and 
nonporous packing of the same size. The fraction of total 
pore volume filled with liquids can be characterized by 
a constant average value of 0.78, .based on tracer deter- 
mined holdup, and 0.66, based on volumetrically mea- 
sured holdups. This constancy of holdup over a range of 
flow rates is in agreement with the observations of Lap- 
idus (1957) and Schiesser and Lapidus (1961). The 
better agreement between qC and Fi based on volumetric 
measurements is only coincidental. As seen from Figure 
6, the volumetrically determined holdups almost always 
lie within two standard deviations from the average values 
determined by the tracer technique. Volumetric data were 
obtained on the same bed, while tracer data were collected 
on a number of repacked beds. There is also reason to 
believe that external holdup on porous and nonporous 
particles is not the same, being larger on the former, 
which will lead to an overestimate of Fi if holdun sub- 
traction is used. 

c 4 

6 0.7 
F-l alumina 

o NaCl@ 2 0 ° C  
A T i 4  63 20°C 

0.5 0 T i 4  0 20°C 

0 0.6 1 A T-6VF-I alumina \, 
I I A ,  

0 25 50 75 

Liquid Surface Tension, cL 

(dyne/c m) 
Fig. 10. Cosine of the contact angle as a function of liquid surface 

tension. 
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The apparent discrepancy between the observations that 
holdup increases with flow rate for both porous and non- 
porous packing while contacting efficiency remains con- 
stant can possibly be explained as follows. When liquid 
flow rate increases, contacting patterns, which were estab- 
lished in the bed initially, do not change (Satterfield, 
1975), and increasing holdup only causes an increasing 
depth of liquid film passing over the solid packing, This 
would apply to our study only if reactor scale incomplete 
contacting is the cause of the observed contacting efficiency 
and not particle scale incomplete contacting. The con- 
tact angle measurements (Schwartz, 1975) presented in 
Figure 10 demonstrate that hexane with surface tension 
of UL = 18.2 dyne/cm should spread readily over both 
porous F-1 alumina (vc = 20.0 dyne/cm) and nonporous 
T-61/F-1 alumina (uC = 27.8 dyne/cm). It is doubtful 
that hexane would establish rivulets only partially wetting 
the small particles used (& = 0.06 cm) , If this were the 
case, such rivulets would tend to spread, thus contact- 
ing more area upon increased flow. Data demonstrate 
that the fraction of total voidage that is liquid filled in- 
creases at approximately the same rate for both packings, 
indicating that the increased holdup is mainly due to 
increased thickness of liquid films in the bed and close 
to the wall in the regions where the particles were already 
completely wetted externally and internally. This would 
indicate reactor scale incomplete contacting and existence 
of poorly wetted regions in the bed. The approximately 
same value of contacting efficiency in porous beds (based 
on total internal catalyst area) and nonporous beds (based 
on external area) seems to point towards the same con- 
clusion. 

ACCURACY AND PRECISION OF THE 
TRACER TECHNIQUE 

The two tracer techniques applied to the helium-hexane- 
alumina system yield high levels of holdup and contact- 
ing efficiency but with some scatter of the values for 
liquid-solid contacting efficiency vc. These results raise 
the question of whether this variation can be attributed 
to experimental error or whether the variation in con- 
tacting efficiency is in reality due to the randomness of 
the physical processes occurring in the bed with two- 
phase flow. The tracer experiment is, without doubt, a 
statistical process. 

The accuracy of the contacting efficiency data depends 
on the accuracy of the holdup data which are used in 
the calculation. The tracer based holdup measurements 
agreed in general with the volumetric ones within 10% 
for the porous and 5% for the nonporous packing. The 
volumetric data presented are results of single runs, while 
tracer data are averages of repeated experiments on re- 
packed beds. The volumetric data are within two standard 
deviations of the tracer determined means. In the worst 
possible case, an overestimate of 10% in holdup for 
porous packing and underestimate of 5% for the non- 
porous one lead to an error of 25% in internal holdup 
and fraction of a liquid filled internal voidage Fi. How- 
ever, an error of 10% in holdup results in errors of less 
than 10% in contacting efficiency vc, due to the fact that 
in general & < &-* - t ~ .  The method of analyzing the 
tracer data has been shown not to be a source of in- 
accuracy (Schwartz, 1975). 

The observed variance in the data must now be ad- 
dressed. The repeated measurements of for a given 
tracer within a run, where the trickle-bed column was 
verified to be operating at steady state (that is, constant 
readings of variables, such as flow rates, pressure drop, 
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etc., constant liquid level in the separator, and flat base 
line of the refiactometer output, etc.) could give as little 
as zero variation or at the most a - ~ l O o / ?  rangt about the 
average at high flow rates. The great majority of the re- 
peated measurements varied in value only about 2% of 
the average. The larger variation reported in this study 
as indicated in Figuie 9 occurred when replicates of the 
experiment were performed on repacked beds. Variations 
in bed density, bed porosity, and total amount of packing 
upon repacking did not exceed 2%. The stimulus pulse 
data were very reproducible, with the maximum range of 
zkO.01 minute about the average, which is, at most, &2% 
of the response mean time at low flow and 2 4 %  at high 
flow. Liquid flow rates never varied by more than l%, 
while gas flow rate was maintained within 2% of the 
target value. Any variations in the physical properties 
of the materials used, with the exception of adsorption 
potential as described below, were minimized b; blending. 
No run was made until the refractometer hchieved a 
steady base line, with less than 1% short term noise or 
long term drift which confirmed that the liquid flow 
rate, pressure drop, and temperature weie con stant. The 
mean residence times were calculated properly by divid- 
ing the calculated first moment of the tracer curve with 
the area under the curve. The only two remaining sources 
of error are the correction for tracer vaporizatim and the 
possible variation of the adsorption equilibriuni constant 
K,  in time or upon repacking. 

The correction to the mean residence time for tracer 
vaporization was addressed in the precious s( ction and 
shown to be less than 6%. 

Variation in the adsorption equilibrium const.int would 
considerably affect the values of contacting efficiency ais 
obtained from replicates of the experiments. 'That such 
variation may occur was first observed when extremely 
low values of contacting efficiency were obtained by using 
benzene as tracer on nonporous T61/Fl packing. For 
the repeated experiments on the same bed, the 95% 
confidence intervals for TT* of benzene varied about the 
average value at each flow rate fiom 2 to 476. However, 
the low values indicated unrealistically low contacting, 
in contradiction with holdup measurements, which pointed 
to a possible deviation from a statically measured adsorp- 
tion coefficient as large as a factor of 6. In ordei to check 
these results, single-phase runs were performed on the 
same but completely flooded bed at the same l~quid How 
rates with no flow of gas. Holdup agreed well with the 
bed porosity, while the adsorption constant K,, calcu- 
lated from Equation ( 7 ) ,  yielded an average value of 
5.3 x cm with only moderate variation a ound the 
mean. This dynamically determined value is an order of 
magnitude lower than the statically determined value of 
7.25 X cm, and the two values should be .he same, 
independent of the method (Buffham, 1972). 

This decrease in the adsorption coefficient is most 
probably due to the deactivation of the adsorption sites 
by the stiong, preferential adsorption of water. A pos- 
sible source of moistlire for water adsorption i 
packing procedure used to load the column. 
this, adsorption isotherm measurements of benzene were 
made on alumina which had been exposed to air for 
1/2 hr which is the approximate time needed to weigh 
the packing and fill the column. The data obtained on 
various batches of such air exposed packing show a de- 
crease in adsorption compared to dry, activated packing. 
but with considerable scatter in the results. hlore con- 
trolled studies on porous alumina (Snyder, 1968 showed 
a decrease in the effective Kaeff, based on volume of 
liquid required for chromatographic separation of sev- 
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era1 compounds eluted by pentane, by as much as an 
order of magnitude with the addition of only 4 wt% 
water. The importance of protecting the packing from 
water deactivation is obvious from these results. How- 
ever, the dry method of packing with intermittent vibra- 
tion produced by far the most reproducible bed densities 
and was retained. The deactivated state of the bed upon 
packing was taken into account in this work by evalu- 
ating the K ,  for the new state of packing. The net result 
of the lower K ,  values was that benzene mean residence 
times were very close to the values obtained with hep- 
taine in the case of nonporous packing. This led to the 
selection of naphthalene for adsorbable tracer, as its K ,  
value even on deactivated alumina is an order of mag- 
nitude higher (& = 4 x 10-6 cm). 

In summary, the most significant source of variation 
in the values of contacting efficiency appears to be caused 
by changes in the adsorption characteristics due to differ- 
erit and uncontrolled degrees of water deactivation of 
the alumina which occurred when the column had to be 
repacked. An error analysis for vc confirms this. Slow 
cumulative deactivation by the presence of water traces 
in the liquid and gas phase was possible. This indicates 
thlat in the case of slowly deactivating packing, Equation 
( LO), which does not require an explicit value for &, 
should be used. Its validity was confirmed in this study, 
as well as the general validity of the tracer method. 
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NOTATION 
f\T 

rim 
a: 

= total catalyst surface area, cm2 
= total catalyst area contacted by liquid, cm2 
= specific catalyst area wetted by liquid = Aw/ 

HTV, cm-l 
tracer concentration in the input stream, g cm-3 
concentration of tracer in the liquid phase, g 
cm-3 
Concentration of adsorbable tracer in the liquid 
phase, g cm-3 
concentration of tracer in the vapor phase, g 
cm-3 
concentration of tracer on the solid, g cm-2 
particle diameter, cm 
exit age distribution, s-1 
cumulative exit age distribution, dimensionless 
fractional pore fillup with liquid, om3 liquid/ 
01113 particle pore volume, dimensionless 
dynamic liquid holdup, cm3 liquid/cm3 empty 
reactor, dimensionless 
liquid holdup external to packing, cm3 external 
liquid/cm3 empty reactor, dimensionless 
liquid holdup in the interior of porous packing 
particles cm3 liquid within particles/cm3 empty 
reactor, dimensionless 
static external liquid holdup, om3 stagnant liquid 
external to packing/cm3 empty reactor, dimen- 
sionless 
total liquid holdup, cm? liquid/cm3 empty re- 
actor, dimensionless 
total vapor holdup, cm3 vapor/cm3 empty re- 
actor, dimensionless 

K ,  = equilibrium distribution coefficient for tracer be- 
tween catalyst and liquid, cm 
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tT* = mean residence time of an adsorbing tracer in 

UsL = liquid superficial velocity, cm-1 
USV = gas superficial velocity, cm s-1 
V = total volume of the empty reactor, cm3 
x = axial coordinate along the reactor, cm 

Greek letters 

the liquid phase, s 

linear isotherm equivalent retention volume (vol- 
ume of solvent required to move center of 
chromatographic sample to end of bed), cm3/g 
adsorbent 
vapor-liquid equilibrium constant defined by 
Equation ( 16), dimensionless 
liquid-solid adsorption rate constant, cm s-1 
liquid mass superficial velocity, g cm-2s-1 
mass of tracer injected in impulse injection, g 
pressure in the bed, kg cm-2 
volumetric liquid flow rate, cm3 s-1 
volumetric gas flow rate, cm3 s-1 
universal gas constant, kg cm mole-’ OK 
rate of tracer transport from liquid to gas phase, 
g/cm3 
liquid particle Reynolds number, = &USL/@L, 
dimensionless 
rate of tracer transport from liquid to solid, 
g/s cm2 
Laplace transform variable, dimensionless 
temperature, O K  

time, s 
mean residence time of the liquid phase, s 
mean residence time of a nonadsorbing tracer 
in the liquid phase, s 

e =  

’Ic = 

VCE = 

e =  
e, = 

A =  
Po = 

P1 = 

P L  = 
uc = 

UL = 

porosity of the packed, bed, cm3 interparticle 
voidage/cm3 empty reactor, dimensionless 
contacting efficiency based on total catalyst area, 
dimensionless 
contacting efficiency based on external catalyst 
area, dimensionless 
dimensionless time, = t /<  dimensionless 
particle porosity, cm3 intraparticIe voidage/cma 
particle volume, dimensionless 
contact angle, radians 
zeroth moment of the tracer concentration curve 
defined by Equation ( 17), g cm-3 s 
first moment of the tracer concentration curve 
defined by Equation ( 18), g cm-3 s2 
viscosity of the liquid phase, poises 
critical surface tension of solid defined as the 
liquid surface tension at which cosine of the 
contact angle, k, equals one, dyne cm-1 
surface tension of liquid, dyne cm-1 

Su bscriph 

e = vaporizable tracer 
ex 
in 
LF = liquid filled bed 
nonporous = nonporous packing 
porous = porous packing 

= at the exit of the bed 
= at the entrance of the bed 
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Hydrogenation and Mass Transfer 
in a Fixed-Bed Catalytic Reactor with 
Gas-Liquid Concurrent Upflow 

SATOSHI MOCHlZUKl and TATSURO MATSUl 

Reaction rates of selective hydrogenation of phenylacetylene (PA) and 
styrene were studied in a packed-bed reactor with concurrent gas and 
liquid upflow. The surface reaction rates were expressed by the reaction 
between adsorbed PA or styrene and dissociated hydrogen atoms com- 
peting for the same active sites. The contributions of mass transfer rate 
were determined, and better selectivity conditions were discussed. 

Toray Engineering Co., Ltd. 
Osaka 530, Japan 

SCOPE 
Since concurrent operation is not limited by flooding, 

gas-liquid reactions requiring a solid catalyst are gen- 

Mochizuki. 

erally carried out in  a gas-liquid upward concurrent flow 
in industrial applications. During development work on 
a reactor to convert PA to styrene in a mixture ( i f  styrene 
and xylene with hydrogen in the presence of a supported Correspondence concerning this paper should be addressed to Satoshi 
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