
nonlinear. If it is represented by a straight line of the form of Eq. 
12, the equilibrium constant, K , ,  is of the order of 100. The ex- 
perirrierital n,, lies therefore in the expected range. 

CONCLUSIONS 

The Thomas model for fixed bed adsorption successfully cor- 
relates experimental data for the NH&u(II)-carboxylic acid resin 
ligand exchange system. Mass transfer parameters in the model lie 
in the expected ranges. The resin phase diffusivity calculated from 
one experimental run was ustd successfully to predict the break- 
through curve for a second run with different feed rate and feed 
concentration. The model should be useful for design and operation 
of ligand exchange columns. 

NOTATION 

a 

b 
C 
C O  = feed concentration, mol/cm3 
4 
D, 
k = reaction rate constant 
4 s 

= surface area of resin pellets per unit volume of bed, 

= correction factor for nonlinear equilibrium line 
= concentration of NHS in liquid phase, mol/cm3 

= resin phase effective diffusivity, cm2/s 
= ammonia diffusivity in resin pores 

= liquid phase mass transfer coefficient, cm/s 
= resin phase mass transfer coefficient, cm/s 
= equilibrium constant in I,angmuir type isotherm 

liquid phase molality, mol/kg water 
resin phase molality, rnol/kg water 

wncentratiori of NII:3 in resin phase, mol/g 

cm2/cm3 

K 
Kl,K2,K3 = formation constarits for ~ : u ( I I ) - x I ~ ~  complexes 
nr 
M 
n dimensionless bed length 
9 

t 
T 
V 

V t  

X 

t 

CP 
PS 

f’P 

= resin phase concentration in equilibrium with feed. 

= time, s 
= dimensionless time 
= velocity of fluid ir i  void spaces of bed, cm/s 
= superficial velocity of fluid, cm/s 
= distance from k c 1  inlet, CIII 

= void fraction for bed 
= pellet void fraction 
= resin hulk density, g/cm3 
= pellet density 

movg 
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Hydrodynamic Modelling for Liquid Holdups in Periodically Cycled Plate 
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The concept of periodic cycling of liquid and vapor streams in 
perforated plate columns was devc4oped b y  Cannon ( 1961). Solu- 
tion of the mass transfer eqiiatioris by hlcwhirter arid 1,loyd ( 1963) 
showed a theoretical plate efficivncy tlouble that of a convt.ntiorial 
column. Robertson and Engel (1967) found this cfficiency was 
dependent on the fraction of the  liquid holdup drained from the 
platc. Sutmqueiit extensions to the theory by May and Ilorn (1968) 
arid Furzer (1973) confirmed these findings. 

I n  all these studies, prior knowledge of thc, liquid holdups i n  the 
coliimn was riwessary to solvc. the mass transfer equations. IIorn 
(1967). Gerster and Scull (1970). and Furzer and Duffs (1976) 
presented experimcritally-l,asr.tl mixirig models t o  ovcrcome this 

problem. However, no correlations between these motlcls and tht, 
design parameters of a column were obtained. 

Wade et al. (1969) investigated the liqiiid and vapor flows in a 
pericdically-cycled column implementing two different sets of tra) 
performance equatioris. Thcir simple hydrodynamic model was 
based on the differmcc. between the wct plate prctssiire drop and 
the hydrostatic head, which dictated whether liquid or vapor flow 
occurrcd. The othcr model utilized the more complcx analysis ot 
tray behavior by Prince and (:ban (1‘365) with simultanc.ous liquid 
and vapor flow. 

I.arscn arid Kitmniel (1979) fr1rtht.r drvelolwcd the latter model. 
cxamining flow profiles i n  the coliirrin. Both groups of workers 
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Figure 1. Idealized pressure response: region A & C = dynamic responses; 
B = liquid drain; D = steady-state vapor flow. 

concluded a system to equalize column pressures at the beginning 
of the liquid flow period (LFP) was necessary. In neither case were 
the results of their simulations experimentally confirmed. 

The use of a hydrodynamic model to predict the steady-state 
holdups in a periodically-cycled column has not been reported. 

THEORY 

A periodically-cycled column undergoes four modes of operation 
during each cycle. These can be characterized by the pressure re- 
sponse under a plate, Figure 1. It consists of two dynamic parts, A 
and C, resulting from the removal and introduction of the vapor 
supply, a liquid drain period, B and a steady-state vapor flow period 
D. 

An air-water system, Figure 2, was studied. The column was 
fitted with a branch resistant manifold and Time Delay Plates, 
developed by Furzer (1980), to improve the hydrodynamic con- 
ditions. 

The simple tray behavior model of Wade et al. (1969) was used 
to determine liquid and vapor velocities. The difference AP, be- 
tween wet plate pressure drop and the hydrostatic head dictated 
whether liquid or vapor flow occured. 

Vapor velocities 

Vp,n = 0.0 AP, < 0 

Liquid velocities 

(31 

Lp,,  = 0.0 AP, b 0 

The manifold velocity V,,,,, is determined from an orifice 
equation. 

(4) 

The liquid velocity leaving the time delay downcomers L d , ,  
depends on the velocity from the plate above and downcomer 
design parameters. 

Liquid material balances were taken over the plate holdup, h,, 
and the delayed liquid volume in the downcomer, M,. 

n 

n + I  

1 I 
Figure 2. Liquid and vapor velocities for plate n. 

where the liquid velocities, L ,  are based on the column free area, 
P. 

A vapor material balance on volume G, 

PvAc(Vp,n + I - Vp,n) - PvArnVrn,, ( 7 )  dmn - -- 
d t  

was combined with a differential ideal gas equation 

The vapor volume G, is dependent on the delayed liquid volume 
in the downcomer and the plate holdup. 

dhn+l d M n  A c - - -  dGn - 
dt dt dt 

The pressure response of the system is thus described by 

dp,- - 
dt 

(9) 

SOLUTION METHODS 

For a column with N plates, there are 3 N  differential equations. 
Three variable step size solution techniques were employed to solve 
the equations lor a four-plate column. They were the Hunge- 
Kutta-Merson (RKM) method, the predictor-corrector Adams 
procedure and the Gear method for stiff differential equations with 
internal Jacobian evaluation. The routines were obtained from the 
NAG (1978) algorithm library and run on a CYBEH 170.173. 

The integrations commenced at the beginning of the LFP and 
were performed until steady state was achieved within the cycle. 
Intermediate output was interpolated internally by the routines 
at specified intervals. 

The physical parameters were set according to the experimental 
air-water system with a cycle time of 20.0 s, a LFP of 2.0 s, and an 
instantaneous valve response. The pressures were scaled in kPa and 
the local error bound set to 

The relative computing times and typical holdup responses are 
presented in Figures 3 and 4. The effects of the local error tolerance 
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Figure 3. Comparative computing times required as a function of elapsed cycle 
time: A Gear; + Runge-Kutta-Merson; 0 Adams. 

on the holdup global error and computing time required to attain 
steady-state conditions are shown in Table 1. 

The accuracy was estimated by comparison with the solution 
at a local error tolerance of The global errors for the RKM 
method were confirmed by a NAG (1978) routine using the tech- 
nique of Shampine and Watts (1976). 

EXPERIMENTAL 

A 600 mm diameter perspex column containing four sieve plates with 
6% free area and 6 mm holes was supplied with metered air from a 20 kW 
fan. 

The air supply and liquid feed were controlled in an on/off mode with 
solenoid actuators operated by a dedicated MOS Technology 6502 mi- 
croprocessor. The system is as described by Furzer and Rosolen (1978). 

The column was fitted with Time Delay Plates to improve plug flow 
characteristics and a 25 mm diameter branch resistance manifold to assist 
pressure equilization at the start of the LFP. The branches below plates 1 
to 3 were fitted with 8 mm diameter restrictions. 

The dynamic pressure responses under each plate were followed by 
National Semiconductor Differential Pressure Transducers LX1701DD 
and logged by a PDP 11/45 with real time data acquisition facilities at 30 
readings a second. A typical series of response curves are shown in Figure 
5. 

TABLE 1 SOLUTION ACCURACY AND REQUIRED COMPUTING 
TIME TO REACH STEADY STATE WITHIN CYCLE. 

CPU 
Method Tolerance Accuracy Time (s) 

Gear 10-3 
10-4 
10-5 

RKM 10-3 
10-4 
10-5 

Adams 10-3 
10-4 
10-5 

4 x 10-5 
5 x 10-6 
1 x 10-6 
1 x 10-6 
1 x 10-7 
1 x 10-7 
7 x 10-5 
1 x 10-5 
2 x 10-7 

7.0 
10.29 
14.06 
31.14 
31.53 
31.89 
58.19 
59.72 
72.20 

0 c) 

?I 
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Figure 4. Liquid holdup response: Drain time 2.0 s A Plate 1; + Plate 4. 

Model and experimental data comparisons for the pressures below plates 
1 and 3 are presented in Figure 6 with plates 2 and 5 in Figure 7. 

DISCUSSION 

The solution of the mass transfer equations for a periodically 
cycled column requires details of the plate holdups. At present, 
these can only be determined experimentally. The ultimate ob- 

a 

.oo 

Figure 5. Typical pressure response curves from experimental air-water 
system: A Plate 1; + Plate 2; 0 Plate 3; * Plate 4. 
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Figure 6. Comparison of model wlth experimental pressure response: Plates 
1 and 3. Cycle time, 20.0 s; drain lime, 2.0 5; experimental response = A Plate 

1, 0 Plate 3; model response = + Plate 1, Plate 3. 

jective of the hydrodynamic model is to predict the holdup dis- 
tribution in a periodically-cycled column, for a specific set of design 
and operating conditions. 

The performance of the hydrodynamic model in describing the 
column behavior, was initially investigated by comparison of the 
pressure responses, over a single cycle. Once the validity of the 
dynamic model has been confirmed, the plate holdups can be ob- 

d 

za 

0 00 1.00 8 00 12 00 1 6 . 0 0  20.00 
T I W E  I S 1  

L E G E N D  

P L A T E  I E X P l L  

P L A T E  1 MODEL 

P L A T E  3 E X P T L  

P L A T E  3 MODEL 

Figure 7. Comparison of model with experimental pressure response: Plates 
2 and 4. Cycle time, 20.0 s; drain time, 2.0 s; experimental response = A Piate 

2; 0 Piate 4; model response = + Piate 2; Plate 4. 

tained from a minimization of the sum of squares differences be- 
tween comparable points in the steady-state vapor flow period 
(VFP). 

The results presented in Figures 6 and 7 show a favorable com- 
parison between the experimental and model responses during the 
VFP. The greatest deviations occurred in the dynamic regions of 
the cycle. These differences result from using a simple on/off 
model to represent the air supply system. The fan was operated 
with a head in excess of 3 kPag. during the VFP, reducing to vir- 
tually zero when the air was bypassed from the column. A more 
detailed model to compensate for these dynamics would not im- 
prove the simulation in the region of interest. 

Determination of the steady-state plate holdups by minimization 
of the sum of squares requires an efficient solution method for the 
dynamic equations. The results in Figure 3 and Table 1 show that 
the RKM technique is best suited for the LFP, where all derivatives 
are of a similar magnitude. After the initial dynamics of the VFP, 
the equations become stiff with changes in the holdups resulting 
in comparatively smaller pressure increases. The best strategy in- 
volves a switch from the RKM to the Gear method, in the early 
stages of the VFP. 

The results of the dynamic studies show the simple hydrody- 
namic model constitutes a satisfactory basis for the estimation of 
holdups in a periodically-cycled distillation column. 

NOTATION 

A 
g 
G 
h 
H 
k 
L 

M 
MW 
P 
R 
t 
T 
V 

m 

= area, m2 
= acceleration due to gravity, m/sz 
= vapor volume, m3 
= liquid holdup on plate, m 
= plate spacing, m 
= resistance to fluid flow 
= liquid velocity, m/s 
= mass of vapor, kg 
= delayed volume of liquid in downcomer, m3 
= molecular weight of vapor, kg/kmol 
= pressure, kPa 
= gas constant, J/K.kmol 
= time, s 
= vapor temperature, K 
= vapor velocity, m/s 

Greek Letters 

/3 = plate free area 
P = vapor density, kg/m3 

Subscripts 

c = column 
d = delayed 
L = liquid 
m = manifold 
n = plate number 
P = plate 
V = vapor 
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At relatively low rates in trickle-bed reactors, flowing liquid 
appears not to cover the entire outer surface of the catalyst particles 
(Satterfield, 1975, Herskowitz et al., 1979). Under these conditions 
mass transfer from gas-to-particle as well as from gas-to-liquid and 
liquid-to-particle can influence reactor performance (when there 
is a limiting gaseous reactant). Mass transport from liquid to particle 
has been studied, for example by Goto et al. (1975), and from gas 
to liquid by Reiss (1967), Gianetto et al. (1973), and others. How- 
ever, no information seems to be available for mass transfer coef- 
ficients k,, from gas to the so-called gas-covered surface, that is, 
the particle surface not covered by flowing liquid. For catalysts 
of moderate or low activity and for slightly soluble gaseous reac- 
tants, the concentrations of reactant in the gas and on the gas- 
covered surface are nearly in equilibrium with each other. Thus, 
Herskowitz et al. (1979) found no effect of gas flow rate for the 
hydrogenation of a-methyl styrene using a Pd/A1203 catalyst of 
moderate activity. Hence, equilibrium could be safely assumed 
at the gas to gas-covered surface. With a more active catalyst for 
the same reaction, Herskowitz and Mosseri (1981) observed a sig- 
nificant change in global rate of reaction with gas flow rate, 
suggesting that gas-to-particle transport retarded the rate. 

It is difficult to conceive of a reliable, direct method of measuring 
k,. However, the rate data of Herskowitz and Mosseri, along with 
available correlations for liquid-to-particle mass transfer coeffi- 
cients, kLs ,  can be used for an indirect evaluation of kgs. We present 
here values of k ,  for trickle beds determined in this way. The 
method is suitable when the global rate is observed to vary with gas 
velocity. 

In the Herskowitz and Mosseri study a differential reactor was 
used and the gas and liquid feed streams were in equilibrium with 
respect to hydrogen concentration. Hence, gas-to-liquid-to-particle 
mass transfer could be expressed in terms of a mass-transfer coef- 
ficient kL, from liquid to particle. For these conditions, and as- 
suming the weighting factor model, Tan and Smith (1980) devel- 

oped a relationship between the overall effectiveness factor lo (a 
measure of the global reaction rate), the fraction f of the particle 
surface covered by flowing liquid, and the two mass transfer 
coefficients kgs and kL,. Solved for kgs this relationship is 

epkgsHr - 

De i 
where 

(3) 

The concentration ratio (Ck/Ci) is equal to unity for the dif- 
ferential reactor conditions employed, and k and De are known 
from the experimental data of Herskowitz and Mosseri, as is lo. 
The surface coverage f was also calculated by these authors from 
an equation like Eq. 1 but based upon negligible mass transfer 
resistance from gas to particle; that is, taking N u ,  = a. Such f 
values will be correct only for a gas flow rate equal to infinity. 
Hence, the f results of Herskowitz and Mosseri are first extrapolated 
to an infinite velocity as shown in Figure 1. 

The only remaining unknown in Eq. 1 is N U L ~ ,  and this can be 
estimated from the correlation of Goto et al. (1975). The results for 
k ,  calculated in this way are given in Figure 2 for various liquid 
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