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1 Introduction

Substitute, among other, fuels are implemented in order to save fossil fuels in the raw material industry
(e.g. cement production) and in power plants or for the operation of decentralized waste treatment
plants with relatively uncomplicated flue gas purification systems. These substitute fuels must be tai-
lored for each individual plant and process technique with respect to the material characteristics [1],
(e.g. chlorine heavy metals). If these substitute fuels are derived from waste (e.g. municipal waste),
then even a pollutant release is very difficult with a mechanobiological treatment with corresponding
expenditure since the pollutants exist in nearly all material (paper, metal, plastic, textile, etc.) and par-
ticle fractions [2]. A thermal pretreatment through pyrolysis or gasification is a possible alternative to
the mechanobiological treatment for the preparation or supply of substitute fuels. The implementation
of a pyrolysis in a rotary kiln before a power plant reactor (ConTherm, [3]) and of a fluidized bed gasi-
ficator before the calcinator in a cement calcination process (Riidersdorfer Cement Plant [4]) have
been mentioned as an example. Basic thermal processes (pyrolysis, gasification, and combustion) are
therefore now meaningful as not only as a part of a waste treatment process but also as process com-
ponents for the treatment or preparation processes in the raw material industry and in power plants [5].
In both cases, the development and optimization of primary measures for pollutant breakdown or
binding is still an important field of research and in industry.

The first experiments for the investigation of primary measures are carried out on the laboratory scale.
Further investigations are then continued on the pilot plant scale and must finally be transferred into
the practice. Large uncertainties often occur when transferring the results from one scale to another,
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making even an approximation impossible. In this paper the pyrolysis process in a rotary kiln is ex-
amined.

In order to utilize the products resulting from the pyrolysis, mainly the hot pyrolytic gas and the coke,
energetically and/or physically with low pollutant loads, additives which bind chlorine and heavy met-
als in a water-soluble form during the pyrolysis can be introduced to the process. These compounds
can then be washed out of the coke. The coke can then, after an additional separation of metals and
impurities, be either incinerated directly or sold as dried substitute fuel.

Laboratory and pilot plant scale experiments showed that variable leaching rates for the chlorine com-
pounds out of the coke depend upon the geometry and operating parameters. In order to systemize the
influences, qualitative and quantitative experiments to determine the residence time-behavior with and
without material conversion were carried out in addition to the hot experiments. Significant results are,
for example, considerations about the scale-up factors, which make a basic transferability of results
from the laboratory to the pilot plant scale possible. Therefore, the fundamental independent variables
for the pyrolysis will be discussed here. The corresponding plants will then be described and the indi-
vidual results will be discussed in connection with the considerations for the scale-up factors.

2 Main Influencing Parameters of Thermal Treatment

The main influencing parameters for the thermal waste treatment plants can be roughly divided into
material characteristics, amount of oxygen available, reaction gases, temperature, pressure, reactor
properties, material input, residence time, and additives as shown in Figure 1.
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can be approximated as a plug flow reactor (Bo = o) lengthwise along the rotary kiln and described
as a stirred reactor (Bo = 0) along the rotary kiln cross-section in a segment Ax (see Fig. 2, Bo-
number characterizes the mixing conditions). The residence time amounts to ca. 30 minutes to 1 hour.
Additives can be introduced with respect to the binding of pollutants or to influence bed characteris-
tics. The material conversion process in the bed, in other words the pyrolysis or the coke formation as
well as the pollutant release and binding, are dependent not only upon the values of the primary inde-
pendent variables but also upon their time course or the course over the length of the process. Basi-
cally, the main influencing parameters can be divided into fundamental reaction parameters and into
operational parameters. Fundamental reaction parameters are e.g. temperature, stoichiometric ratio of
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Fig. 1: Main Influencing Parameters of Thermal Treatment
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additive, gas atmosphere and residence time. Operational parameters depend on the apparatus used for
the process. The residence time behavior of the apparatus has a great influence upon the reaction cour-
se. In the case of the rotary kiln, parameters influencing the residence time distribution (RTD)- beha-
vior are the mass flow, rotation speed, inclination etc. (see below). In order to transfer the results from
laboratory scale experiments to pilot scale and industrial practice, the so- called scaling factors or sca-
ling laws are very important. While on the pilot scale as well as on the laboratory scale, temperature,
stoichiometric ratio and gas atmosphere can be adjusted, this is difficult for the residence time. For
pilot rotary kilns, the RTD- behavior is an additional parameter to consider in relation to the above-
mentioned operational parameters. On the other hand, the RTD- behavior (reactor behavior) influences
the conversion in the reactor. For the evaluation of this influence, a process analysis for the RTD is
necessary.

As already mentioned, the process in the rotary kiln can be regarded as plug-flow over the length and
as a stirred reactor along an individual segment Ax, in other words above the bed height. For the mate-
rial conversion processes in the rotary kiln and the corresponding main independent variables, one
must differentiate between reactions which occur along the apparatus (plug-flow) in the bed and the
processes in which the reactions take place over the bed height in the rotary kiln section (stirred reac-
tor), for example at certain temperatures. This differentiation is with respect to the choice of experi-
ment conditions on the laboratory scale or the evaluation of the results very important.

Pyrolysis reactions are particularly sensitive to temperature and heating rate in the individual rotary
kiln sections. The coke formation is carried out along the entire apparatus length. The residence time
significant for this process is the residence time along the apparatus. During the investigation of cer-
tain reactions which for example occur within a definite temperature interval and therefore in a corre-
sponding kiln section, the bed height or the residence time over the bed height is then the significant
variable. The release of chlorine from the waste and the corresponding binding with the help of additi-
ves is a good example. This process occurs within a narrow temperature range [6] and will be
discussed in detail in Section 4. Due to the thorough mixing conditions in the individual rotary kiln
sections (stirred reactor elements) and the resulting approximate plug-flow characteristics along the
kiln length, a relatively steep temperature gradient occurs across the length of the rotary kiln and a less
pronounced temperature gradient over the height of each individual section. The parameters which
influence the residence time along the kiln length and those influencing the residence time over the

h(x) bed hight
m_  mass flow solid input rotary kiln

m_  mass flow solid output rotary kiln

n rotation speed rotary kiln
r radius from the rotary Kiln to the

bed surface
D internal diameter

X axial length of run
Ax  axial distance

B inclination rotary kiln

region of liting cascade w(x) inclination of the bed surface
of solid material layer g(x) filling angle

o dynamic bottoming angle

GUTEC/ Festsiofranspori-Schemak / 08.02.2001

Fig. 2: Main influencing parameters of the material transport in rotary kilns

bed height must therefore be regarded separately. The explanations for the two cases are derived ac-
cording to Figure 2.
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The main independent variables for the residence time in the lengthwise direction include, in addition
to the geometric dimensions such as kiln radius R or the kiln diameter D; and length L, the material
specific variables of bottom angle o (x) and the operating parameters inclination B, number of revo-
lutions n and the mass flow mg (x). Furthermore, the residence time behavior can also be described
through the path-independent values such as the bed height h (x), the bed inclination y (x), and the
filling angle € (x). For a constant mass flow, the diameter D; as well as the number of revolutions n and
a function of the inclination are inversely proportional to the residence time T whereas the length L as
well as a function of the bottom angle o are directly proportional to the residence time. The following

k. -L- f(e
equation then results for the average residence time T [i.e. 7]: 7= '—M (1). The constant k; in
n-D, - f,(B)
Equation (1) generally reflects number values for internal fittings and weirs. Zengler [8] derived,
through extensive experimental investigations, a semi-empirical equation for the determination of the

axial solid residence time in rotary kilns:

VD-g
and thereby confirmed the fundamental dependencies contained in Equation (1). In addition, the filler
content ¢, the dimensionless particle diameter A, and the dimensionless wall roughness K are taken
into account in Equation (2).
As previously mentioned, the residence time above the bed height is the significant independent vari-
able for the release or binding of pollutants. This residence time is directly proportional to the corre-
sponding bed height h(x) in each kiln section Ax. The bed height is primarily dependent upon the kiln
diameter D; or the radius R and the filler content ¢. The filler content can be expressed through the
(2-£—sin(2-¢&)) 3).

2.
The maximal bed height h,, can be described through the following equation 4, = R-(1—cos€) (4).

T=

with £ =0,5-Fr, " -(8+0,014)" - ¢ -sing, - A" - K™% (2)

filling angle € (x) according to Fig. 2: ¢ =

The bed height h” = f(R, @) at a certain kiln radius R and angle ¢ (0< ¢ <¢) can be expressed according

cos(e—@)—1+h

( ¢) max (5)-
cos(€— )

The maximum bed height results from @=¢ and Equation 5 then yields Equation 4. The maximum bed
height is however not the most important variable for the binding of chlorine. The height distribution
plays a much greater role in dependence upon the filling angle and the radius. When h” is plotted
against the height according to h™- Ah” (¢-A¢@), the mass content which depends upon the radius at a
constant filler content can be described for a certain binding rate. With the help of these considera-
tions, the results from different reactors at constant filler contents can be compared.

to the following equation: /#’= [sin(90°—£—-@)]- R -

3 Equipment: Laboratory and Pilot Scale Plants —Analyses

The experiment plants on the laboratory scale, the solid bed, and the batch rotary kiln and the pilot
scale plants as well as the analysis methods will be elucidated here.

3.1 Laboratory Scale Plants
Test were performed in a fixed bed (see Figure 3) and a batch rotary kiln (see Figure 4).

Pyrolysis of 15 g of a mixture of 3 g PVC with 12 g limestone in a fixed bed was carried out under
nitrogen flow at 500 °C for 25 minutes with a heating rate of 35 “K/min.
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Pyrolysis of 110 g mixture of wood chips / PVC (10/1) with and without limestone (Ca/Cl = 3:1) in a
batch rotary kiln was carried out under nitrogen flow at 500°C for 1 hour with a heating rate of 10
°K/min.

| —

1. Bonbonne d’azote 7. Four électrique

2. Rotametre 8. Cryostat

3. Securité surpression au Hg 9. Pieges a huile refroidis a -20°C

4. Tige poussoir 10 Piége rempli de laine de verre

5. Reéacteur en pyrex 11. Piéges a eau
6. Nacelle en pyrex 12, Chambre a air de récupération des gaz

Figure 3: Fixed bed, ULB Brussels Figure 4: Batch Rotary Kiln, ULB Brussels

3.2 Pilot Scale Plant

Figure 5 shows the flow chart of the pilot plant rotary kiln used for pyrolysis.
The rotary kiln plant consists of the main components

e pyrolysis rotary kiln ([1] in Figure 5),
¢ washing column for purifying the pyrolytic gases ([2] in Figure 5) and
¢ combustion chamber for the postcombustion of the purified pyrolytic gases ([3] in Fig-

nee. ).
The material to be treated is delivered from the feeding shaft flooded with the inert gas nitrogen into
the kiln via a conveyor worm. The rotary kiln has a diameter of 0.3 m and a overall length of 5.8 m.
The conveyed amount can be regulated over revolutions of the worm. Depending on the input material,
a maximum mass flow of about 15 to 70 kg/h can be achieved. Four individually adjustable heaters
with a total electrical power of 40 kW heat the input material. The heated length of the kiln is 3.6 m.
The reaction chamber of the rotary Kiln is sealed off from the outside by two heat-resistant rotating
mechanical seals, which are flushed with nitrogen. The maximum temperature in the kiln is not to ex-
ceed 1000 °C. At the end of the kiln, the pyrolytic coke is discharged through an electrically heated
delivery chamber.
The pyrolytic gas is directed through the delivery connection piece from the kiln into a three-staged
washing column filled with Raschig rings ([2] in Figure 5). Here, the hydrocarbon-loaded gas is cooled
to about 30 °C and the medium and heavy-volatile fractions are washed out. The washing fluid con-
sists of soda lye diluted in water, which is pumped through a circuit with two series-connected settling
tanks. The purified pyrolytic gas arrives in the succeeding combustion chamber ([3] in Figure 5) where
it is burned, along with natural gas as flame support.
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Figure 5: Schematic presentation of the pilot plant rotary kiln, Cutec, Clausthal

3.3 Analyses

Leaching tests were performed on all residual solids: approximately 3 g of sample in 50 ml of water
for 1 h at 50°C. Chloride anions were titrated in all the solutions with silver nitrate (potentiometric
titration).

Minerals present in the char before and after washing were determined by X-ray powder diffraction
(XRD) with Philips PW 1729 equipment.

Ashes were analysed using a SEM Jeol JSM 820 coupled with an energy dispersion microanalysis de-
vice (EDAX 9100). The accelerating voltage was 20 kV.

4 Chlorine Capture

The following section presents a short summary of the significant reaction pathways during the release
and binding of chlorine and heavy metals during the pyrolysis and also an introduction and discussion
of the results of the laboratory and pilot plant scale experiments.

4.1 Reaction Mechanism

The pyrolysis of PVC can be separated into two sections [6]. In the first section between 220 and 375
°C, ca. 64 % of the total mass reacts to a gas consisting mainly of HCI and some aromatic compounds.
At ca. 380 °C, the formation of HCI finished. In the further course of the reaction up to ca. 530 °C,
aromatic hydrocarbons are formed. The entrapment rate of the volatile HCI out of the PVC into the
char reflects of the amount of adsorbed and chemically-bound chlorine. The chemically-bound com-
ponents can be leached to a certain degree (so-called leaching rate).

CUTEC- Clausthaler Umwelttechnik Institut GmbH 10.08.01



MUNICIPAL WASTE PYROLYSIS: COMPARISON OF LABORATORY SCALE AND PILOT SCALE RESULTS

7

» HCI
CxHy Gas
@_' > ROl - 2
| Adsorption
Waste 5 > HCI -
i Char
o PbCl2
 metals
J—P@ »| Gas
Waste ——>( Hot ) .
= CaClp
Additive — J Char
PbO
Heavy i
metals :
Pb
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not the residence time across the length of the kiln.

4.2 Laboratory Scale Results

In all cases, less than 0.5% of the chlorine input is present in the pyrolytic gases as HCI. In the fixed
bed 75 % of the chlorine input is present as leachable calcium chloride in the char. For the batch rotary
kiln it was shown that in the presence of limestone 24% of the chlorine is present as leachable calcium
chloride in the char, while in absence of limestone the chlorine is mainly entrapped in the char (only
1.6% leachable) [9].

4.3 Pilot Scale Results

As for the lab-scale experiments, less than 0.5% of the chlorine input is present in the pyrolytic gases
as HCl on the pilot scale. The pyrolysis of wood chips at 22 kg/hr of course results in no chlorine in

The introduction of alkaline additives to chlo-
rine or heavy metal-containing waste leads to a
nearly chlorine-free pyrolytic gas with the si-
multaneous possibility to leave the heavy metals
in their reduced form in the residue while the
chlorine is leachable out of the residue as com-
pounds such as calcium chloride (bottom
graphic in Figure 6 [9]).

Without the introduction of additives, the chlo-
rine remains either mainly as hydrogen chloride
HCI or as a residual chloride RCI in the pyro-
lytic gas or is adsorbed onto the coke in a un-
leachable form. The heavy metal components
form, among other compounds, heavy metal
chlorides which are only partially leachable
(upper graphic).

The residence time in a relatively narrow sec-
tion of the rotary kiln above the bed is signifi-
cant for the release and entrapment of chlorine,
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Table 1:

Results from Pilot Scale Experiments

examination of the
char after leaching by

scanning electron microscope coupled with energy dispersion analysis confirms the presence of chlo-
rine in non-leachable form (see Table 1, No. 2). In the pyrolysis of the same wood-PVC mixture with
the addition of limestone, about 60% of the chlorine input can be leached out by char washing. Exami-
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nation of the char (SEM + EDAX) confirms the presence of chlorine associated with calcium before
leaching (see Table 1, No. 3). In the pyrolysis of the same wood-PVC mixture with the addition of
hydrated lime containing sludge, about 60% of the chlorine input can also be leached out by char wa-
shing (see Table 1, No. 5). Calcium is also associated with chlorine in the char. The test with the same
mixture but with the half of the mass flow and pre- heating produces a much better result; about 86 %
of the chlorine input can be leached out by char washing (see Table 1, No. 4). After the pyrolysis of
wood contaminated with lead oxide, the lead is mainly present as PbO in the char (see Table 1, No. 6).
When the same input contains PVC, the lead is mainly present as PbO, with 16% in leachable PbCl,
(see Table 1, No. 7). Addition of limestone to the last input causes lead to be mainly present as PbO
and 43 % of the chlorine input is leachable from the char (see Table 1, No. 8). The pyrolysis of the
same mixture with the addition of hydrated lime containing sludge instead of limestone generates no
leachable lead but 56 % of the chlorine input can be leached out by char washing (see Table 1, No. 9).

With limestone additions to the wood-PVC-mixture, the HCI reacts preferentially with calcium to form
calcium chloride. At 500 °C, the 60 % leachable chlorine from the char obtained in the pilot scale is
less than the 75 % in the laboratory scale fixed bed. In batch rotary kiln only 24 % leachable chlorine
was found. The behavior of the lead is closely related to that of chlorine. In absence of sorbent, part of
the lead oxide reacts with HCI to form lead chloride. With limestone additions, the lead oxide remains
in the char ashes.

5 Residence Time- Behavior and Scale-Up-Factors

In the following sections, the results of the residence time-behaviors without material conversion (cold
investigations, Section 5.1) along the pilot rotary kiln as presented and discussed for Plexiglass. The
scale-up factors are determined with the help of dimensional analysis. The considerations for the
similarity during the material conversion in the lengthwise direction and cross-section of the rotary
kiln are discussed in Section 5.2.

5.1 Residence Time-Behavior without material conversion

In this section, the determination of the residence time along the length of the rotary kiln will be dis-
cussed. Investigations of the measurement of residence time distributions (RTD) are described and the
measured values are compared.

A Dirac impulse in the form of a defined amount of color-labeled solid particles my are introduced to
the stationary solid mass flow via a conveyor worm in order to examine the residence time behavior.
Samples were taken after the time (; at regular intervals At; (measured after addition of the tracer into
the rotary kiln) at the rotary kiln output. A representative sample distribution followed. The concentra-
tion of labeled solid particles (m;) was then determined through enumeration and weighing. The aver-

[10] (6) The deviation © is then calculated using the residence time distribution and average residence

Z(ﬂ.Ar;.tf)

my )

et T"
z m,. 7
i (mo AI()

i

timeo” = (7). The dimensionless deviation Ggcan be converted to
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according to Zengler. Since the

experiments were carried out

in a metal rotary kiln, the ”
roughness can be assumed to : =

be nearly Zero (106 mm) The 107 20657 30139 401957 507 6(0.65% 70139 81,957
; " Tesinumber (-) =
calculated results only deviate i e

significantly from the meas-
ured values in Experiment 1. It Fig 7: Measured and according to Zengler calculated residence time

100
n = 3u/min, ag = 35°, dynamic angle ca. 45°

pq = 700 kg/m®

Residence Time (min)
=

g

8

BMeasured values B Calculated values

is however noticeable that the

influence of the mass flow has little effect on the calculated residence times at constant inclination
angles. The experiments confirmed that, dependent upon the input material and mass flow, the resi-
dence time is shortened with increasing inclination (see Figure 7). At constant inclination and rota-
tional frequency, the residence time depends upon mass flow (see V1 and V35, Table 2) for an average
degree of filling above ca. 25 %, which represent an input bed height of 12 cm and output height of 4
cm. The residence time increases then with decreasing mass flow at constant material volume (the in-
put and output bed height are approximately equal in experiments V1 and V5).

However the residence time show no significant dependence upon the mass flow (experiments V3 and
V7 or V4 and V8) for average degree of filling below ca. 25 %. The filling heights also fall with de-
creasing mass flow.
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When the deviation is determined using the measured values m; (t;), At; and the Bo-number derived
according to the Equations (4 to 7), Bo-numbers of 130 to 262 result for experiments 1 to 7. A deviat-
ing Bo-value of 50 was determined for experiment 8. The Bo-numbers lie in the range for the plug-
flow conditions. The results obtained in a specific rotary kiln of defined length and diameter and with
certain material and operating parameters can not be directly applied to smaller or larger rotary kilns.
The corresponding scale-up factors are necessary to transfer the results. The scale-up factors can be
derived from the similarity principle [11]; two systems are completely similar when all the dimen-
sionless characteristic values which describe the process have the same value. The characteristic values
which describe the axial solid transport without material conversion are the Froude-number

D L2

F, (10), the Bo-number Bo =

R

(11), the degree of filling ¢, the dimensionless resi-

dence time @ = % A/D- g (12) or 14/, according to Equation (1), and the angle ratio of the filler angle

0y to the inclination B (sin a¢/P) (13). The influence of the particle diameter d and the dimensionless
wall friction K are ignored. The influence of the particle diameter is discussed in more detail in Sec-
tion 5.2. The above-mentioned characteristic values were confirmed for the most part by the experi-
ments done by Zengler. With the scale-up factors Ap and A; under the conditions D, = 4, - D, (14a)

and L, = 4 - L, (14b) from the angle relation, the inclination [3; must equal [3,, assuming that the same

: 1
materials are used. The equation F;, = F;, results from the Froude-number n, = ——-n, (15). From

VA
7 1 .\/Z (16a) or e kl'Ll'fl(a),nl'Dz'fz(ﬂ)_‘/}; (16b) (with

6, =6, the equation —=— = =
: T, 4 T, m-D .fl(ﬁ) ky- L, fz(a) )”L
fi(0w) = fa(ow) and fi(B) = f2(B) as well as k; = ky) results. From the Bo-number Bo, = Bo, or

Dax2

= A JZ (18) can be derived. Furthermore, the degree of filling for both rotary kilns ¢, = ¢,

axl

must be equal. If the ratio L/D can be assumed to be constant, then and L/Ap=1.

5.2 Residence Time-Behavior with material conversion

A complete similarity cannot be maintained with regard to the material conversion. This can easily be
shown by the example of the influence of the particle diameter:

During the material conversion, the particle size decreases from that of the input material due to mass
loss in dependence upon the time and the surrounding conditions. Characteristic properties of the par-
ticle then also change, such as radius, pore radii and length, internal and external surfaces, the related
conditions for material and heat transfer as well as the chemical reactions. When different particle di-
ameters are examined in a corresponding rotary kiln, different gasification behaviors, for example,
must exist. Therefore, a complete similarity regarding the residence time behavior with material con-
version is abandoned and a partial similarity is assumed.

For material conversion processes mainly occuring across a broad temperature range and therefore
generally carried out along the length of the rotary kiln, the relation for the scale-up derived in the pre-
vious section can be of used. The relevant parameters can then be adapted so that the residence time
and the accompanying heating rate on the laboratory scale correspond for example with the conditions
in the pilot rotary kiln. The parameters and similarities discussed in Section 5.1 in connection with the
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axial solid residence time are in this case only valid for the corresponding lengthwise section Ax in
which all material and geometric parameters can be assumed to be constant. Each of these sections Ax
can then be regarded as a stirred reactor element or as a batch rotary kiln. This makes the representa-
tion of the continuous process in a rotary kiln a cascade of stirred reactor elements.
If material conversions mainly occur within a certain temperature interval and thus in a small section
Ax of the rotary kiln, then the residence time over the bed height is the significant variable as ex-
plained above. An example for such a conversion process is the entrapment of chlorine with the help
of additives (the entrapment rate represents the amount of chlorine which is leachable out of the coke).
Based on the experiments in the laboratory solid bed (gram scale), a laboratory batch rotary kiln (100 g
scale), and a pilot rotary kiln (several kg/h scale) described in Section 4, the question now arises, how
the experimental conditions must be coordinated to make a transfer of the results possible. The fol-
lowing points should be taken into account when attempting a qualitative evaluation or transfer of the
results from one scale to the next.
When the normal course of the entrapment rate for the entrapment reaction is examined in dependence
upon the residence time (Figure 8), then one can generally determine a nearly linear increase in the
entrapment rate in the range of lower
residence times (range c). The entrapment
rate begins to approach its limit asymp-
totically with increasing residence time
_________ }"}T (range a). The corresponding reactor be-

havior is important when discussing the
shape of the curves in Fig. 8. A uniform
release of HCI from the PVC in the entire
volume of the packing material occurs by
; very thorough mixing (stirred reactor
Soos o = S characteristic). However, with unmixed

packing material, a progressive heating of
the packing material must take place over
the height (plug-flow characteristic). In
addition to the well-known reaction technological aspects for the evaluation of stirred reactor and
plug-flow characteristics, the influence of the demixing, which leads to an accumulation of the specific
lighter PVC granulate on the bed surface, should be mentioned here. The HCl released from the PVC
directly at the bed surface would have no contact to the additive in this case. The reaction technologi-
cal aspect of the reactor characteristic and the demixing should therefore be considered when compar-
ing the results of the experiments in the laboratory solid bed with the laboratory batch rotary kiln. The
reactor behavior can achieve partial similarity using the correlation presented in Section 5.1. However,
the maintenance of the similarity with respect to the residence time over height is difficult. If a certain
residence time or height h; p is assumed in the packing of the rotary kiln (Fig. 9), then a degree of en-
trapment corresponding to the minimum packing height s; p = hyax- hyp can be determined from Fig. 8.

| C

Fig. 8: Theoretical entrapment in dependence upon the packing height or
the residence timet
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The packing height re-
quired in order to make a
certain chlorine entrapment
rate possible is defined as
sip. All layers below a
height h;p have a longer
residence time and there-
fore a higher entrapment
whereas the residence time
of the layers above this
height is shorter resulting
in less entrapment. With
this minimum packing
height s; p between the bed
surface and the rotary kiln
wall (segment AD or BC),
a surface element is cut out
of the packing. Multiplica-
tion of this surface element
with the length element Ax
yields the volume element
AV which, multiplied with
the density, produces a
mass element Am. For this
mass element, the bed
height h between the rotary
kiln wall and the bed sur-
face is equal to or greater than the minimum packing height s, p. The bed heights for the mass elements
to the left of segment AD or to the right of segment BD are less than the minimum packing height and
have shorter residence times than the previously-mentioned case. It is now important which section of
the curve (Fig. 8) is considered. A reduction of the residence time or the minimum packing height s in
the left section (c) causes a significantly stronger reduction in the degree of entrapment than a reduc-
tion in the range of higher residence times or bed heights (sections a and b). Three sections (a to ¢) will
be discussed here as examples:

a) Asymptotic section: If s; p lies in the asymptotic range in Fig. 8, then the decrease in the residence
time in the ranges h < s; p have little effect of the total entrapment rate.

b) The mass element with h < s, p increases for a packing height sy p. At the same time, a reduction in
the residence time due to the shape of the function in Fig. 8 leads to a total entrapment rate less
than in case a).

¢) If a packing height s3p is assumed, then the sections with h < s3 p dominate and the entrapment rate
changes linearly with the bed height or residence time in these sections.

When experiments in the rotary kiln with different radii are observed, then the same degree of filling

should be maintained from the view of similarity with regard to the residence time over the bed height

(see Section 5.1). At a certain degree of filling, the bed height h = h” is a function of the radius R and

the filling angle € according to Equation (5). In general, Rg < Rp (Fig. 9) holds true for a batch rotary

kiln with index B for batch rotary kiln and index P for pilot rotary kiln. Due to the requirement for the
equality of the minimum packing height s, g = s;p = s; (Where $; = hyux- hi ), the mass element for h <

Fig. 9: Geometry at rotary kilns with different diameters
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s; in a batch rotary kiln with a smaller radium is significantly greater than that in a pilot rotary kiln

with a larger radius. This would lead to lower entrapment rates for the batch rotary kiln.

The experimental results from the solid bed, the batch rotary kiln and the pilot rotary kiln will now be
discussed with respect to the

10 above-mentioned aspects of

- the residence time over the
bed height.

5 For the solid bed, in which
100 % of the mass occurs at

4 the same bed height of ca. 3

cm (Fig. 10, curve 2), the
highest leaching rate of chlo-
rine compounds is obtained
with 75 % of the chlorine

Bed height h (cm)
o

t input. Due to the geometric
g : _ = \ e maa el conditions in the batch rotary

M‘.‘L kiln, a ca. 17 % degree of
2 -—- filling, corresponding to a

maximum bed height hp, of
ca. 3 em (Fig. 10, curve 3),

; . : ' ‘ ' ' ' ; results. This explains the low
0 al 02 03 04 05 06 a7 08 a9 i leaching rate of 24 % in

MM () 2 s :
—— CUTEC Plot Scdle: radus R 015 flg iio o 25% cuve 1 SARRp N, with the S‘_Jhd
U Axedibect flng rctiocar 100% cune2 bed. A maximum bed height
—&— ULB Boiich-Rofcry Kin; redius R 0046 m fling refio ey 17% cunve 3 haey of ¢ca. 9 cm (Fig. 10,

curve 1) is achieved in the
pilot rotary kiln due to the
geometric conditions and a degree of filling of ca. 25 %. From Fig. 10, curve 1, one can see that ca. 44
% of the total mass is found at a bed height of less than h = 3 cm. In a comparison to the conditions in
the batch rotary kiln, approximately 100 % of the mass is found at a bed height of less than h = 3 cm.
This offers an explanation why the leaching rate for chlorine compounds of 60 % of the chlorine input
in the pilot rotary kiln must lie distinctly above that for the batch rotary kiln.

The leaching rates of the solid bed and batch rotary kiln cannot be compared directly due to the differ-
ent reactor behaviors and the mixing characteristics. The different leaching rates of the batch and pilot
rotary kilns can however refer to the above-mentioned influence of the residence time over the bed
height under the condition of fundamental similarity concerning the degree of filling.

In summary, the experiments confirmed that fundamental dependencies with respect to the stoichi-
ometery of chlorine and additives, temperature, heating rate, and the residence time, etc could be
achieved in the solid bed. The influence of the mixing and the reactor characteristics as well as the
related residence time behavior must be investigated in a batch rotary kiln, whereby one must consider
that a minimum height must be maintained in the batch rotary kiln for the transfer. A corresponding
course of procedure is required for the scale-up to a pilot scale rotary kiln.

Fio 10+ Red heioht as function of the mass ratin

6 Symbols and Indices

dimensionless residence time [-], T average residence time [s],
L rotary kiln length [ml], D diameter rotary kiln [m],

-
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g gravitational acceleration [m/s?], Fr: Froude-number (D nz)/g (-1,

n number of revolutions [u/s], B rotary kiln inclination [°],

() degree of filling [-], 0o static packing angle [°],

A relative particle diameter (d/D) [-], A scale-up factor for the length [-]
d (equivalent) particle diameter [m], AD scale-up factor for the diameter [-]
K relative wall roughness (k/d) [-]. K roughness height [m].

R: rotary kiln radius [m], i length of the rotary kiln [m],
PF: packing density of the solid, hea:  bed height input, output

€1A filling angle input, output, ©, A@: angle, angle difference [°]

h, h", Ah™: bed height, bed height difference [m] P, B: pilot/batch rotary kiln

5 minimum packing height [m] Bo:  Bo-number (L* (Dy 1) [-]

10,78, axial diffusions-coefficient [m*/s]
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