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The signijkance of the statistical character of wall-cooled packed-bed reactors was 
studied by measuring angular temperature variations, which result @om the random 
nature of the packing. These are neglected in present-day mathematical models designed 
to describe the reactor behavior. The amplitude of these variations was determined 
experimentally as a function of the mass flux and the position in the tube, under condi- 
tions of heat transfer as well as of reaction. Angular variations are significant whenever 
radial temperature gradients are large. 

Different methods used to average observed variations were surveyed. For the system 
presented, the angular variations have only a limited influence on the reaction rates if 
the angular averaged temperature is used. Thus, a two-dimensional deterministic con- 
tinuum model can be used, notwithstanding the statistical character of the packed bed. 

Introduction 
Accurate mathematical modeling of wall-cooled packed- 

bed reactors is desirable for a reliable design procedure. Re- 
gretfully, the results of applying present-day models are un- 
satisfactory (see, e.g., Hoffman, 1979; Vortmeyer and 
Haidegger, 1991; Schouten et al., 1994). Almost exclusively 
models have been used that are referred to as deterministic 
continuum models because they contain parameters that are 
determined as constants over the entire bed and consider the 
gas and the solid phase, respectively, as a continuum. How- 
ever, the actual structure of the bed is random: on a local 
scale the packing arrangement and hence also the velocity, 
the temperature, and the heat transport to a certain extent 
will be distributed in space. A continuum approach with fixed 
effective parameters over the entire bed may not be appro- 
priate to describe this system accurately. Therefore, some au- 
thors have suggested that the statistical character of a packed 
bed should be incorporated in the reactor model (see Fe- 
doseev and Shanin, 1986; Wijngaarden and Westerterp, 
1992a,b; Borkink et al., 1992). 

The random nature of the packing is observed if tempera- 
ture measurements are made around a circular circumfer- 
ence. Variations in temperature in the angular direction have 
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been observed to be significant compared to radial and axial 
temperature differences in the packed bed. Dixon (1993) has 
made an extensive study of angular temperature variations in 
stationary heat-transfer experiments. The temperatures were 
measured above the packing. Borman and Westerterp (1992) 
have measured in the bed itself and found variations in the 
radial temperature profile after repacking that they ex- 
plained by angularly varying temperatures. They briefly dis- 
cuss the implications of such variations. A systematic study of 
angular temperature variations in a packed bed with reaction 
has not yet been made. Also some questions have not been 
answered yet: Do angular temperature variations depend on 
reaction? Are these related to axial and radial temperature 
differences? Does the mass flux have an influence? Can the 
neglect of angular variations explain the discrepancies be- 
tween experimental results and model calculations with de- 
terministic continuum models? 

In this article, we try to answer these questions. Stationary 
temperature measurements have been conducted in a cylin- 
drical packed bed, both under nonreacting as well as reacting 
conditions. The amplitude of the angular temperature varia- 
tions will be determined as a function of position and of mass 
flux. We also will determine whether these variations are sig- 
nificant for the application of a continuum deterministic 
model. 
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Figure 1. Three coordinates in a tubular reactor. 

Theoretical Backgrounds 
Angular variatiuns 

Three directions can be distinguished in cylindrical reac- 
tors (see Figure 1): an axial coordinate in the direction of 
convective flow, a radial coordinate perpendicular to the ax- 
ial coordinate being the direction for heat transport to or 
from the wall, and an angular coordinate. Models take a 
varying number of coordinates into account. A one-dimen- 
sional model only contains an axial coordinate, and heat 
transport to the wall is taken care of with an overall heat- 
transfer coefficient to the wall. A so-called mean-cup temper- 
ature TMc is introduced as the average of the temperatures 
over a radial slice: 

In a two-dimensional model both the axial as well as the ra- 
dial direction are taken into account. Nearly all the literature 
to date has focused on temperature gradients in these two 
directions. Temperature variations in the angular coordinate 
are considered to be secondary in importance, and conse- 
quently have been ignored. Angular variations in packed beds 
do exist (see, e.g., Cresswell, 1986; Borman and Westerterp, 
1992; Dixon, 1993). Deviations in temperature have been ob- 
served of up to to 12°C around the average temperature for 
experiments with a total temperature difference over the ra- 
dius of about 40°C. The reported experimental results apply 
to heat transfer only. 

All authors have observed angular variations increases in 
the neighborhood of the wall (see, e.g., Dixon and Paterson, 

1978; Cresswell, 1986; Giudici and do Nascimento, 1994). 
Thus the amplitude apparently depends on the radial posi- 
tion in the tube. The angular spread also has been found to 
be larger for shorter bed lengths (see, e.g., Dixon, 1993; Giu- 
dici and do Nascimento, 1994). According to Dixon (1993), 
the reduced amplitude of the angular variations in tempera- 
ture merely reflects the approach of the thermal field to a 
uniform temperature. It was also argued that over longer bed 
lengths the gas has undergone an axial averaging by contacts 
with so many particles, consequently differences caused by 
variation of streamlines through the packing should average 
out, unless there is a bypass in some part of the bed (see also 
Borkink et al., 1992). 

The flow rate was found to not influence the position of 
angular deviations (see Dixon, 1993), so the distribution of 
angular variations is specific for a certain packing arrange- 
ment: only by repacking the bed the distribution of angular 
variations will change. No quantification is given of the effect 
of flow rate on the amplitude of the angular temperature 
variations. Dixon (1993) has shown that, as d,/d,, decreases 
from 14 to 1.4, angular variations become so large that radial 
profiles lose symmetry. Thus, for a smaller number of parti- 
cles on a diameter the statistical character of the bed be- 
comes more important. No regular periodic temperature vari- 
ations were observed for any dJdp value, so Dkon (1993) 
concluded the variations are apparently random. 

Angular averaging 
Irregular axial and radial temperature profiles are found in 

practice, which are caused by the random nature of the 
packed bed and the discrete nature of the temperature mea- 
surements. Fitting such profiles to the smooth profiles ob- 
tained by continuum modeling may result in bad estimates 
for the effective transport coefficients (see Dixon, 1988). For 
a wall-cooled packed-bed reactor deviations from a smooth 
profile are more important in the radial direction compared 
to the axial direction in view of larger temperature gradients. 
In recent literature it therefore has been suggested that an- 
gular variations be evened out to obtain “suitable” radial pro- 
files. Three different methods are discussed here. 

One approach is to locate temperature sensors at several 
angular positions and average them around a circular circum- 
ference: 

It has been shown that smooth radial profiles are obtained 
with this method if sufficient temperatures are measured even 
at small ratios of tube-to-particle diameter. At least eight 
thermocouples are necessary to this end, according to Dixon 
(1993). The variation observed around ( T )  is treated as 
though it was due to a random measurement error that con- 
tributes to the standard deviation of obtained parameters. 
Dixon (1988) reports an error in the obtained radial Boden- 
stein number of about 10% and an error in the Biot number 
at the wall of about 20%, which he mainly attributes to angu- 
lar temperature variations. 

Another approach to average angular variations is repack- 
ing the bed (see Borman and Westerterp, 1992; Borkink et 
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al., 1992; and Wijngaarden and Westerterp, 1992b). Angular 
variations are specific for certain packing and repacking re- 
sults in a different radial profile for the same operating con- 
ditions. Smooth radial profiles can also be obtained by aver- 
aging these different profiles; Borkink and Westerterp (1994) 
repacked a bed 5 to 7 times, Wijngaarden and Westerterp 
(1992b) 20 times. Although repacking changes the local bed 
structure, and thus the local rate of heat transport, almost no 
differences have been found in bed scale parameters like the 
effective radial conductivity (see Borkink et al., 19921, and 
the conversion (see Borman and Westerterp, 1992). Dixon 
(1994) has shown for a wide range of packings that angular 
variations and repacking variations are statistically the same 
for a wide range of packings. 

A third method was introduced by Giudici and do Nasci- 
mento (1994), who conducted heat-transfer experiments with 
air for six different packing materials. They developed a 
ring-shaped temperature sensor consisting of four copper 
wires with a thermocouple soldered in each of them (see Fig- 
ure 2). Temperature measurements were performed above the 
packing. It was proved both experimentally as well as theoret- 
ically that the mean angular temperature was measured by 

C 

Figure 2. Ring-shaped temperature measurement de- 
vice developed by Giudici and do Nascimento 
(1994). 
A nylon arm; E four concentric copper rings with a thick- 
ness of 2 mm positioned at r = 8, 15, 21, and 27 mm above a 
packed bed, with R ,  = 60 mm; C soldered thermocouples; D 
center line thermocouple. 
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such a device; angular variations in temperature are already 
filtered by the measurement device itself. 

Significance of angular variations 
The three methods just described can be used to even out 

angular variations and to yield radial profiles suitable for fit- 
ting to a two-dimensional continuum deterministic model. 
Still the question remains whether the variations around the 
average value can be neglected. To answer this question a 
parallel can be drawn with the one-dimensional model with a 
mean cup temperature, Eq. 1. This model can be used as 
long as radial temperature gradients are small, otherwise, a 
two-dimensional model should be chosen (see, e.g., Mears, 
1971), who derived a criterion for choosing the model. 

The definition of the angular averaged temperature of Eq. 
2 is very similar to that of Eq. 1. The two-dimensional model 
may be inappropriate if angular variations become too se- 
vere. For cases with reaction, the rates evaluated at the aver- 
age temperature R[( T ) ]  will not be equal to the correct aver- 
age of the angular distributed rates ( R [ T ] )  in view of the 
strongly nonlinear dependence of the reaction rate on tem- 
perature. Westerink et al. (1992) have proved this for a model 
in which radial temperature gradients were neglected. As a 
criterion an error of 5% is allowed for the ratio of the two 
rates f: 

Thus knowledge of the amplitude of the angular temperature 
variation and of the kinetics of the reactions occurring is es- 
sential in deciding whether a two-dimensional continuum de- 
terministic model can be used. 

Experimental Studies 
Apparatus 

For a detailed discussion of the experimental setup, see 
Schouten et al. (1994); only the main characteristics of the 
equipment are cited here. The reactor consists of a vertical 
tube with a diameter of 53.1 mm that has been packed with 
silver on a-alumina Raschig rings over a length of 0.506 m. 
The rings have a diameter of approximately 8.4 mm, a height 
of about 8.5 mm, and contain a hole with a diameter of about 
3.0 mm. The tube is filled with the packing material by drop- 
ping the individual particles from the top of the reactor at 
different angular positions. A random loose packing with a 
nearly homogeneous distributjon of the catalyst is obtained 
with this “rainy”method (see Smid et al., 19931, with a poros- 
ity of 0.504. The wall of the reactor is cooled externally with 
boiling water, the temperature of the water being controlled 
by pressure variation of the boiling system. 

We use the selective oxidation by air of ethene-to-ethene 
oxide catalyzed by silver on the Raschig rings. This system 
consists of two reactions occurring in parallel: the epoxida- 
tion reaction and the total combustion reaction (see Schouten 
et al., 1994). We measured the axial concentration profile 
along the length of the reactor by sampling gas at the wall 
and analyzing for ethene and carbon dioxide with a gas chro- 
matograph and an infrared meter. 
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Figure 3. Three different rungs used to fix thermocou- 
ples at different angular positions. 
I rung at r = 16 mm; I1 rung at r = 8 mm; 111 rung at r = 21 
mm; A 0.55-mm-diameter hole; B special shaped end. 

Temperature measurements 
A total of 32 gas temperatures are measured simultane- 

ously in the tube. For this purpose, a ladder-type frame has 
been placed in the packed bed to keep the thermocouples 
well fixed at the desired positions. The ladder consists of two 
hollow rods with a 1.5-mm outside diameter. Between the 
rods rungs are tightened at different axial positions. The rungs 
are 2.0 mm thick and contain several 0.5-mm-diameter holes. 
The tip of a K-type thermocouple is introduced from above 
in such a hole to ensure its exact position. The rung will 
change the packing arrangement, disturb the flow, and may 
conduct heat. Schouten et al. (1994) discuss the precautions 
to minimize these effects. 

Three rungs, located at different axial positions, have been 
used to measure angular variations at 8, 16 and 21 mm dis- 
tance, respectively, from the centerline of the tube (see Fig- 
ure 3). Each rung contains eight thermocouples of which the 
positions are given in Table 1. The other eight thermocouples 
have been used to measure the radial temperature profile at 
the inlet and the axial temperature profile in the centerline 
of the tube. 

Method 
The mass flux, wall temperature, and concentration of 

ethene in the feed have been varied, as given in Table 2. The 

Table 1. Angular Position of Thermocouple Defined as the 
Angle with Respect to Some Arbitrary Reference Point on 

a Circumference* 
Distance from Center Line of Tube 

Number 8 mm 16 mm 21 mm 
Thermocouple 

1 
2 

15" 
56" 

112" 
167" 
198" 
232" 
276" 
325" 

30" 
60" 
90" 

120" 
180" 
270" 
300" 
330" 

11" 
82" 

102" 
170" 
191" 
261" 
286" 
350" 

*Locations of the rungs expressed as distance from the inlet: 5, 10, 15,25, 
35 and 45 cm. 

Table 2. Survey of Experimental Operating Conditions 
Operating parameter Conditions 

Pressure 0.5 MPa 
Wall temperature 445,465,485 K 
Conc. ethene in the feed 
Mass fluxes 
Superficial velocity 0.11-0.46 m/s 

0,0.2,0.5,0.9, 1.2, 1.7,2.0 mol % 
0.41, 0.82, 1.64 kg/(m2.s) 

wall temperature and ethene concentration have a direct in- 
fluence on the reaction rates. At reaction conditions, the 
temperature of the feed is equal to that of the wall so that 
the temperature is constant over the inlet plane. 

In heat transfer experiments nitrogen is used as gas. We 
varied the wall temperature and mass flux; the preheat tem- 
perature was set in such a way that the temperature in the 
center of the inlet plane of the tube was about 40°C lower 
than the wall temperature, so in the heat transfer experi- 
ments the inlet temperature profile was not flat. 

Angular temperature variations have been measured at six 
axial positions in the tube. We had to open the reactor five 
times and change the position of the rungs in the frame be- 
cause the temperature measurement device allows for mea- 
surement of angular variations at a certain radial position for 
one axial position only. The tube was filled again with the 
same catalyst material after each modification of the thermo- 
couple frame. Packing heights were observed to be the same 
after repacking, if the same method of filling was applied. 
After repacking, the tube was operated under reaction condi- 
tions for a certain period of time-the conversion was ob- 
served to increase during the first hours of reaction-under 
standard conditions until a stable activity was reached. The 
total conversion remained equal within 10% under standard 
conditions for the six packings. We once repacked the bed 
and maintained the same thermocouple configuration to study 
the effect of only repacking. 

Results 
Angular temperature variations 

An example of the variation in temperature as measured 
around a radial circumference is given in Figure 4 as the dif- 
ference with the mean temperature at a certain angular posi- 
tion. The smooth lines drawn through the eight experimental 
points have been constructed with a spline technique and do 
not represent the true course of the angular temperature 
variations. In this particular experiment the angular tempera- 
ture deviations are maximally 6 K. This deviation is signifi- 
cant with respect to the total temperature difference over the 
radius of about 15 K. The possible deviation of 0.5 mm in the 
thermocouple location will result in a possible temperature 
deviation of only 0.6 K for the experiment of Figure 4. There- 
fore, the observed angular variation cannot be a result of the 
uncertainty in the location of the temperature sensor. 

By inspection of the angular temperature profiles we de- 
termine whether there is some periodicity in angular temper- 
ature variations caused by a (semi-) ordered packing arrange- 
ment. If any periodicity is present, it probably will be related 
to the particle diameter. Therefore the length one particle 
occupies on a circumference is shown in Figure 4 for a radius 
of 21 mm from the tube centerline. In the profile of Figure 4, 
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Figure 4. Temperature variations around the mean tem- 

perature as measured at 8 different angular 
locations. 
Conditions are C,  = 1.7 mol %, T, = 466 K, 4m = 1.62 
kg/m2s, z = 0.25 m, r = 21 mm. 

and also in all other angular profiles, no regular periodical 
oscillation in temperature could be detected, (see also Dixon, 
1993). Therefore, the variations are considered to be random. 

Because the angular temperature variations are random, 
they can be characterized by the mean temperature of Eq. 2 
and a standard deviation u, which describes the variation 
around the mean temperature: 

(4) 

in which N is the number of different angular measure- 
ments. 

The accuracy of the thermocouples has been tested for an 
isothermal bed with the inlet temperature equal to the wall 

7 4 6 7 . 0  

r 4 6 6 . 5  I +  
z 
I- 

4 6  5.0 : 
0 9 0  1 8 0 2 7 0 3 6 0  

r= 8, z=0.25 

r=16,  z=0.35 

r=21 ,  z=0.45 

angular position/* 

Figure 5. Temperature variations for a packed bed with 
a unlform temperature being equal to the wall 
temperature. 
Conditions are T, = 465.6 K and &, = 0.81 kp/mz. 
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Figure 6. Comparison of temperature variations in two 

packed beds with reaction. 
Conditions are T, = 464.6 K, c $ ~  = 0.81 kg/m2s. Position A 
is z = 0.05 m and r = 16 mm, near the inlet, position B is 
z = 0.10 m and r = 21 mm, and position C is z = 0.35 m and 
r = 8 mm, which is beyond the hot spot. 

temperature, so a uniform temperature is expected in the tube 
in case the different thermocouples are accurate. An angular 
temperature profile of such an experiment is shown in Figure 
5: the temperatures are equal within 0.3 K. 

In the following the influence of different parameters on 
the angular temperature variations is discussed by consider- 
ing possible trends in the standard deviations. An explana- 
tion for the observed trends is given in the discussion. 

Influence of repacking 
The effect of repacking the bed while maintaining the same 

thermocouple configuration is shown in Figure 6 for a case 
with reaction. Angular temperature profiles at three posi- 
tions in the repacked bed are compared with those of the 
original bed at the same operating conditions. A different 
distribution of angular variations is found for the different 
packing arrangements obtained. The angularly averaged tem- 
perature and the standard deviations in the two beds are 
compared for the three positions (see Table 3). Also the total 
conversions over the two beds are compared. The angularly 
averaged temperature of the two packed beds are almost 
equal for all three positions, and also the conversions are 
equal. On the other hand, the standard deviations of the two 
beds differ for two of the three positions, u being about twice 
as large for the second bed for positions A and C. Thus the 
standard deviation at a certain axial position and on the ra- 
dial circumference at the same operating conditions is not 
unique but different from packing to packing. 

Table 3. Angularly Averaged Temperatures and Standard 
Deviations in Two Packed Beds at Equal Operating 

Conditions and for Three Different Positions* 

( T ) A  (T)B ( T ) C  @A @c 
Bed 6 K K K K K K  
1 0.405 461.4 442.6 453.3 0.17 2.32 1.01 
2 0.407 461.6 442.9 452.4 0.41 2.30 2.71 

'See also Figure 6. 
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Influence of massjlux 

The bed has not been repacked for the experiments at 
different mass fluxes. Hence, the distribution of the varia- 
tions is the same (see Figures 7a and 8a). Both under reac- 
tion conditions as well as without reaction, the amplitude 
changes for a change in mass flux. In case of heat-transfer 
experiments, the standard deviations u of the angular tem- 
perature variations are about the same near the inlet for dif- 
ferent mass fluxes. However, they increase at increasing mass 
fluxes at positions further downstream in the bed (see Figure 
7b). When a reaction is executed (see Figure 8b), u de- 
creases near the inlet for an increasing mass flux. A maxi- 
mum in u is found at positions further downstream in the 
bed: these maxima coincide with the hot spot. 
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Influence of position 
To evaluate the effect of axial and radial position on angu- 

lar temperature variations, results from different repackings 
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I 
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Figure 7. Comparison of (a) temperature variations and 
(b) standard deviations for heat transfer ex- 
periments in a packed bed and for different 
mass fluxes. 
Conditions are T, = 465.1, and (a) z = 0.25 rn and r = 21 mrn 
or (b) r = 8 rnm and different axial locations. 
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Figure 8. Comparison of (a) temperature variations and 
(b) standard deviations for experiments with 
reaction in a packed bed and for different 
mass fluxes. 
Also the hot-spot location is shown for one of the mass 
fluxes. Conditions are T, = 465.7, C ,  = 0.9 mol %, z = 0.25 
m, and r = 16 mm. 

have to be compared. Such a comparison may be disguised, 
because each repacking itself already leads to different angu- 
lar temperature distributions and different standard devia- 
tions. Therefore only some general trends can be distin- 
guished. 

The dependence of u on the axial location is shown in 
Figure 9. In heat-transfer experimetlts the general trend is a 
decrease in u the further away from the inlet it is. In an 
experiment with reaction a maximum in u is found, its loca- 
tion coinciding with the location of the hot spot. 

In Figure 10 the dependence of u on the radial position is 
shown for both heat transfer as well as reaction conditions. 
The scatter in the data points is large and no trend can be 
distinguished. 

Znflwnce of reaction 
Experiments with and without reaction have already been 

compared in the two former sections. The temperature level 
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Figure 9. Standard deviation of angular temperature 

variations as a function of the axial position in 
the packed bed. 
Also the hot-spot locations are shown. Conditions without 
reaction are #,,, = 0.41 kg/m2s, T, = 465 K, and r = 16 mm, 
and with reaction T, = 465 K, and for case A: #,,, = 0.41 
kg/m2-s, r = 16 mm, and C ,  = 0.9 mol %, and case-B: #m = 
1.61 kg/m2*s, r = 16 mm, and C ,  = 1.7 mol %. 

through a change in the wall temperature does not itself in- 
fluence the amplitude of angular variations. Almost the same 
amplitude of angular variations is found for the same packing 
(see Table 4). Experimental results for angular temperature 
variations as a function of the ethene feed concentration are 
shown in Figure 11 and of the wall temperature in Figure 12, 
respectively. Angular variations become larger if ethene con- 
centration and/or wall temperature increase; that is when the 
reaction rates become faster. 

Discussion 
The results seem to indicate that angular temperature vari- 

ations are related to the radial temperature difference. In 
Figure 13a the standard deviation is plotted vs. the total ra- 
dial temperature difference T,,,,,, - T,, and in Figure 13b it 
is plotted vs. the radial temperature gradient dT/dr. This lo- 
cal gradient was calculated with a second-order polynomical 
equation that was determined from the radial measurements, 
taking radial symmetry into account. Data for the heat-trans- 
fer experiments are distinguishable from data from reaction 
experiments because the temperature difference is negative, 
so that they are on the left side of the y-axis in Figure 13a. In 
both graphs an almost linear dependence of u is observed. 
Therefore we correlated the standard deviation linearly to 
the total radial temperature difference and found the follow- 
ing relation to fit the data with an average error of 30%: 

u = 0.2+0.05 * I (T,,,,,, - T,) I .  

No statistically significant dependence of u on any other 
parameter could be detected in the residuals a,, - uccalc, 
where ucalc is determined on the basis of Eq. 5. This is shown 
in Figure 14 for the radial temperature gradient, the mass 
flux, the feed concentration of ethene, and the wall tempera- 
ture, respectively: all data points are randomly distributed 
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Figure 10. Standard deviations of angular temperature 

variations as a function of the radial posi- 
tion. 
Conditions in (a) are without reaction #,,, = 0.81 kg/m2.s 
and T, = 465 K. In (b) with reaction we have T, = 465 K, 
#m = 0.81 kg/m2.s and C ,  = 0.9 mol %, and the hot spot 
is located at z = 0.25 m. 

around the horizontal axis, so these parameters do not influ- 
ence u. The large scatter around the horizontal axis may 
partly be explained by the fact that several repackings are 
compared. 

Table 4. Standard Deviations of Angular Temperature 
Variations for Different Wall Temperatures* 

T (K) 445 465 485 

(1) 1.07 1.11 1.00 
(11) 0.43 0.43 0.51 
(111) 1.52 1.50 1.52 

u (K) 

'Conditions are (I) #m = 0.81 kg/m2-s, r = 21 mm, and z = 0.15; (11) #,,, 
= 0.41 kg/mz.s, r = 16 mm, and z = 0.35; (111) +,,, = 1.62 kg/m2.s, r = 8 
mm, and z = 0.05. 
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Figure 11. Angular temperature variations as a function 

Conditions are T, = 465 K, 4, = 0.81 kg/m2-s, z = 0.15 m, 
and r = 16 mm. 

The apparent influence of the different parameters is ob- 
served on the amplitude of angular temperature variations 
because the axial and radial temperature profiles also change. 
The observed trends are: 

In the heat-transfer experiments u decreases over the 
length of the reactor because the radial temperature differ- 
ences become smaller further downstream in the bed. 

u increases at increasing ethene concentrations/wall 
temperatures because reaction rates become higher, and thus 
radial temperature differences larger. 

In the heat-transfer experiments u is constant at the in- 
let because the radial temperature difference has deliber- 
ately been set to the constant value of 40°C in each experi- 
ment. 

In the heat-transfer experiments u increases if the mass 
flux increases, because local radial temperature differences 
near the bed exit are larger at higher mass fluxes, because 
the gas needs a longer distance to cool down. 

(1 T,=445 K 

+ T,=465 K 

Tw=485 

0 90 180 270 3 6 0  

angular position/O 

Figure 12. Angular temperature variations as a function 
of wall temperature. 
Conditions are +m = 1.85 kg/m**s, z = 0.15 m, and r = 16 
mm. 

2642 September 1996 
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(b) 
Figure 13. Standard deviation of angular temperature 

variations as a function of (a) the total radial 
temperature difference and (b) the local ra- 
dial temperature gradient. 

In experiments with reaction, u first increases in the ax- 
ial direction until it reaches a maximum in the hot spot where 
the total radial temperature difference is largest; after that it 
decreases further downstream in the bed. Changing the mass 
flux moves the hot spot (see Schouten et al., 1994): whether u 
will increase or decrease depends on the location under con- 
sideration compared to the hot-spot location. 

We still must determine whether a continuum model can 
be applied. Thus, we apply Eq. 3 and use a probability den- 
sity function to characterize the distribution of temperatures. 
The temperatures are distributed normally around the angu- 
larly averaged temperature, if the angular variations are truly 
random. For the probability density function p[T,]  we can 
write 

(6) 
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Figure 14. Residuals of the standard deviations of angular temperature variations. 
(b) (4 

(a) Radial temperature gradient, (b) mass flux, (c) ethene concentration in the feed, and (d) wall temperature. 

The mean reaction rate over a circular circumference (R(T) )  
in Eq. 3 can be expressed as follows: 

The kinetics of the ethene epoxidation as reported by 
Schouten et al. (1994) (see Table 5)  have been used to calcu- 
late the reaction rates at five different conditions for which a 
relatively large angular temperature variation was observed. 
The ratios between the rates f i  have been calculated for these 

Table 5. Reaction Rate Expressions for Epoxidation (1) 
and Total Combustion Reaction (2) 

Epoxidation reaction: 
- 1 . 2 0 ~  
"1 

(1 + 0.022 - e3,'OVPE + 1.5P0 + 100PEo + 60Pc + 40PH )' ' 

Total combustion reaction 
6.06* 10'. e-g,zOOpP E O  P 

(1+0.0065.e3p60flpPE +2.95P0 +250pE0 +13OP, +55PH)2 
R ,  = 

five conditions and are given in Table 6. A larger difference 
from one is found for the total combustion reaction com- 
pared for the epoxidation reaction because the greater ap- 
parent activation energy shows that the reaction rates de- 
pend more on the temperature. All values for fi are close to 
one, so Eq. 3 is satisfied. Hence, the angular variations have 
only a limited effect on the calculated reaction rates. 

The angular variations have a greater impact on the reac- 
tion rates whenever temperature differences are larger and/or 
reactions with larger activation energies occur. In addition, 
different results may be obtained if different particle shapes 
are used, the method of packing is changed, or the number of 
particles on a tube diameter is different. 

Table 6. Ratio fi of the Angularly Averaged Reaction Rate to 
the Rate Determined at the Angularly Averaged Temperature 
for Epoxidation (1) and Total Combustion Reaction (2) for 

an Arbitrary Chosen Number of Cases 
z r ( T )  

f 2  Case (m) (mm) (K) (K) fi 

A 
B 
C 
D 
E 

0.25 21 458.7 3.46 1.006 1.013 
0.25 21 480.3 4.12 1.005 1.013 
0.05 8 475.2 1.29 1.001 1.001 
0.15 16 479.0 1.93 1.001 1.003 
0.35 16 519.2 3.05 1.002 1.005 
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Conclusions 
Temperatures at different angular positions have been ob- 

served to differ up to 10 K in some cases, making it necessary 
to average the angularly measured temperatures to obtain 
“correct” temperatures. No periodicity has been found in the 
variations, so their amplitude can be characterized with a 
standard deviation. 

Repacking the bed leads to the same mean temperatures 
and bed conversions despite the differences in the standard 
deviations found after repacking. 

We found angular temperature variations to be dependent 
on the total radial temperature difference. Therefore the 
largest angular variations have been found near the inlet in 
heat-transfer experiments and near the hot spot in reaction 
experiments. Other parameters considered, such as the mass 
flux, the wall temperature, the concentration ethene in the 
feed, and the position in the tube, only have an indirect im- 
pact on the amplitude of the angular temperature variations 
in the way in which they change the radial temperature pro- 
files. 

Application of the criterion of Eq. 3 shows that angular 
variations have only a small effect on the reaction rates in 
our case. Although the statistical character of the packed bed 
results in significant temperature variations, we can neglect 
these if an angular averaged temperature is used. Thus, a 
two-dimensional deterministic continuum model can be ap- 
plied in our case. 
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Notation 
C =concentration, moi/m3 
p =probability density function; see Eq. 6 
P =pressure, bar 
r =radial coordinate, m 

R =radius, m 
z =axial coordinate, m 

Greek letters 
0 =angle 
5 =conversion 

= mass flux, kgXm2. s) 

Subscripts and superscripts 
C =carbon dioxide 

calc =calculated 
E = ethene 

EO = ethene oxide 
exp =experimental 

H =water 
0 =oxygen 
t =tube 

w =wall 
1 =of the epoxidation reaction 
2 =of the total combustion reaction 
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