
Packed-Beds via Tracers 

Scaled-up packed-bed reactors (both single- and two-phase 
flow) sometimes achieve lower than expected yields. The cause 
usually is either changes in the catalyst activity or gross flow 
maldistribution. It is important to differentiate between the two 
so tools for diagnosing flow maldistribution are needed. The 
most commonly used methods for detecting flow maldistribution 
utilize tracers (usually responses to impulses of tracers). An 
impulse tracer study is conducted by injecting a slug of tracer (a 
detectable fluid which has similar properties to the flowing 
fluid) into the reactor entrance stream and then measuring the 
tracer concentration in the reactor effluent vs. time. From the 
data obtained the residence time density function (E-curve) is 
obtained, commonly but erroneously called in the chemical engi- 
neering literature the residence time distribution (RTD) curve. 

The RTD curve for the fluid in a packed-bed reactor reflects 
the combined history of the fluid flowing external to the porous 
particles in the reactor bed and the fluid which enters the cata- 
lyst pore structure. However, only the response curve of the fluid 
flowing external to the particles is wanted to determine flow dis- 
tribution. Particle-tracer interactions usually broaden (seen as 
an increased variance of the response curve) and shift to longer 
times the peak of the response curve (chromatography effect). 
These effects can mask the maldistribution of the flowing liquid, 
if  present, in  the observed tracer response curve. The currently 
used methods for identifying flow maldistribution from tracer 
data [the intensity function (Naor and Shinnar, 1963), the 
dimensionless variance of the impulse response curve (Schneider 
and Smith, 1968), and the cumulative internal RTD function 
(Robinson and Tester, 1986)] should only be applied to the 
response curve of the fluid flowing external to the particles. 
Application of these methods to the overall response curve (the 
combined effects of the flowing fluid and transport in the porous 
particles) can and has been shown to lead to faulty and unreli- 
able results (Hanratty, 1988). Therefore, a method is needed to 
separate the particle effect from the overall response curve of 
the packed bed in order to establish the response curve of the 
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flowing fluid external to the particles which is needed for accu- 
rate assessment of flow maldistribution. 

Our objective is to find a reliable method for the identification 
of the flow pattern of the fluid external to the particles. While 
ultimately such a method must be confirmed experimentally, 
only the approach that is robust in presence of experimental 
error can be expected to work. The goal of this work was to dem- 
onstrate that the response of the fluid external to particles can 
be decoupled from the overall response (i.e ., flow plus transport 
to and in particles) and that the procedure leads to reliable con- 
clusions regarding maldistribution in the presence of simulated 
errors. 

Method for Decoupling External Flow and 
Transport in Particles 

A procedure is presented here for decoupling the particle 
effects from the external flow effects for an impulse tracer 
response curve in order to determine the response curve for the 
fluid external to the particles. From the external E(t) curve, 
EExt(t), maldistribution can be readily assessed by applying to it 
any of the before-mentioned procedures. Since the decoupling 
procedure is effectively performed using the Laplace transform 
for briefness we will call it the Laplace Transform method (LT 
method). 

To decouple the particle and flowing fluid effects we view the 
bulk flowing fluid and the particle phase as two regions which 
communicate with each other through mass transfer or an 
exchange coefficient. Assuming a pulse tracer study with a non- 
volatile (for two-phase flow), reversibly and linearly adsorbing 
tracer, a mass balance over the tracer in the flowing region gives 
the following equation: 

~ C T L  
E ( C d  = CL 7 + k,, (CTL - CP) 
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where CTL and C, are the tracer concentration in the flowing 
region and the particle region, respectively, tL  is the liquid hold- 
up, k,, is the exchange coefficient between the two regions, t is 
the time elapsed since the tracer was injected and E(C,) is a 
linear differential or algebraic operator modeling the flowing 
fluid. For example, if the flowing fluid was modeled by the axial 
dispersion model, E(CTL) would take the form: 

where D, is the axial dispersion coefficient, uL is the liquid 
superficial velocity, and x is the axial distance. 

For a pulse tracer study the initial tracer concentration in the 
reactor is zero and the initial condition for Eq. 1 is: 

at t = 0; CTL = C, = 0 (3) 

Equation 1 needs to be supplemented with equations which 
model the transport of the tracer within the particle region. The 
exact equations and boundary conditions will depend upon the 
assumptions used to model the particle. For now, a general par- 
ticle transfer function, H ( s ) ,  is defined to simplify the develop- 
ment of the LT method: 

(4) 

where s is a Laplace domain variable. For example, it has been 
shown (Ramachandran and Smith, 1983) that for a completely 
internally- and externally-wetted sphere, the particle transfer 
function has the form given below: 

1 
H ( s )  = [ 1 + a, coth (3@,) - 1/(3@T) 

with 

( 7 )  

where S,  and V p  are the external surface area and volume of the 
particle, respectively, t p  is the particle porosity, pp is the particle 
density, k, is the liquid-solid mass transfer coefficient which is 
equal to kexVp/[Sx(l - t )], Dcu is the effective diffusivity, and 
K is the adsorption equilibrium constant. Different particle 
transfer functions, useful for trickle-bed studies, are given by 
Beaudry ( 1  986). 

Taking the Laplace transform of Eq. 1 and eliminating cp by 
using Eq. 4 gives: 

where s is the Laplace domain variable. We will consider this as 
general case (case I )  for any tracer. 

Now consider the case of an injected pulse of tracer that does 
not interact with the particle region (kcx = 0). Assume that the 
tracer cannot penetrate into the particle. This, although hard to 
realize in practice, represents a useful limiting case 2. This 
tracer would trace only the fluid region external to the particles. 
A mass balance over the tracer in  the flowing fluid region gives 

In the Laplace domain that becomes 

where p is the new Laplace domain variable. Since the same 
linear operator, S(cTL), is applied to the tracer concentration in 
both Eqs. 8 and 10 (cases 1 and 2), p can be related to s by: 

Therefore, Eq. 10 can be obtained from Eq. 8, provided Eq. 11 is 
satisfied. This means that, in order to get the transfer function 
(i.e., Laplace domain impulse response) of the flowing fluid 
region external to the particles, when using tracers which adsorb 
and penetrate the particle (case I ) .  E ( p )  must be obtained as a 
function of p. In  other words, s must be transformed t o p  by Eq. 
1 1 .  One should note that H ( s )  and k,, depend on the tracer 
used. 

Figure 1 demonstrates how the external response curve can be 
determined from the overall response curve using the LT meth- 
od. First, an impulse tracer study is conducted to get the E i ( t )  
curve, Figure la ,  for the ith tracer. Second, the E,(t)  curve is 
transformed to the Laplace domain to get Ei(s), Figure lb. 
Third, the coordinate system is transformed (s-axis to the p- 
axis) by Eq. 1 1 ,  Figure lc. Finally, the E ( p )  curve is inverted 
back to the time domain to give the EErt(t) curve, Figure Id. It 
should be noted that the method works for all tracers i = 

I ,2 . . . N .  For each tracer, the same E E X t ( t ) ,  and therefore E ( p )  
is obtained. However, each tracer may have a different k , , ,  and 
H,(s) to be used in Eq. 11 .  

One limitation to this method is that it assumes that the tracer 
enters and exits the particle a t  the same point in the reactor. The 
requirement for Eq. 1 1 to hold is that the covariance of the joint 
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Figure 1. Procedure for the decoupling of the external 
fluid age distribution from the overall response 
by the LT method. 
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probability density function for the sojourn in the parricle and 
external flow region is zero (Aris, 1982). This means that the 
tracer cannot enter a particle a t  one point then exit the particle 
either upstream or downstream of that point. This assumption 
should be a very good approximation if the ratio of the reactor 
length to the particle diameter is large. This is the case in almost 
all (if not all) packed-bed reactors. 

The idea behind the procedure outlined above is not new. The 
mathematics of RTD curves in heterogeneous (multiregion) sys- 
tems has been thoroughly discussed by Aris ( 1  982), Villermaux 
( 1  98 I ) ,  and DudukoviC (1986). The methodology which was 
fully developed and presented here was suggested by Shinnar 
and Rumschitzki (1984) and Ramachandran et al. (1986) 
among others. I t  is worth noting that early on Shinnar et al. 
(1972) developed a more general approach of which the above 
procedure, leading to Eq. 11, may be seen as a subcase. How- 
ever, there is an important difference between this work and 
their study. Shinnar et al. (1972) concentrated on biomedical 
applications where the impulse response of substances confined 
to blood [equivalent to our &(t)]  can be obtained directly by 
experiment as well as responses of tracers that spread into extra- 
vascular space leading to Ei( t ) ,  i = I , .  . . N .  Shinnar et al. 
(1  972) then developed the procedures for investigating trans- 
port parameters from the measured E i ( t )  and EEr,(t). Here we 
address the problem of getting EExt(t) in systems where it cannot 
be measured directly but Ei( t )  for different tracers can be 
obtained and transport parameters can be estimated. We are 
thus solving the difficult inverse problem of getting &(t)  given 
E , ( l ) .  Regarding this problem, Shinnar et al. (1972) wrote 
“these transforms might be useful in studying specific models of 
the system, but since we know them only for real s, we would be 
faced with a rather delicate numerical job if we wanted simply 
to invert them to find the appropriate functions of 1.’’ We show 
here how this can be done. Full implementation of the procedure 
outlined here and presented below has not been demonstrated, to 
our knowledge, in  the open literature. 

Generation of the &(f) Curves 

The first logical step in the testing of the LT method is to 
apply it to computer-generated tracer response curves with sig- 
nificant added simulated experimental error. Therefore, it is 
necessary to generate overall response curves that have a known 
external flow response curve. To generate the overall response 
curves, the LT method was reversed. To mimic actual response 
curves, random and/or periodic error were added to the gener- 
ated E , ( t )  curves. 

First, a known flow model was chosen to describe the external 
flow. Two different flow models were utilized to mimic a near- 
ideal flow and a maldistributed reactor. To generate near-ideal 
flow reactor conditions, 15 CSTR’s in series were used to model 
the external response curve: 

In the Laplace domain this becomes 

wherep is the Laplace transform variable and T is the space time 
of a single CSTR. 

To generate the maldistributed reactor response curves, ten 
CSTR’s (20% of the overall flow) in parallel to five CSTR’s 
(80% of the overall flow) were used to model the external 
response curve. In the Laplace domain the external response 
curve is 

where T~ and T2 are the space times for a single CSTR in each 
branch. The ratio of TI / .*  is kept constant a t  2.5. 

The overall transfer function, E i ( s ) ,  for each assumed tracer 
is calculated as follows. A value for s is assumed, from which a 
corresponding value for p is determined by Eq. 1 1. Then E ( p )  is 
calculated by Eq. 13 or 14. Equation 5 was used for the particle 
transfer function. To simulate different tracers, the values of 
0.0, 4 - 1 - lo--’ (m3 liquid/kg particle) were used for the 
adsorption equilibrium constant. For this study the effective dif- 
fusivity was kept constant. The physical properties used for the 
particle model are shown in Table 1 and were taken from the 
actual data (Beaudry, 1986). 

The E ( s )  curve was inverted to the time domain to give the 
overall E i ( t )  curve. The IMSL subroutine DINLAP was used. 
To introduce simulated experimental error, random and/or pe- 
riodic error of maximum magnitude 6, [a value between &4% of 
the maximum E ( t )  value] were added to the overall response 
curve. The random error added can be described by: 

error = 6,R, (15)  

where RN is a random number distributed evenly between - 1 
and 1, generated by the IMSL subroutine DRNUN. Note that 
this represents the worst scenario for random error. The added 
periodic error is: 

error = 6 ,  sin ( w t )  (16) 

where w is the period of the added error. Figures 2 and 3 illus- 
trate the computer-generated overall Ei(t) curves for the three 
tracers with superimposed error for both the near-ideal and the 
maldistributed reactor flow configurations, respectively. 

The tail of the generated response curve becomes unknown 
because the added error becomes larger than the magnitude of 
the values for the response curve. Therefore, an assumption is 
required for the shape of the tail of the response curve. An expo- 
nentially decaying tail has been suggested to produce the best 
results (Robinson and Tester, 1986). When the tail of the E i ( t )  
curve reaches a value less than 6= (maximum magnitude of the 
added error), the response curve is truncated and approximated 

Table 1. Physical Parameters for Computer Simulation 

Catalyst Diameter (m) 
Catalyst Density (kg/m’), pp 1,250 

1.6 . lo-) 

Catalyst Porosity, tp  0.408 
Bed Porosity, t 0.54 
Liquid Holdup, cL 0.174 
Liquid-Solid Mass Trans. Coeff., kW. (m/s) 
Effective Diffusivity, DcR (m’ls) 

2.5 . 
1.06 . 
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by an exponentially decaying tail. The equation for the tail is: 
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Figure. 2. Overall impulse tracer responses with superim- 
posed simulated error for near-ideal reactor. 
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Figure 3. Overall impulse tracer responses with superim- 
posed simulated error for the maldistributed 
reactor. 

where E(r,) and t,are the value of E ( t )  and the time a t  which 
the tail is exponentially extrapolated, and y is defined by the 
requirement that the mass balance for the tracer be satisfied: 

Results and Discussion 
For the near-ideal flow reactor, the L T  method was tested for 

the overall response curves with 4% imposed error, for each of 
the three K values. It was assumed that the correct particle 
transfer function and parameter values were known. Figure 4 
demonstrates that in the presence of experimental error the L T  
method predicts the correct EExl ( t ) .  Figure 4 also illustrates that 
the LT method will predict the correct EEx,( t )  for all K values, 
i.e., all tracers. 

For the maldistributed reactor response curves with 4% 
imposed error, the LT method again was shown to closely 
approximate the correct EExt( t )  for all tracers (all K values), as 
illustrated in Figure 5. From Figure 5, it easily can be seen that 
the reactor is maldistributed. 

The intensity function and the cumulative internal RTD 
curve method when applied to EEx,( t )  predict that the reactor of 
Figure 4 is a well distributed and the reactor of Figure 5 is not. 
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Figure 4. Actual external fluid age distribution for the 
near-ideal reactor and model predictions ob- 
tained by the LT method from the overall im- 
pulse responses vs. simulated error for three 
tracers of different adsorbtivity. 
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Figure 5. Actual external fluid age distribution for the 
maldistributed reactor and model predictions 
obtained by the LT method from the overall 
impulse tracer responses vs. simulated error 
for three tracers of different adsorbtivity. 

Thus  it can be claimed tha t  the  LT method predicts the correct 
EEr,(t) curve in the  presence of experimental error if the  correct 
particle model and parameter values are known. T h e  major dis- 
advantage of the LT method is tha t  the particle model and 
parameter values ( kLS.DcR,K) need to be determined experimen- 
tally. The  correct particle model can be determined for a partic- 
ular catalyst particle by the following procedure. Tracer studies 
with tracers with different adsorption equilibrium constants 
should be conducted and the LT method applied. If the  same 
EEx,(f)  curve is produced for each of the  tracers, then the correct 
particle model has been determined. The  particle parameter val- 
ues also can be determined experimentally for each particle- 
tracer pair since their values a re  particle-tracer-dependent. 
Therefore, the LT method offers a procedure which will give the 
entire EExl(l) curve for wide range of reactor conditions a t  the 
cost of additional experimental work. 
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Notation 
Bi = modified Biot number defined by Eq. 6 
Cp = concentration of tracer at the particle-flowing fluid interface, 

mot/m3 
CTL = concentration of the tracer in the flowing fluid, mol/m’ 
Do = axial dispersion coefficient, m’/s 

DcR = effective diffusivity, m2/s 
E(r ) ~ residence time distribution curve (density function), s-’ 
E(t,) = value of the response curve at which its tail is extrapolated, 

s ‘  
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Ecl,(t) = external residence time distribution curve (density function), 
SKI 

H ( s )  = particle transfer function 
K = adsorption equilibrium constant, m’/kg 

k,, = mass exchange coefficient, s - ’  
k, = solid-liquid mass transfer coefficient, m/s 

p = Laplace transform variable, S K I  

R, = random number evenly distributed between - I and 1 
s = Laplace transform variable, s-’  

S, = external particle surface area, m2 
t = time, s 

t, - cutoff time at which the response curve is exponentially ex- 

uL = superficial liquid velocity, m/s 
V, = particle volume, m3 
x = axial distance, m 

trapolated, s 

Greek letters 
6, = maximum magnitude of the added error 
t = bed porosity 

cL = liquid holdup 
c p  = particle porosity 

y = variable defined by Eq. 18 
pp = particle density, kg/m3 
7 = mean residence time, s 

7 ,  = mean residence time of a single CSTR in a branch of the mal- 
distributed reactor model, s 

T> = mean residence time of a single CSTR in a branch of the mal- 
distributed reactor model, s 

w = period of periodic error, s-’  

4 ( t )  = modified Thiele modulus defined by Eq. 7 

Other 
L ( )  = linear operator for the flowing fluid 
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