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Abstract
Heat transfer in a ®xed-bed packed with polymeric adsorbent particles, percolated by a liquid phase ¯owing upward
at 60 °C or downward at 20 °C, is experimentally studied in a column 9 cm in diameter and 1 m in length. The transient
temperature pro®les were measured axially and radially in the column. Sensitivity function calculations enabled to
prove that the thermal parameters could be estimated from the experimental data and also to obtain information about
the optimum location of the sensors. Experimental transient temperature responses were compared to those predicted
by one-dimensional (1-D) and two-dimensional ( 2-D) pseudo-homogeneous (PH) models. By ®tting the 2-D model
solution to the experimental responses, values for the thermal parameter, eective radial and axial conductivities and
the wall heat transfer coecient were found. Ó 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction
The study of heat transfer in packed beds is of considerable importance, mainly, in the analysis and design
of separation units in which a ¯uid passing through the
bed exchanges mass and heat with the particles in the
presence or absence of chemical reactions. An example
of such a separation is non-isothermal adsorption. In
adiabatic systems with heats of adsorption and in systems of thermal swing adsorption (TSA) where the
temperature changes mainly govern the separation performance, heat transfer plays an important role in the
dynamic behavior of the separation process.
The parametric pumping technique is one possible
mode of operation in a thermal swing process that
combines the eect of the periodic temperature changes
on the adsorption equilibrium with periodic changes in
the ¯ow direction. In this process, the separation is
achieved by temperature variations imposed directly
through the walls of the bed (direct mode) or through
the feed stream (recuperative mode). Thus, it is essential
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to analyze these thermal eects and their interaction
with the mass transfer because for signi®cant heat loss at
the wall and for large temperature gradients in the bed
less separation will take place.
A general solution to the problem of predicting the
process performance requires the simultaneous solution
of the appropriate dierential equations for heat and
mass transfer. The coupling of the energy balance with
the mass balance is established by the heat of adsorption
term. In most liquid systems the eect of this term is
negligible and thus the energy balance can be solved
separately. However, this requires the knowledge of
basic process parameters like, the wall heat transfer
coecient and the radial and axial thermal conductivities. The evaluation of such parameters by using empirical correlations is often subject to considerable
uncertainties and, therefore, it is necessary to follow a
dierent strategy. For instance, using the experimental
dynamic responses obtained by changing the inlet ¯uid
temperature, the parameters can be estimated by ®tting
the mathematical model solution to the set of experimental data. The success and relevance of this estimation depend highly on the model used to describe the
behavior of the system [1]. Fixed beds are commonly
described by two types of models: one-dimensional
(1-D) or two-dimensional (2-D) depending on whether
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Nomenclature

Per

ai z ; h
aw
A
Ab
Bif h
Biw h
Cpf
Cp0 s

Per
Q
r
r
Rc
S/T j

dp
Dre
g z; r
Gf
h
hk
hwe
Hi gk
Kae
Kf
Kre
Ks
L
Nhw
Nu
Peh
Peh

coecients of the trial solution
speci®c area of wall, m 1
bed cross-sectional area, m2
bubble trap surface area, m2
¯uid to solid Biot number
¯uid to wall Biot number
heat capacity of the ¯uid, kJ kg 1 K 1
heat capacity of the adsorbent,
kJ kg 1 K 1
particle diameter, m
eective radial diusivity, m2 s 1
dimensionless Gram determinant
¯uid mass ¯owrate, kg m 2 s 1
overall heat transfer coecient between
solid and ¯uid
length of subinterval k
overall heat transfer coecient,
kJ m 2 s 1 K 1
Hermite polynomials over the subinterval
k
eective axial thermal conductivity,
kJ m 1 s 1 K 1
thermal conductivity of the ¯uid,
kJ m 1 s 1 K 1
eective radial thermal conductivity,
kJ m 1 s 1 K 1
thermal conductivity of the solid,
kJ m 1 s 1 K 1
bed height, m
number of wall heat transfer units
Nusselt number  hdp =Kf 
thermal axial Peclet number
thermal axial Peclet number (based on dp )

radial temperature pro®les are important; moreover,
these may explicitly include both phases (heterogeneous
model) or only a single -homogeneous phase (homogeneous model). The heterogeneous model distinguishes
between temperatures in the bulk ¯uid phase and that
inside, or at the surface of the solid. In the homogeneous
model inter- and intra-particle resistances are neglected
so that the bulk ¯uid temperature is assumed to be the
same as the solid temperature.
Let us return to the problem of estimation of the
parameters. This problem is usually solved by minimizing an objective function de®ned as the sum squares
of the dierences between the experimental and predicted values. It should be noted, however, that the experimental conditions may in¯uence the quality of the
estimates, i.e., if the objective function is not sensitive to
changes in a certain parameter, one would expect di-

t
tf
T
T
Ta
TF
ui
uth
uk
uk1
U
z
z

thermal radial Peclet number (based on
Rc )
thermal radial Peclet number (based on dp )
¯owrate in the column, m3 s 1
radial coordinate, m
normalized radial coordinate r=Rc 
column radius, m
sensitivity function of the dependent
variable T with respect to the parameter
/j
time, s
®nal time, min
temperature, K
dimensionless temperature
ambient temperature, K
feed temperature, K
interstitial velocity, m s 1
thermal wave velocity, m s 1
inferior limit of subinterval k
upper limit of subinterval k
wall heat transfer coecient,
kJ m 2 s 1 K 1
spatial coordinate, m
normalized axial coordinate (z=L)

Greek letters
aw
wall heat transfer coecient,
kJ m 2 s 1 K 1
nh
thermal capacity parameter
e
bed porosity
qf
density of the ¯uid, kg m 3
qh
wet density of the adsorbent, kg m
h
normalized time t=s
s
space time, s
sB
residence time in the bubble trap, s

3

culties in estimating. Hence, it is crucial to assure that
the set of experimental data at hand possesses the
necessary information for a reliable estimation of the
parameters. A possible solution to this problem is provided by the method proposed by Point et al. [8] which
consists in verifying the linear independence of the sensitivity functions. This methodology requires the computation of a determinant of the so-called sensitivity
matrix g z; r, similar to the Gram determinant, in various radial and axial positions of the bed. Sensitivity
information may also be helpful in determining the in¯uence of small deviations in a system parameter upon
the dependent variable temperature. Sensitivity studies
of this kind have been successfully applied in the analysis of chemical reactors by several authors [9±13].
In this paper the method based on the sensitivity
functions is used to prove that the experimental
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conditions were suitable for the estimation of the thermal parameters. A parametric sensitivity analysis has
also been carried out in order to gather information
about their in¯uence on the bed temperature. The 1-D
and 2-D pseudo-homogeneous (PH) models were used
to analyze experimental transient thermal responses
obtained in a packed bed by changing its inlet ¯uid
temperature. Values of the wall coecient, eective radial and axial conductivities were estimated for a set of
operating conditions. The temperatures chosen (20 °C ±
cold temperature and 60 °C ± hot temperature) were
those used in the operation of a pilot installation of
thermal parametric pumping to treat euent streams
[14].
2. Experimental description
Transient responses were measured in the experimental set-up shown in Fig. 1. This consists of the
following elements:
1. A borosilicate packed column (1 ± Amicon G90 
1000), non-insulated, with 0.09 m internal diameter
and about 1 m height. The packing is a polymeric adsorbent (Duolite ES-861) formed by spherical particles of average diameter equal to 0.47 mm. Five
thermocouples (type K) are installed axially and radially in the column to measure the bed temperatures.
Thermocouple data were collected by a computer
equipped with the interface DT2805 series (Data
Translation) board data acquisition system.

2. Two peristaltic pumps (2,3) were used to percolate
the solution through the column either downward
(cold step input at 20 °C) or upward (hot step input
at 60 °C).
3. Two heat exchangers (4,5) to cool and heat the ¯uid
phase, respectively.
4. Three solenoid valves (6,7,8) to direct and/or stop the
¯ow.
5. Two bubble traps (9,10) to prevent gasing out inside
the ®xed bed.
Two types of experiments were performed. In one, after
the column is initially equilibrated at the cold temperature  20 °C, hot water  60 °C was pumped
through the column in upward ¯ow. After a uniform
temperature pro®le is established along the column the
¯ow was reversed and then the other experiment started.
Now, cold water at about 20 °C was pumped in downward ¯ow. During both experiments the temperatures
were continuously recorded and collected by a data acquisition system.
3. Analysis and modeling
To decide whether or not a certain type of model is
adequate to provide a satisfactory representation of the
behavior of the experimental system, it is convenient to
analyze two situations: the relative importance of external (inter-particular) ± internal (intra-particular)
temperature gradients and the magnitude of the radial
temperature gradients in the bed.
In relation to the ®rst situation, for the dimensionless
number
Bif h 

Fig. 1. Experimental apparatus. Legend: 1: Glass column G90Amicon; 2, 3: Peristaltic pumps-Watson Marlow; 4, 5: Heat
exchangers; 6±8: two-ways solenoid valves; 9,10: bubble traps;
T1±T5: Thermocouples (type K).
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Nu Kf
 1:0
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it is possible to conclude that the external temperature
gradient is much greater than the temperature gradient
within the particle. As a consequence, the temperature
can be considered uniform throughout the adsorbent
particle and this is in fact a good approximation for
most systems. Regarding the interparticular gradient,
the heat transfer coecient between particle and ¯uid
hwf  should be estimated in order to analyze the contribution of that gradient in the overall heat transfer.
Most of the studies reported in the literature advocate
the use of correlations that express hwf in terms of the
¯ow conditions, i.e. the Reynolds number. For relatively large particles and high ¯uid velocities, the contribution of the interparticular resistance has been
found to be small and this means that the pseudo-homogeneous formulation can be a good representation
of the system.
The second situation, which is concerned with the
magnitude of the radial temperature pro®les, raises the
question if the pseudo-homogeneous model should be
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extended to the 2-D case. In order to derive a semiquantitative criterion for the existence of radial temperature gradients, consider the following two regions
for radial heat transfer in the bed ± one, a ®ctitious
®lm near the wall and the other, the core of the bed.
Assume also that the ®lm thickness is small compared
with the bed radius and that any variation in temperature between the edge of the ®lm and the center
of the bed is linear. Thus, the total resistance to heat
¯ow in the radial direction can be considered as the
sum of two thermal resistances: the resistance to
heat ¯ow at the wall that is proportional to 1=aw and
the resistance to radial heat ¯ow through the bed
that is proportional to Rc = Dre qf Cpf . The ratio of
these resistances gives a good indication of the relative importance of the radial temperature gradients.
The equivalence between the 2- and 1-D pseudo-homogeneous models was analyzed by Dixon [2,3]. The
ability of these models in describing transient responses of a packed bed has been shown in numerous
works [4±7].
Some diculties may occur in applying results
from a laboratory or pilot plant scale to a commercial
unit. In a column of commercial size large volumes of
solution are percolated and one diculty for a parametric pumping process operating in direct mode is
the problem of transferring heat into and out of the
column. As the bed diameter increases the heating and
cooling times increase and this means that exceedingly
long cycles would be required. It should also be noted
that for a column of larger diameter the non-isothermal eects will be more pronounced leading to a
greater interference on the adsorption wave pattern in
the bed. The practical implication of this is that the
design and scale-up of TSA processes, often based on
simple equations in which is assumed a constant-pattern behavior for the propagation of concentration
waves inside the bed, can lead to erroneous results.
Thus, it is essential to describe the problem with a
model that takes into account all the transfer mechanisms in order to correctly interpret the experimental
results and to enable the scaling-up to the industrial
conditions.
3.1. The one-dimensional pseudo-homogeneous model (1D, PH)
The simplest model for the analysis of heat transfer in
a ®xed bed is the 1-D pseudo-homogeneous model
which combines the resistance of the bed (eective radial
conduction) and the wall resistance (wall heat transfer
coecient) into a single overall heat transfer coecient
related to the bed radial average temperature.
A dierential energy balance for the process described above leads to the following dimensionless
equation:

1 o2 T  z ; h oT  z ; h
Peh
oz2
oz
 
oT z ; h
Nhw T  z ; h  0;
 1  nh 
oh

1

where T   T Ta = TF Ta  is the dimensionless
temperature; z  z=L is the normalized axial coordinate
and h  t=s s  eL=u is the dimensionless time. The
terms on the left-hand side of this equation represent the
heat transfer in the axial direction by eective conduction and convection, while the terms on the right-hand
side describe the rate of heat accumulation and the rate
of heat transfer to the environment.
The boundary and initial conditions are:
z  0 :

T  z ; h  1;


2



oT z ; h
 0;
oz

z  1 :
h  0 :

3

T  z ; 0  T0


T 0; 0  1

z > 0;


z  0

4
5

and the dimensionless parameters are de®ned as follows:
Axial thermal Peclet number,
Peh 

Gf Cpf L
:
Kae

Number of wall heat transfer units,
Nhw 

hwe aw L
:
Gf Cpf

Thermal capacity factor,
nh 

1

eqh Cp0 s

e qf Cpf

:

The thermal capacity parameter nh was evaluated on
the basis of the heat capacity ratios of both phases. The
value of 0.72 kg water/kg wet resin (water content of the
wet resin) obtained experimentally was used to calculate
Cp0 s  3:42 kJ kgwet1 resin K 1 . To estimate the number
of units of wall heat transfer Nhw , the overall heat
transfer coecient was calculated by ®tting the experimental data at the top of the column with the analytical

steady-state solution T  z   e Nhw z  of the model (Eq.
(1)) and assuming plug ¯ow for the ¯uid phase.
Fig. 2 compares histories of experimental (Run 1) and
simulated exit temperatures for several values of the
thermal Peclet number. For larger values of this parameter, i.e., decreasing thermal axial dispersion eects,
the curves tend to the solution of the model in which the
axial dispersive eect can be neglected (plug ¯ow case).
The experimental conditions for this run are shown in
Table 1.
Since there are two bubble traps (small cylindrical
reservoirs) located at the two ends of the column, the hot
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Fig. 2. Eect of the thermal axial Peclet number on history of
¯uid temperatures at the outlet of the column. Full (axial dispersed plug ¯ow) and dashed (plug ¯ow) lines are simulated
results with the 1-D pseudo-homogeneous model.

feed is perfectly mixed with cold liquid inside the reservoir before entering into the column. As a result of
this, the time evolution of the bed inlet temperature in
z  0 is not a pure Heaviside function (step) as stated
by Eq. (2) but should take the form of an exponential
input,
T  t 

b2
1
b1

exp

b1 t=sB ;

6

where
b1  1  UAb = Qqf Cpf ;
and
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d  Ta

TFo =

b2  1  UAb = Qqf Cpf d
TF0

TFo 

The parameters b1 and b2 were evaluated taking the
limit of Eq. (6) as t ! 1 and with TF0 (feed temperature
before entering into bubble trap)  57 °C and UAb (wall
heat transfer coecient x heat transfer area)
 0:46 J s 1 K 1 . The residence time in bubble trap, sB ,
was found to be sB  2 min.
When this modi®ed boundary condition takes the
place of Eq. (2) in the model equations (1)±(5) the predicted dynamic temperature pro®le at the exit of the
column diers from those shown in Fig. 2. In particular
for the case of Peh  0:04, Nhw  0:25 and nh  1:3 this
simulated temperature pro®le is now much closer to
the experimental temperature history, as highlighted in
Fig. 3.

Fig. 3. Histories of experimental and simulated ¯uid temperatures at the outlet of the column; Full lines are simulated results
with the 1-D pseudo-homogeneous model; step (thick line) and
exponential (ÐÐÐ) inputs.

3.2. The two-dimensional pseudo-homogeneous model (2D, PH)
When the radial temperature pro®les cannot be
neglected a 2-D model of the temperature distribution
in the ®xed bed is necessary for a complete description of its thermal dynamic behavior. The corresponding dimensionless model equations are now as
follows:
1 o2 T  z ; r ; h oT  z ; r ; h

Peh
oz2
oz
  
oT z ; r ; h
 1  nh 
oh
 2   

L
o T z ; r ; h
1 oT  z ; r ; h

Rc Per
or2
r
or

7

: upward ¯ow; : downward ¯ow
with the boundary conditions
b2
1
b1

z  0 :

T  h 

z  1 :

oT  z ; r ; h
 0;
oz

9

r  0 :

oT  z ; r ; h
 0;
or

10

exp

b1 hs=sB ;

Table 1
Experimental conditions for the thermal experiments
Run/¯ow direction

Ta °C

TF0 °C

TFo °C

Q  106
m3 min 1 

s (min)

sB (min)

UA  104
kJ s 1 K 1 

1/upward
2/upward
3/downward
4/downward

24
22
24
25

57
62
14
18

20
21
56
60

220
192
275
240

9.9
11.3
7.9
9.1

2.0
2.0
0.9
2.5

4.6
4.6
5.0
5.0

8
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oT z ; r ; h
 Biw h T  1; z ; h
or

r  1 :



d

S/T j z; r; t 
11

and initial conditions
T  z ; r ; 0  T0 z 

h0:

z ; r > 0:

12

In this model there are two additional parameters:
Radial thermal Peclet number,
Per 

Gf Cpf Rc
:
Kre

Thermal Biot number,
aw Rc
Biw h 
:
Kre
The terms on the left-hand side of Eq. (7) are analogous to those in Eq. (1) while the terms on the righthand side describe the rates of heat accumulation and of
heat transfer in the radial direction of the bed by conduction and by exchange with the column wall.
3.2.1. Numerical method
The model equations presented above are of parabolic
partial dierential type, in two spatial dimensions r and
z and in time h. For their numerical solution, the equations are ®rstly transformed into a set of 2NE one space
dimension PDE's by discretizing the normalized radial
coordinate r in NE subintervals. An approximate solution in each subinterval k can then be represented by [15]:
T  z ; gk ; h 

4
X

Hi gk ai2k

2

z ; h

13

An important feature of the above-mentioned package PDASAC is that it simultaneously computes such
sensitivities with the solution of the model equations.
The in¯uence of the thermal and operating parameters on the ®xed-bed transient temperature responses is now examined. The thermal parameters, Kae ,
Kre and aw , are unknowns to be estimated from the experimental data. Among the operating parameters, only
Q and L, can be changed freely since those related to the
¯uid, particle and bed are ®xed.
The numerical values used for the thermal parameters are:

gk 

r
hk

rk


with hk  rk1

rk :

14

Thereafter, the resulting 2NE PDE's are solved by
a software package ± PDASAC [16], based on ®nite
element collocation; 19 subintervals in the axial direction and 6 subintervals in the bed radial direction were
used in the numerical solution.
3.3. Sensitivity studies
In this section a dynamic parametric sensitivity
analysis is carried out with the purpose of investigating
the eect of the thermal parameters on the temperature
dynamic behavior of the system. In addition to this, the
sensitivity functions can provide relevant information
for determining optimum experimental conditions such
as those reported by Point et al. [8]. The following
normalized sensitivity functions were adopted:

1

Kae  23:11 J m
Kre  0:15 J m
aw  24:83 J m

1
2

1

s

s
s

1
1

K 1;

K 1;
K 1:

The eective axial conductivity Kae was obtained from
the value of Peh , Peh  0:04, estimated in the previous
study with the 1-D model. Based on a value of
Per  7:5 (typical values of Per are in the range 5±10,
[17]), one is able to estimate the eective radial conductivity Kre .
Calculation of aw can be achieved by ®tting the analytical steady-state solution of the 2-D model [18] to the
experimental response at the outlet of the column.
T 

i1

with k  1; 2; 3; . . . ; NE subintervals. Hi gk  are the cubic
Hermite polynomials, ai2k 2 are coecients to be determined and gk is the normalized radial coordinate for
the subinterval k,

!
oT z; r; t
/j :
o/j

4 Biw 2h exp q1 z 

 Biw 2h  b21  1

q1 =Peh b21

;

15

where T  T z ; r  Ta = TF Ta  is the normalized
radial average temperature, z and r are the dimensionless axial and radial positions measured in terms of
dp , respectively, b1 is the smallest positive root of the
equation bJ1 b
Biw h J0 b  0 (with J0 and J1 being
Bessel functions of the ®rst kind of order zero and one,
respectively) and q1 is the negative root of
q2

Peh

4Peh b1

2Rc =dp 2 Per

0

associated with b1 . To evaluate the Biot number Biw h
the following formula 1=hw  1=aw  Rc =bKre , derived
from the equivalence between the 1-D and 2-D pseudohomogeneous models, was adopted and using
hwe  15:83 J m 2 K 1 s 1 (from the study with the 1-D
model) a value of b  9 was found.
With the thermal parameters calculated previously
and for Run 1, with the operating conditions shown in
Table 1, the numerical solution of the 2-D model leads
to the radial and axial transient temperature responses.
As time increases, the radial temperature pro®les exhibit
a decreasing variation only in the vicinity of the wall, at
a distance of 16dp (Rc  96dp ). This means that in ap-
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Fig. 4. Radial sensitivity pro®les with respect to the eective
axial conductivity, SKae r; t, for various times, at the outlet of
the column.

proximately 83% of the bed radius the pro®le is almost
¯at, suggesting that most of the thermal resistance occurs at the wall.
With respect to the axial ¯uid temperature pro®les, at
dierent times, there is a propagation of a dispersive
thermal wave inside the bed. This dispersive behavior is
typical in liquid±solid thermal systems, where the axial
dispersion is the only contribution to the spreading of
the thermal wave since the variations in physical properties were neglected. With regard to the process
dynamics, the equilibrium theory allows the calculation
of the average temperature wave velocity uth 
ui = 1  nh  that is inversely proportional to the thermal
capacity parameter. Using nh  1:3 one obtains
uth  0:435ui . Considering ui  0:143 cm s 1 ( Q=A;
Q  3:67  10 6 cm3 s 1 ; e  0:4; A  0:0064 m2 , the
time required for the thermal wave to pass through the
bed L  0:85 m is around 23 min.
3.3.1. Steady-state sensitivity functions from 1-D, PH
model
In order to understand how sensitivity analysis can
be used to improve the estimation of the thermal
parameters in a steady state experimental program the
corresponding sensitivity functions of the 1-D pseudohomogeneous model are studied. These correspond to
the spatial pro®les of the sensitivity S/T j along the coordinate z when the temperature of the bed is stabilized.
To calculate the values of S/T j , the steady-state analytical
solution of the 1-D model was used,
(
"
s# )
Qqf Cpf L
8hwe Kae A2
 
1
1
z
T z   exp
2Kae A
Rc qf Cpf 2 Q2
16
The obtained sensitivity functions showed that parameters Kae and Q in¯uence positively the temperature T z
whilst parameters hwe and L have an inverse eect.
Along the spatial coordinate, the sensitivity increases or
decreases continuously reaching either the largest or the
smallest value at the outlet of the column. The eects of
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Q, L and hwe on the temperature are similar, i.e., the
magnitude of the extreme values of the respective sensitivities are about equal. These parameters strongly
in¯uence the temperature while a very weak dependence
is observed with respect to Kae . From these results one
can conclude that if the purpose of the estimation is to
obtain values for hwe , then the best position to locate the
temperature sensor is at the exit of the column where the
sensitivity is at its maximum. These results also con®rm
the extreme diculty or even the impossibility of estimating dispersion coecients in distributed systems with
steady-state experiments.
3.3.2. Transient sensitivity functions from 2-D, PH model
In the next study, the transient 2-D sensitivity functions S/T j z; r; t, at outlet of the column, are investigated.
Fig. 4 shows the radial sensitivity pro®les for the
parameter Kae . It is worth mentioning that the sensitivity
starts to change positively from t  11 min reaching a
maximum value at about t  19 min; thereafter, it decreases, changing from positive to negative, passing by a
minimum at t  26 min and reaching a very low absolute
value at steady-state. Along the radial direction, it is clear
that the absolute value of the sensitivity is always smaller
than in the core of the bed thus suggesting that the inner
temperatures provide better information for estimating
the eective axial thermal conductivity of the bed, Kre .
Figs. 5 and 6 illustrate the radial and axial sensitivity
pro®les with respect to the parameter Kre , respectively.
In Fig. 5 it is visible that in the inner radial half of the
bed Rc =2 the sensitivity remains practically constant;
between Rc =2 and the tube wall the sensitivity starts to
increase slightly during a short period then it decreases
quickly taking more negative values as the system approaches steady-state. With respect to the axial sensitivity pro®les a similar trend exists as can be observed in
Fig. 6, suggesting that the zones located near the wall
and at the exit are the most sensitive to the eective
radial thermal conductivity of the 2-D pseudo-homogeneous model.
3.4. Optimum sensor locations
We have already mentioned in Section 1 that the
sensitivity functions can be useful in determining the
optimum experimental conditions, i.e., sensor locations
and input signals.
The method that follows has been successfully applied to several process models and consists of an evaluation of the linear independence between the sensitivity
functions. These are linearly dependent if and only if the
Gram determinant g z; r vanishes, i.e., [8]
2
Rt
R tf  T
S/1 t;z;r dt
 0 f S/T 1 t;z;rS/T p t;z;rdt
0

  
0
2
R tf T
R tf T
S t;z;rS/T 1 t;z;rdt 
S/p t;z;r dt
0 /p
0

17

958

L.M. Ferreira et al. / International Journal of Heat and Mass Transfer 45 (2002) 951±961

Fig. 5. Radial sensitivity pro®les with respect to the eective
radial conductivity, SKre r; t, for various time, at the outlet of
the column.

Fig. 6. Axial sensitivity pro®les with respect to the eective
radial conductivity, SKre r; t, for various times, at r  Rc =2.

In normalized form the Gram determinant can be expressed as
g z; r 

g z; r
tf2 TF4 

where tf  50 min is the ®nal time for each run and
TF  330:2 K is the feed temperature.
The main goal of this study is to determine the experimental conditions that lead to the linear independence of all the sensitivity functions and to ensure that
the sensors are located in the spatial region where the
sensitivity takes the largest absolute values.
To calculate the Gram determinant a code based on
Gaussian elimination by partial pivoting was used with
the integrals evaluated by a numerical quadrature
technique. The results are presented in Fig. 7, where the
function g z; r is plotted against the spatial coordinate. Here, the sensitivity functions with respect to the
thermal parameters Kae and Kre were used in order to
determine the optimal sensor location. From this Figure, it can be observed in the following: (i) for the radial
points located between 0 and 0:8Rc , g z; r grows continuously along the axial coordinate; (ii) in the re-

Fig. 7. Axial pro®les of the function g z; r for various radial
positions.

maining zone, next to the wall, g z; r grows to a
maximum and then decreases towards the top of the
column. As a result of this, any sensor located along the
axial coordinate and in a radial position next to the
wall, assures linear independence of the sensitivity
functions ± g z; r 6 0 and this suggesting that the parameters can be estimated from the experimental data.
In opposition to this, for radial distances lower than
Rc =2, i.e., in the ®rst radial half of the column the values
of g z; r  0 which means that the parameters cannot
be estimated from information provided by sensors located in this zone. The optimal sensor location therefore
corresponds to a maximum of g z; r, at the outlet of
the column, in a radial position approximately equal to
80% Rc .
Fig. 8 shows the eect of the ¯owrate on the radially
averaged function g z along the spatial coordinate z.
At low ¯owrates, a maximum value occurs for g z and
as the ¯owrate decreases the g zmax region moves towards the inlet of the column. At high ¯owrates, any
sensor location in the bed is critical, i.e., g z is small
along the spatial coordinate and the sensitivity functions
become linearly dependent.

Fig. 8. Eect of the ¯owrate on the axial pro®les of the radial
average function g z; r.
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Fig. 9. (a) Histories of experimental and simulated temperatures with the 2-D model for Run 1 (upward ¯ow at Q  220 ml min 1 ).
Average top d z  1; middle j z  0:5, r  0 and wall N z  0:5, r  1 and (b) Histories of experimental and simulated temperatures with the 2-D model for Run 2 (upward ¯ow at Q  192 ml min 1 ). Average top d z  1; middle
j z  0:5, r  0 and wall N z  0:5, r  1.

4. Simulation of experimental results
All the experiments were carried out according to
the procedure described in Section 1, in which transient temperatures in the bed were monitored at various axial and radial locations during either the
heating or the cooling periods. Experimental conditions are summarized in Table 1. Figs. 9±11 compare
experimental temperature pro®les with those obtained
with the 2-D pseudo-homogeneous model. In Figs.
9(a) and (b) the ¯uid temperatures are plotted against
the normalized time, h, for a positive step change in
inlet ¯uid temperature and for two dierent ¯owrates.
Similar results but for a negative step change in the
inlet temperature causing the cooling of the bed are
shown in Figs. 10(a) and (b). It is clear that the
thermal dynamic response of a packed bed is sensitive
to the ¯owrate variation and is re¯ected in the tem-

perature pro®les when the system reaches its thermal
steady-state. The eect of the ¯owrate should be
mainly associated to the wall energy loss; thus, higher
energy loss is observed at lower ¯owrates and as a
consequence higher dierences between the temperature of the top and bottom DTb , at steady state, are
registered. This can be seen by comparing Runs 1 and
2 (Figs. 9(a) and (b)), when the ¯owrate decreased
from 220 to 190 ml min 1 . In this case the DTb increases from 7±8 to 10±11 °C. A similar comparison
can be made, along the radius, with respect to the
temperatures at the center and wall for a given axial
position.
Fig. 11 exhibits ¯uid radial temperature pro®les that
are almost ¯at up to at radial distance approximately
equal to Rc =2 from the column center. The agreement
between experimental and simulated results is good in all
cases, except for the transient temperatures measured at

Fig. 10. (a) Histories of experimental and simulated temperatures with the 2-D model for Run 3 (downward ¯ow at 275 ml min 1 .
Bottom j z  1; middle M z  0:5, r  0 and wall d z  0:5, r  1. (b) Histories of experimental and simulated
temperatures with the 2-D model for Run 4 (downward ¯ow at Q  240 ml min 1 ). Bottom j z  1; middle M z  0:5,
r  0 and wall d z  0:5, r  1.
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Fig. 11. Experimental and simulated radial temperatures pro®les for various times, at the middle of the column z  0:5,
with respect to the Run 3.

Table 2
Thermal coecient values used in the simulations
Run Kae
Jm
1
2
3
4

1

s

1

25.42
22.18
31.77
27.73

K 1

Kre
Jm
0.15
0.15
0.15
0.15

1

s

1

K 1

aw
Jm

2

s

1

K 1

23.68
15.90
29.20
27.90

the wall where some discrepancies occur probably due to
the ¯ow maldistribution, an eect which is not considered in the modeling.
The parameters Peh , Per and Bih were estimated by
®tting the model solution to the experimental data and
with their estimates the values of the thermal parameter
(Kae , Kre and aw ) shown in Table 2 were determined.

tivity behavior of the system at steady-state was also
studied. Results show that the operating variables,
namely, the ¯owrate and the bed height, and the overall
heat transfer coecient signi®cantly in¯uence the temperature pro®les in the bed while the in¯uence of the
eective axial thermal conductivity can be ignored. Since
the radial temperature can not be neglected, the 2-D
model was developed to describe with greater con®dence
the experimental transient thermal responses. This
model was capable of predicting such responses and
with a suitable optimization algorithm (GREG software
package [19]) the best estimates of the eective radial
and axial conductivities and of the wall heat transfer
coecient were found. With regard to the sensitivity
analysis, this model con®rmed the results obtained previously with the 1-D model and led to the transient
sensitivity functions of the parameters under investigation.
The methodology followed in this paper can be used
as a good basis for the scale-up. However, it is necessary
to know how the thermal parameters are in¯uenced by
the aspect ratio Rc =dp and the Reynolds number Re. So,
changing to columns with larger diameter but keeping
the same particle size the aspect ratio increases. Since for
the system studied the aspect ratio is high Rc =dp  100
it is expectable that no signi®cant in¯uence occurs on the
parameters when the column diameter increases. On the
other hand, in columns of commercial size the ¯owrate is
generally high which then will cause changes of Re to
higher values. The dependence of the eective radial
conductivity and the wall heat transfer coecient on
number Reynolds can be analytically described by a
linear function.
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