terface (kg hydrate/m? solution)

ps = solution density

o = supersaturation [= (p — p°)/p*]

o. = parameter in BCF growth equation [Equation
(14)]

o; = supersaturation at the crystal/solution interface

[= (pi— p*)/p"]
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A New Tracer Method for Determination
of Liquid-Solid Contacting Efficiency in

Trickle-Bed Reactors

A new tracer technique is reported for the determination of liquid-
solid contacting efficiency and liquid holdup in trickle beds packed with
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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 659,
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Department of Chemical Engineering
Washington University

St. Louis, Missouri 63130

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(s), is simultaneously passed through the
bed. The major problems in the scale-up of trickle 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 liquid backmixing.
The progress to date on research in these areas was re-
cently summarized in an excellent review paper (Satter-
field, 1975).

J. G. Schwartz is with the Amoco Oil Company, Amoco Research
Center, Naperville, Illinois.
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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 How rates.
A new two-tracer method was developed for this pur-
pose. Hexane was used as the liquid phase and helium as
the gas. Heptane was employed as the nonadsorbable
tracer, and benzene and naphthalene were used as the
adsorbable ones. The theory of chromatography was used
to relate the first moments of the residence time distribu-
tions of the two types of tracers to liquid holdup and con-
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
yas-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
Ievel of 65 and 669, for nonporous and porous packing,
respectively, over a wide range of liquid flow rate (0.3
to 5 kg/m?s). Both holdup and contacting efficiency are
independent of gas flow rate when the latter is changed
over a range from 1 X 10~%to 2 X 10 ~3 kg/m?’,

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. It is im-
portant to distinguish between particle scale and reactor
scale incomplete contacting.

LIQUID HOLDUP AND 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 Hr consists of external holdup Hg and
internal holdup H;. The external holdup can be further
divided into dynamic (free draining) holdup Hp and
static (residual) holdup Hs. In the case of nonporous
packing, total holdup is equal to external holdup:

Hp = Hg + H; (1)

Hg = Hp + Hyg (2)
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):

A LA R TR (3)
QL v
where
E(t) =_9£;ZI:TX(E)—' (3a)

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

Hiv__ fw [1— F(t)1dt (4)
QL 0
where
F(#) = _E%zﬂ_ (4a)

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.

Contacting 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 ncg the fraction of
total external plus internal area contacted v, and the frac-
tions of pore volumes filled with liquid F; 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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TasLe 1. ConTACTING EFFIcIENCY CORRELATIONS FOR
Nonrporous Packine

Shulman et al. (1955):

L., \025
Ne = 0.24( — ) (12.7, 25.4, 38.1 mm Raschig rings)

L:nn 0.20
Ne = 0.35( a—) (12.7, 25.4 mm Berl saddles)
m

for
5X 103 =Lp =25 X 10tkg/m? hr
5 X 102=Gp =35 X 105kg/m? hr
13.4 < Reyr, < 3994
Krauze and Serwinski (1971):
e = 0.655 Li036 for 2.88 X 102 = Lu,
= 1.98 X 103 kg/m? hr
Ne = 0.585 L9017 tor 2.98 X 103 =1L,,
= 2.88 X 10*kg/m? hr
(5,7, 10, 17 mm Raschig rings)
(0.75 < Rey, < 259.5)
Onda et al, (1967):

0.75
fe = 1 — exp —1.45 Rey01 Fry,—005 We 02 ( ’_c)
oL

for

0.04 < Rey, < 500

1.2 X 1073 < Wep, < 0.27

253 X 1079 < Frp < 1.8 X 102

0.3 < oc/or < 2.0

8.0 < dp < 50.8 mm

5.0 X 102 = Ly, = 3.0 X 10tkg/m? 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):

¢L~0.206
Ne = 1.05 ReL0.047 WeL0.135

dc

(dynamic)

~0.182
ne = 1.045 Rey0-041 We,0.133 IL

Te
(total)
for
2.1 X 1076 <« Wep < 1.2 x 10-2
0.5 < REL < 85
T7 X 1077 < Fr, <47 x 103
0.3 <or/o. < 1.05
0.08 < aw/ar < 0.8
9 X 102 < Ly < 4.32 X 10 kg/m? hr
0.5 <w» <13cp
25 < o7, < 75 dyne/cm
10.0 < dp < 37.5 mm

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 complete 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 for 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:

_ HI _ (HT) porous (HT) nonporous
(1= )ty (1— )by

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 the total
and the external holdup, it was necessary to measure
both holdups accurately to three significant figures. 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. The 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-system. Third,
it has not been established that external holdup on porous
and nonporous packing are the same at fixed operating
conditions.

F;

(5)

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:

_ QL (- R
tp = C =, = .
T My ‘Io‘ 14 TLex(t)dt L QL (6)

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

— OL @ HLV AuK,

|- J— &% —
= »[ tCrLey® (£)dt = ot 5

(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 valid 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 Ar, is then
evaluated:

Aw

™ (8)

Ne =

An 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:

2
Hy=—00nu (9)
(tr*)Lr
Ir* — 1
ne = R (10)

(#r*)r — (t1)1r

It 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
zerot? 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 coeflicient and
on 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 %, is directly measured by the mean residence time

of the nonvolatile nonadsorbing tracer Tr but not by the
mean residence time of the volatile, nonadsorbing tracer

(tr)e. The difference between 7r and (#r), 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 columm presented below
is 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 radial 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
the gas and liquid phase.

9. Adsorption on the solid is linear and reversible.

With these assumptions, one can write a combined
equation of continuity for the liquid and gas phases in
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terms of tracer concentration together with an equation
for the solid phase. These equations, with the appropriate
initial and boundary conditions, are

BCTL ( USL Usv ) aCTL
14+ K = — K
1+ Kn) — He T ax
C
‘—ka(CTL" = ) (11)
aCTs ( CTS )
=k\ Cpr — 12
pr L a (12)
Cro(0,%) = Czs(0,x) =0 (18)
Mgt
Cr.(t,0) = ——————— §(¢ 14
TL( Or T Koy (t) (14)
where
Crv
Ky;, = 15
VL O (15)

Taking the Laplace transform, solving for Crs, and sub-
stituting into the equatibn for CrL, we obtain an ordinary
first-order differential equation for Cr(s, %). Upon in-

tegration and evaluation of the transform Crz at the end
of the trickle bed, the following result emerges (taking
into account that a = A,/H7V):

Cri(s, L)
r kA,
1+ Kvi + —-—-—w—k
My v (+ )
QL + Ky Qv QL +K Ov
HoV Ve v
(16)

The zeroth and first moments of the tracer concentration
curve are

M
o=Cr(0,L) = oo 17
a T ) QL + KyiQv (17)
dc
m=——=(0,L)
A
. 1+ Ky + ._KL._‘L
_ My HV (18)
QL + Ky Qv oL 4K Qv
HoV " TheV

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

_ ] HV
fr® = Z = QT (19)
0 L

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 diflerent 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
zeroth and first moment of the tracer concentration curve
and appears only in higher moments (Dudukovic, 1972;
Roberts et al., 1973; Buffham, 1973). The exchange rate
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Fig. 1. Schematic diagram of the equipment for tracer-based mea-
surement.

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

— HvV 1+ K
Ty = T + Kvo (20)
O 14+ K Ov Hr
VL —— =
QL hr

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 Kyg,
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 Ky;, = 0. The maximum possible
effect of tracer vaporization on holdup is given by the
difference in holdups evaluated from Equations (20)
and (6). Similaily, 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 =+ 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
i — — — — 4——— defector =>C;
X in
|
gos in- —=l ' t
|
: cqntrol
\ module recorder
packed 3
section™ 1 A | | [ =7 $
o
[s)
I
|
|
gas out=—-— 1,
J
b — —— — < detector C
liquid =
out

Fig. 2. Measurement of tracer concentrations.
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nonporous material to a height of 30.5 cm. The packing was
packed dry with intermittent vibrations. Activated F-1 alu-
mina (Alcoa), —20 to +28 mesh was used as porous packing
(8¢ = 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 m?/g. The liquid critical surface tensions on the 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 helium, 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 system was sep-
arated in a 2 cm diameter glass bulb with gas leaving through
a side port and liqluid draining from the bottom. The operating
pressure of the column was set by the back pressure metering
valve (Whitey) through which the gas passed before it was
vented to the atmosphere. Pressure drop through the column
was small, that is, on the order of a few centimeters of water. A
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?2s (4 to 64 cm3/min) were measured with a ro-
tameter (Brooks) which was calibrated by using hexane. Liquid
was introduced through a centrally located glass tube 0.2 cra in
diameter.

Prior to entering the trickle-bed column, the liquid stream
passed first through a six-port stainless steel sampling valve
(Perkin-Elmer). A known volume and concentration of tracer
solution from a separate supply tank was injected into the lig-
uid feed stream via the sampling valve. The tracer was injected
by switching a sample loop, with a volume of 0.606 cm3, from
the tracer stream to the main carrier stream. Thiz was accom-
plished by the use of a grooved Teflon face plat: on the six-
port valve, Tracer introduced in this manner is proportional to
the velocity of the flowing liquid which sweeps the sample Inop
and thus produces the correct flow averaged introduction of
tracer (Turner, 1971; Buffham, 1972).

The stimulus pulse was measured repeatedly at each flow
rate by use of a Waters Associates R-403 refractive index op-
tical detector and was found to be reproducible and uniform.
The first moment at a given flow rate never varied by more than
0.01 min, which is within the accuracy of time measurement for
the system. The refractometer was operated with liquid flowing
only through one side. Some carrier liquid was placed in the
reference side, and this provided a stab(}e signal. This mode of
operation was also used for the measurements of the tracer con-
centration in the exit stream. The optical module of the de-
tector was connected to a control module which supplied power
to the light source and amplified the signal from the photo de-
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 detector 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 different liquid
flow rates.

Further details about the experimental system may be found
in the original study (Schwartz, 1975). The selection 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 benzene at low
concentrations. The composite isotherms for benzene are pre-
sented in Figures 4 and 5. All measurements were made with
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Fig. 3. Typical injection and response tracer curyes.

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
tracer in runs with the nonporous packing for reasons discusse
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
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Fig. 4. Adsorption isotherm-benzene on Alcoa F-1 alumina from so-
lution (solvent: n-hexane).
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jo tCrLex(t) dt ‘L tCrLi () dt

(21)

T=

j; CTLex(t) dt fo CTLin(t) dt

Once s are determined, the liquid holdup Hr and contacting
efficiency mc can be calculated by the previously given equa-
tions,

RESULTS AND DISCUSSION

Liquid Holdup
The comparison of tracer determined holdup to the vol-
umetrically measured one is presented in Figure 6. The
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Fig. 6. Total and external (tracer-based and volumetric) liquid holdup
as a function of liquid superficial mass veocity.
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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 4-6%, 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 in 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 starting 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
(8), 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 19.

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 L,%2® over most of the
flow range. Holdup appeared to level off for flow rates
around 10* kg/m? hr (2.8 kg/m?). Dynamic holdup,
plotted in the same figure for comparison, showed a
greater dependence on flow rate; that is, it was propor-
tional to L,%2. For laminar flow over spheres, dynamic
holdup is predicted to be proportional to Ln!/® 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 holdup, 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 1074 to 2 X 1073 kg/m?. 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 (L,,%!5) compared to the to*al holdup
for nonporous material Hx as is shown in the same figure.
This is due to the fact that the internal holdup component
obtained by the subtraction (Hy — Hpg), as suggested
by Lapidus (1957), demonstrated only a very 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 correlations is
presented elsewhere (Schwartz et al,, 1976).

Contacting Efficiency

The values of contacting efficiency for nonporous pack-
ing (fraction of external area that is wetted) and for
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 nonadsorbing and
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Fig. 8. Total, external, and internal (volumetric) liquid holdup as o
function of liquid superficial mass velocity.
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adsorbing tracer, respectively, for nonporous packing and
heptane and benezene with the porous one. No vaporiza-
tion correction was mnecessary for naphthalene, and the
maximum correction for heptane, as discussed earlier,
amounts to 1%. The vaporization correction for benzene
is potentially large, since the maximum equilibrium amount
vaporized ranged from 299 at the lowest flow rate to
19, 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 v, 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
or THis STUDY

0.39 < Rer. < 6.20
29 X 1078 < Wer, < 7.5 X 10—4
58 X 1075 < Fr, < 1.5 X 10—2

or/oc = 0.66
T = 25°C
1.0 X 103 < Ly, < 1.8 X 10t kg/m2 hr
0.40 < G < 4.10kg/m? hr
o, = 18.2 dyne/em

R = 0.315 cp
pr = 0.656 g/cm3
Ep = 0.06 cm
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close to the values predicted by the correlation of Krauze
and Serwinski (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 ali, Similarly, an overall value
of 669% 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 low 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 7, and F; 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 F; if holdup sub-
traction is used.
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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 o = 18.2 dyne/cm should spread readily over both
porous F-1 alumina (0. = 20.0 dyne/cm) and nonporous
T-61/F-1 alumina (o, = 27.8 dyne/cm). It is doubtful
that hexane would establish rivulets only partially wetting
the small particles used (d, = 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 .. 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 F;. How-
ever, an error of 109% in holdup results in errors of less
than 10% in contacting efficiency 7., due to the fact that
in general #r < tp* — %p. 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 t 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 refractometer output, etc.) could give as little
as zero variation or at the most a =109, range 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 Figure 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
+0.01 minute about the average, which is, at most, 2%
of the response mean time at low flow and +49% at high
flow. Liquid flow rates never varied by more than 1%,
while gas flow rate was maintained within £9 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 by blending.
No run was made until the refractometer =zchieved 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 were constant. 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 vaporization and the
possible variation of the adsorption equilibriurn constant
K, in time or upon repacking.

The correction to the mean residence time for tracer
vaporization was addressed in the previous scction and
shown to be less than 6%.

Variation in the adsorption equilibrium constant would
considerably affect the values of contacting efficiency as
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/F1 packing. For
the repeated experiments on the same bed, the 95%

confidence intervals for #7* of benzene varied about the
average value at each flow rate from 2 to 4%. 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 order to check
these results, single-phase runs were performed on the
same but completely flooded bed at the same liquid fHow
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 1077 cm with only moderate variation around the
mean. This dynamically determined value is an order of
magnitude lower than the statically determined value of
7.25 X 107 c¢m, and the two values should be the 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 strong, preferential adsorption of water, A pos-
sible source of moisture for water adsorption is the dry
packing procedure used to load the column. To check
this, adsorption isotherm measurements of benzene were
made on alumina which had been exposed to air for
Y% 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. More con-
trolled studies on porous alumina (Snyder, 1968  showed
a decrease in the effective Ky, based on volume of
liquid required for chromatographic separation of sev-
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eral 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-
tane 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 (K, = 4 X 1078 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-
ent and uncontrolled degrees of water deactivation of
the alumina which occurred when the column had to be
repacked. An error analysis for 4, confirms this. Slow
cumulative deactivation by the presence of water traces
in the liquid and gas phase was possible. This indicates
that in the case of slowly deactivating packing, Equation
(10), which does not require an explicit value for K,
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

Ar = total catalyst surface area;, cm?

A, = total catalyst area contacted by liquid, cm?

¢ = specific catalyst area wetted by liquid = Aw/
HiV,em—1

C, = tracer concentration in the input stream, g cm™3

Jri = concentration of tracer in the liquid phase, g
cm™3

CrL® = concentration of adsorbable tracer in the liquid
phase, g cm 3

Crv = concentration of tracer in the vapor phase, g
cm™3

Crs = concentration of tracer on the solid, g em—2

d, = particle diameter, cm

E = exit age distribution, s~

F = cumulative exit age distribution, dimensionless

F; = fractional pore fillup with liquid, cm3? liquid/
cm? particle pore volume, dimensionless

Hp = dynamic liquid holdup, cm? liquid/cm?® empty
reactor, dimensionless

Hg = liquid holdup external to packing, cm?® external

liquid/cm?® empty reactor, dimensionless

H; = liquid holdup in the interior of porous packing
particles cm?® liquid within particles/cm® empty
reactor, dimensionless

H, = static external liquid holdup, cm? stagnant liquid
external to packing/cm?® empty reactor, dimen-
sionless

Hr = total liquid holdup, cm?® liquid/cm3® empty re-
actor, dimensionless

hr = total vapor holdup, cm?® vapor/cm® empty re-
actor, dimensionless
K, = equilibrium distribution coefficient for tracer be-

tween catalyst and liquid, cm
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Kaer = linear isotherm equivalent retention volume (vol-
ume of solvent required to move center of
chromatographic sample to end of bed), cm?/g
adsorbent

Ky, = vapor-liquid equilibrium constant defined by
Equation (16), dimensionless

k = liquid-solid adsorption rate constant, cm s~!

Ly = liquid mass superficial velocity, g ecm—2s—!

Mr* = mass of tracer injected in impulse injection, g

P = pressure in the bed, kg cm—2

Q. = volumetric liquid flow rate, cm3 s—1!

Qv = volumetric gas flow rate, cm3 s—1

R = universal gas constant, kg cm mole—! °K

Rr = rate of tracer transport from liquid to gas phase,
‘g/cm’d

Re;, = liquid particle Reynolds number, = prd,Usr/pr,

dimensionless

Sy = rate of tracer transport from liquid to solid,
g/s cm?

s = Laplace transform variable, dimensionless

T = temperature, °K

t = time, s

fL = mean residence time of the liquid phase, s

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

tr® = mean residence time of an adsorbing tracer in
the liquid phase, s

Usy = liquid superficial velocity, cm~1

Usy = gas superficial velocity, cm s—1

V= total volume of the empty reactor, cm3

x = axial coordinate along the reactor, cm

Greek Letters

€ = porosity of the packed, bed, cm? interparticle
voidage/cm?® empty reactor, dimensionless

me = contacting efficiency based on total catalyst area,
dimensionless

nce = contacting efficiency based on external catalyst
area, dimensionless

9 = dimensionless time, = #/%, dimensionless

6, = particle porosity, cm? intraparticle voidage/cm?
particle volume, dimensionless

A = contact angle, radians

#o = zero™™® moment of the tracer concentration curve
defined by Equation (17),gcm=3 s

u1 = first moment of the tracer concentration curve
defined by Equation (18), g cm™3 s2

pL = viscosity of the liquid phase, poises

og. = critical surface tension of solid defined as the
liquid surface tension at which cosine of the
contact angle, )\, equals one, dyne cm™!

o = surface tension of liquid, dyne cm—1!

Subscripts

e = vaporizable tracer

ex = at the exit of the bed

in = at the entrance of the bed

LF = liquid filled bed
nonporous = nonporous packing
porous = porous packing

LITERATURE CITED

Buffham, B. A., “On Residence—Time Distribution for a Sys-
tem with Velocity Profiles in its Connection with the En-
vironment,” Chem. Eng. Sci., 27, 987 (1972).

, “Model-independent Aspects of Tracer Chromatog-
raphy Theory,” Proc. Royal Soc. London, A333, 89 (1973).
Danckwerts, P. V., “Continuous Fow Systems: Distribution of

Residence Times,” Chem. Eng. Sci., 2, 1 (1953).

September, 1976 Page 903



Davidson, { F., E. J. Cullen, D. Harrison, and D. Roberts,
“The Holdup and Liquid Film Coefficient of Packed Towers,
Part 1: Behavior of a String of Spheres,” Trans Inst. Chem.
Engrs., 37, 122 (1959).

Dudukovic, M. P., “Tracer Analysis of the Microcirculation,”
Ph.D. thesis, Ill. Inst. Technol. (May, 1972).

Gelbe, H.,, “A New Correlation for Liquid Holdup in Packed
Beds,” Chem. Eng. Sci., 23, 1401 (1968).

Hochman, J. M., and E. Effron, “Two-Phase Cocurrent Down-
flow in Packed Beds,” Ind. Eng. Chem. Fundamenials, 8, 63
(1969).

Hobler, T., “Mass Transfer and Adsorbers,” International Series
Monologues in Chemical Engineering, Vol. 6, p. 219, transl.
from Polish by ]. Bandrowski, Pergamon Press, Oxford, En-
gland (1966).

Krauze, R., and M. Serwinski, “Moistened Surface and Frac-
tional Wetted Area of Ceramic Raschig Rings,” Inzynieria
Chemiczna, 1, 415 (1971).

Lapidus, L., “Flow Distribution and Diffusion in Fixed-Bed
Two-Phase Reactors,” Ind. Eng. Chem., 49, 1000 (1957).

Levenspiel, O., Chemical Reaction Engineering, 2 ed., Wiley,
New York (1972).

Mears, D. E., “The Role of Liquid Holdup and Effective Wet-
ting in the Performance of Trickle-Bed Reactors,” Advan.
Chem. Ser., 133, 218 (1974).

Onda, K., H. Takenchi, and Y. Koyama, “Effect of Packing Ma-
terials on the Wetted Surface Area,” Kagaku Kogaku, 31, 126
(1967).

Perilloux, C. J., and H. A. Deans, “Bubble Column Chromatog-
raphy: Measurement of Multicomponent Vapor Liquid Equi-
libria,” Ind. Eng. Chem. Fundamentals, 11, 138 (1972).

Puranik, S. S., and A. Vogelpohl, “Effective Interfacial Area in
Irrigated Packed Columns,” Chem. Eng. Sci., 29, 501
(1974).

Roberts, G. W., K. B. Larson, and E. E. Spaeth, “The Inter-
pretation of Mean Transit Time Measurements for Multi-
phase Tissue Systems,” J. Theoretical Biology, 39, 447
(1973).

Roberts, G. W., and S. R. Yadwadkar, “The Efficiency of Liq-
uid-Solid Contacting in Trickle-Bed Reactors,” paper pre-
sented at AIChE National Meeting, Dallas, Tex. (Feb.,
1972).

Robinson, K. K., Private communication (1975).

Ross, L. D., “Performance of Trickle Bed Reactors,” Chem.
Eng. Progr., 61, 77 (1965).

Rothfeld, L. B, and J. L. Ralph, “Equivalence «f Pulse and
Step Residence Time Distribution Measurements in a Trick-
le-Phase Bed,” AIChE J., 9, 852 (1963).

Sater, V. E., and O. Levenspiel, “Two-Phase Flow in Packed
Beds,” Ind. Eng. Chem. Fundamentals, 5, 86 (14966).

Sat(terﬁeld, C. N., “Trickle-Bed Reactors,” AIChE ]., 21, 209

1975).

Schwartz, [. G., “The Efficiency of Liquid-Solid Contacting in
Trickle-Bed Reactors,” D.Sc. thesis, Washington Univ., St.
Louis, Mo. (June, 1975).

, E. Weger, and M. P. Dudukovic, “Liquid Holdup and
I(Dispersion in Trickle-Bed Reactors,” AIChE ]., 22, 953

1976).

Schiesser, W. E., and L. Lapidus, “Further Studies of Fluid
Flow and Mass Transfer in Trickle Beds,” ibid., 7, 163
(1961).

Sedricks, W., and C. N. Kenney, “Partial Wetting in Trickle
Bed Reactors—the Reduction of Crotonaldehvde over a
Palladium Catalyst,” Chem. Eng. Sci., 28, 559 (1973).

Shulman, H. L., C. F. Ullrich, A. Z. Proulx, and ]. O. Zimmer-
man, “Performance of Packed Columns, II. Wetted and Ef-
fective Interfacial Areas, Gas and Liquid Phase Mass Trans-
fer Rates,” AICKE J., 1, 253 (1955).

Snyder, L. R., Principles of Adsorption Chromatography, p. 78,
Marcel Dekker, New York (1968).

Stephenson, J. L., “Theory of Transport in Linear Biological
Systems: I. Fundamental Integral Equation,” Bull. Math.
Biophysics, 22, 1 (1960).

Turner, J. C. R, “The Interpretation of Residence Time Mea-
surements in Systems With and Without Mixing,” Chem.
Eng. Sci., 26, 549 (1971).

Weger, E., and |. G. Schwartz, “Liquid Contactin:; Efficiency
in Trickle Bed Reactors,” paper presented at Jont AIChE-
GVC Meeting, Munich, Germany (Sept., 1974).

Supplementary material has been deposited as Documer: No. 02852
with the National Auxiliary Publications Service (NAPS), ¢ o Microfiche
Publications, 440 Park Ave. South, New York, NY 10016 and may be
obtained for $3.00 for microfiche or $5.00 for photocopies.

Manuscript received March 1, 1976; revision received May 25 and
accepted May 27, 1976.

Selective Hydrogenation and Mass Transfer
in a Fixed-Bed Catalytic Reactor with
Gas-Liquid Concurrent Upflow

Reaction rates of selective hydrogenation of phenylacetylene (PA) and
styrene were studied in a packed-bed reactor with concurrent gas and

SATOSHI MOCHIZUK! and TATSURO MATSUI

Toray Engineering Co., Ltd.
Osaka 530, Japan

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.

SCOPE

Since concurrent operation is not limited by flooding,
gas-liquid reactions requiring a solid catalyst are gen-

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