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Abstract

A disperive model has been used in the calculations of the opera-
tional conditions of the heat regenerators applied in an arrangement
of reactor - heat regenerator for catalyic combustion of pollutants
in air. It has been studied an influence of selected parameters of
the regenerator on the temperature in the combustion zone. Results
of calculations have been compared with the experimental results. An
example of the industrial application of the metod has been given.

Introduction

Combustion of contaminants contained in the air constitutes one
of the methods of its purification. At low concentrations of a com-
busted substance, the enthalpy of the combustion process does not
suffice to heat a stream of the purified air to a temperature requi-
red by a catalyst to start up the reaction. The consumption of ener-
gy supplied form outside can be reduced or eliminated by an appro-
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priate coupling of the reactor with two heat regenerators. The ope-
rational principle of the device is explained in Fig.1l.

The method consists essentially in a cyclic change in the direc-
tion of the gas flow (here the purified air) through the installa-
tion and, hence, in a cyclic change of the role played by each rege-
nerator. One of them, regenerator ! placed upstream the reactor, gi-
ves up heat (previously accumulated), the other, regenerator 11 pla-
ced downstream the reactor, accumulates heat taken from air after
the reaction. After the change in the direction of the gas flow, re-
generator Il assumes a role of regenerator I, whereas regenerator I
that of regenerator I1I. The flow reversals occur periodically, and a
period of time between the reversals, called sometime a flow rever-
sal time, has a marked effect on a degree of heat regeneration ob-
tained. The air is heated by an additional heat source until enough
heat is accumulated (during the start up of the device).

The conversion degree of the contaminants depends on the tempera-
ture in the zone of the catalyst. This temperature in turn depends
on the concentration of the contaminants combusted. In the system
discussed, this temperature depends also on the efficiency of the
regenerators. This efficiency can be regulated by changing the flow
reversal time.

Incorporating the heat regenerators into the installation increa-
ses the pressure drop (here of the purified air) through the device.
The energy consumption by a fan enforcing the flow of a gas stream
may be treated as equivalent to the energy consumption due to hea-
ting the purified gas with a heating element up to a temperature of
the combustion reaction. The exploitation cost of the device depends
thus on an adequately chosen balance between the heat efficiency and
the pressure drop of the heat regenerators.

Material filling the regenerator should not adsorb the contami-
nants which would otherwise undergo desorption from its surface to
the air after the gas flow reversal.

Analysis of operational conditions of the heat regenerator

Analysis of the operational conditions of the heat regenerators
were performed making use in the calculations of a dispersive model
[3], [4]. The model implies the following relationship between a
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dimensionless variance of heat dispersion, og, and physical parame-

ters of the regenerator:

2 6qugcngp zﬁgpscEg 3L Li
= BATaH ' Than t B ~ [je [l exP(-2H/Le)] (1)
s s 2H
whereby:
as=(1—e)/Lp (1a)
2,2
op = o /u (2)
where u is an average heat residence time:
=M c F c¢ 3
H s va/ g9 P9 ( )

Relationships given in [5] were used to calculate the resistance
to flow. A more detailed descritpion of the computing algorithm
worked out on this basis is given in [6].

Adjustment of selected parameters of the regenerator
Effect of a calorific value of the combusted contaminant

Fig.2 compares plots of temperature attained in the zone of the
catalyst as a function of the flow reversal time, when carbon mon-
oxide or toluene are combusted in a device equiped with regenerators
of an average heat residence time of $60 s. Toluene and carbon mono-
Xide differ considerably in their calorific values. Combustion of
e.g. 2 g of toluene contained in 1 m3 of air, according to the stoi-
chiometric equation:

CoHg+ 9 0, = 7 COL+ (4H,0), AH = - 3.77 MJ/mol  (4)

yields 81.8 kJ of heat. In consequence, the temperature of air will
increase by about 40°C. Toluene belongs to substances of high calo-
rific values. If 2 g of carbon monoxide contained in 1 m3 of air is
combusted, the temperature will increase merely by about 10°c. The
figure reveals that the combustion of 0,25 g/m3 of toluene allows to
attain easily the temperature 350 - 400°C, whereas the same tempera-
ture may be attained only with the help of an extra heating element,
when the same amount of carbon monoxide is combusted. Even if the
concentration of carbon monoxide is increased to 0.5 g/m3, the tem-
perature of 400°C can be attained at a very short flow reversal ti-
me. At the same concentration of toluene and at short flow reversal
times, the temperature of the catalyst will considerably exceed
1000°c  which can affect adversly the catalyst. The calculations ha-
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ve been performed on the assumption that 30% of heat evolved on the
combustion is lost through the walls of a device,

Effect of average heat residence time.

The average heat residence time, is a basic parameter of the re-
generator. It determines (equation 3) a ratio of heat capacity of
the regenerator to heat capacity of the gas stream flowing through
the regenerator. The same heat residence time can be achieved in
regenerators differing in volume and height to diameter ratio, by
choosing the filling material of various volume density and specific
heat. These parameters have a significant effect both on thermal
efficiency of the regenerator (equation 3) and on porosity of the
bed, and hence both on temperature attained in the zone of the ca-
talyst and the resistance to the gas flow.

Effect of specific density of material filling the regenerator.

The effect of change in the average heat residence time of the
regenerator, obtained by varying the specific density of the fil-
ling, on the temperature -~ flow reversal time plots is illustrated
in Fig.3. The specific density of the filling (beads of small diame-
ter) was varied in the range from 1450 kg/m3 (e.g. a ceramic mate-
rial) to 7000 kg/m3 (e.g. steel beads).

It can be concluded from Fig.3 that in theory the temperature in
the combustion zone does not depend on the average heat residence
time of the flow reversal regenerator. In a limit, at a very short
flow reversal time, the same temperature is obtained (it depends on-
ly on the level of heat losses of the installation to the environe-
ment). In practice, however, there exists a limit, a certain minimal
flow reversal time. An attempt to diminish it further leads to a de-
regulation of the system in which the pseudo- stationary state can-
not be maintained. Fig.3 reveals that the effect of the average heat
residence time on the temperature is twofold:

- at the same flow reversal time, the higher the mass of the filling
(the higher the average heat residence time), the higher temperature
will be reached in the combustion zone,

- the higher the mass of the filling, the higher the precision with
which one can control the temperature in the combustion zone, the
higher the flow reversal time necessary to attain the same tempe-
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rature.

To give an example from Fig.3: at a flow reversal time of 3 min. and
a low mass of the filling (256 kg), the average temperature in the
combustion zone is 318°C, at a high mass of the filling (1237 kg),
the temperature increases to as high as 934°C, at heat losses to the
environment being as high as 50% of heat evolved during the combu-
stion. The same temperature of 400°C is obtained at the flow rever-
sal time t = 2.5 min for the mass of filling of 256 kg and t = 11
min for the mass of 1237 Kkg.

In the considerations presented, the increase in the heat capaci-
ty of the filling material, and hence the increase of the average
heat residence time, is obtained by increasing mass of the filling.
Analogous conclusions are also valid for variations in heat capacity
obtained by changing the specific heat of the material of which the
elements of the filling are produced.

Effect of proportions of the heat regenerator.

The same volume of the regenerator can be obtained for various
proportions of its dimensions, i.e. for various ratios of its height
to diameter, H/dR. An appropriate transformation of equation (1) to

the form:
2 24F c_ L 8F c 3L L
o, = — —EiRy AR 4+ B - 2—[(1 - exp(-2H//Lp)] (5)
ShsastRH h astRH H 2H

2

indicates that the first and the second components of the sum, de-
termining the variance, do not depend on the proportions of the re-
generator and merely on its volume. In turn, the third and the
fourth components of the sum, do not depend on the volume, but on
the height of the regenerator, hence, at constant volume, on the
proportions of the regenerator.

Effect of the proportions of a regenerator on the temperature
reached in the combustion zone is illustrated by the results of cal-
culations shown in Fig.4. The calculations have been performed for a
regenerator of the volume of 3 m3 and the flow of the purified air
of 2000 m3/h (0.55(5) m3/s), containing 0.5 g of toluene/ma.

As one can see in Fig.4, a required average heat residence time
(represented here by a constant volume and porosity of the filling
bed) can be secured in the regenerators of possibly high ratio of
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height to diameter. The higher the regenerator, the higher its maxi-
mum efficiency. For the case taken above as the illustration, the
temperature in the reaction zone does not practically reach 400%
for a regenerator 1 m high, but 550°C is reached in a regenerator 3
m high. This temperature difference decreases however with increa-
sing flow reversal time.

It should be born in mind, however, that the higher the ratio of
height to diameter, the higher the resistance to gas flow which is
proportional to a square of the linear gas flow velocity. The in-
crease of the pressure drop in the regenerator of the volume given

above (Fig.3), expressed as mm H,O0 is illustrated in Fig.5.

2

Comparison of energy consumption by a heating element and a fan

As already mentioned, energy consumption by a fan enforcing gas
flow through the heat regenerators cannot exceed energy consumption
by an electric heater. The pressure drop depends on one hand on the
length of a regenerator, on the other hand on the specific packing
of the filling material which accumulates heat. Fig.6 shows increase
in the energy consumption necessary to maintain a required tempera-
ture in the zone of the catalyst, or a constant flow of the purified
air, for the filling materials of various specification, determined
by ratio of the specific surface area of the filling to its mass per
unit of volume. The lines (solid and dashed) in Fig.5 show results
of calculations performed for the model described. The points marked
refer to a parallel results of the exprimental measurements carried
out to verify the model. The figure points to a very good agreement
between the model calculations and the experimental results.

Application of the method

The presented method of purifying air and the model for the cal-
culations have found wide application in the practice. Results obta-
ined with the industrial installation are given as an example in ta-
ble 1.
The installation purifies the waste gas from painting box for care
spare parts. The waste gas contained organic pollutants o—-, m- and
p-xylenes, ethylglicol and cyclohexanol. The minimal energy for the
autothermal operation was equal to 21-25 kJ/m3, which is equivalent
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to 0.5-0.6 g of xylene/ms. The amount of gas to be purified was 4300
ma/h.

Table 1. The degree of purification versus temperature of catalyst
for the industrial installation Gas flow of 4300 m3/h

Temperature Concentration of Degree of purifi-
) organic poslutants fication
g/m %
320 0,65 96.3
340 0. 65 97.2
360 0.68 98.0
380 0.82 98.6
-]
(I
& 3
5 3
E nE
S 3
2 3
% 1I-_|:
E 3
F
s
L
19 sss+ — experimental points .
g g ————— according to the moqel pe
s
g * e
B R
£ 3
o]

[ 1
Surfoce area x reduced mawﬁﬁuﬁnVNWNu%fﬂmm 17%

Fig. 6 Effect of specific packing of the filling material on
increase in energy consumption in order to attain
l. required reaction temperature Il required gas flow

Symbols
ag- specific surface area of a material filling the regenerator
(m /m ]



224

Cp,gcp,s average specific heat of gas and material filling the
regenerator [k3J/kg K]
dR— regenerator diameter [m]
Fg— mass velocity of the purified gas [kg/s]
Fv- volume velocity of the purified gas [m3/s]
G - mass stream of the gas flow [kg/mzs}
H - regenerator height [m]
h - heat exchange coefficient solid state - gas [wthK]
L_ - linear parameter of elements filling the regenerator [m]
M - mass of material filling the regenerator [kgl
ug - average linear gas flow velocity [m/s]
€ =~ porosity of the fiiling bed
n =~ heat efficiency of the regenerator
AS - heat conduction coefficient of the material filling the
regenerator [W/mK]
pg - gas density [kg/hﬁ]
4 - average heat residence time [s]

02~ variance

¢ 2 - dimensionless variance, defined by equation (2).

D

References

[1] H.Hausen, Warmelbertragung im Gegenstrom, Gleichstrom und Kreuz-
strom, Springer, Berlin, 1950

[2] T.Machej, J,Janas, J.Haber, L.Michalski, H.Sadowska, and
B. Jakubowski, Patent P-285502

[3] O.Levenspiel, Chemical Reaction Engineering, John Wiley & Sons,
Second Edition, 1972

{4] P.A. Ramachandran, M.P. Dudukovic, Comp.Chem.Engng.,
1984

[5] K.K. Pawlow, P.G, Romankow, A.A, Noskow, Przyklady i =zadania =z

zakresu aparatury i inzynierii chemicznej, (in Polish, Exerceses and

Examples from Chemical Apparates and Engineering}, WNT W-wa, Wydanie
111, 1969

[6] K.German, A.Gawdzik, T.Machej, D.Pajak, Przem.Chem., 72, 10,
409, 1993

8, 6, 377,



