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Process dynamics

An advanced controlled air incinerator has been investigated, developed and put into
successful operation for a single component and other combustible solid wastes. Experimental
studies showed that, at lower temperature, CO2, and CH« contents in gas reactor effluent
increases by the increase of glowing bed temperature, white H2O, H2 and CO decreases. It
was proved mat, a burn- out efficiency (for ash residues) and a volume reduction factor
appeared to be better than 95.5 % and 98 %, respectively. Moreover, high temperature
permits increased volumes of incinerated material and results in increased gasification
products . Process chemistry and kinetics of the gasification were studied . The rate of
reaction of the gasification process was obtamed at different operating conditions by solving a
set of algebraic equations provided by applying the extent of reaction concept . The
comparison showed a satisfactory agreement between the calculated and experimental values .
Unsteady state mass balance equations are developed for the gas reactor . The derived
equations are Laplace transformed and solved to generate the dynamic behavior of the system
. Open loop calculations are conducted to study the effect of some disturbances on the
performance of the gas reactor. Model output was compared with actual experimental data as
only slight corrections have to be made.
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INTRODUCTION

Because of the considerable specific volumes, and other physical and chemical qualities, as well as the
contaminated wastes are not appropriate for final disposal, volume reduction using controlled incineration process
would be highly desirable, as it is often considered to be ultimate disposal approach to contaminated wastes. The
potential advantages of controlled incineration are varied. The primary advantage results from volume reduction
of approximately 90%, as incineration is employed to minimize the stored waste volumes, and to convert the
largest portion of the contaminated waste into chemically inert form (ash). The produced ash is much easier to be
handled and disposed than originally generated waste in nuclear research centers, nuclear facilities, and hospitals
as well. In addition to volume reduction, there is also detoxification of contaminated materials, as it can be broken
into constituents parts composed mainly of carbon dioxide, CO2 and water vapor, H2O. Numerous incineration
technologies have been developed " J to incinerate a vast array of contaminated wastes. Many of these techniques
are employed at general purpose permanent facilities, regional incinerators that serve customers by accepting and
destroying any appropriate waste. The thermal treatment of wastes by incineration is a process involving many
mechanisms and reaction courses not yet sufficiently investigated(2>, therefore, a single component waste may be
utilized to study process chemistry and kinetics . In addition date provided are used to study the dynamic behavior
of the gas reactor. A special attention must be given to bag filter and cyclone separator dusts because of their high
quantities and contents of heavy metals such as copper, zinc, cadmium, cobalt and other organic pollutants(3;.

Experimental Work and Process Chemistry

The Low Active Waste Incinerator(LAWr) demonstration facility of the latest design is the research tool
available to the Nuclear Research Center (NRC), where scientific investigation of contaminated waste
incineration and flue gas cleaning may be conducted . The objective of this investigation work is to develop an
ecologically solid waste incineration process combined to the control of problems arising from pollutants present
in all streams, and to concentrate pollutants residues from flue gas cleaning to make them suitable for proper
disposal (4 \ To assure a good performance, as well as accurate thermohydraulic data collection , LAWI is
equipped with process control and safety systems . The operating switches and control of various electro
mechanical components (valves, burner,, exhaust blower and fresh air blower) are located on the control panel, as
the entire installation can be operated and controlled easily by only two employees. Moreover, construction allows
for very fast start up and shut down .
Process Description /

The gas reactor has to be filled completely with a single component waste via glove box, without shredding or
pretreatment. During operation, there is a positive temperature gradient ( 5 ' in the waste column, as temperature
increases from near room temperature at the top of waste column to about 800 °C around the movable grate (Fig.
2). By addition of under-stoichiometric amount of air, the waste is dried, decomposed, and then gasified in distinct
zones on the waste column. The gas consisting of CO, COz, H2, water vapor and traces of methane is produced.
The CO, H2 and the methane are oxidized by addition of secondary air into the combustion chamber. Also
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pyrolysis coke and tar like substances are cracked in this chamber at about 1000 °C. Ashes and coke are falling
through the grate to the bottom of the gas reactor, where it may be burned out by addition of secondary air. To
meet the requirement of Clean Air Act, and the Nuclear Laws, and Ordinances, an efficient off-gas purification
system is necessary. The off-gas is cooled down to about 200 °C in the mixing chamber by mixing with fresh air
before it pass through the cyclone separator and then filtered by using filter group which consists of a self cleaning
bag-filters and high efficiency particulate absolute (HEPA) filters. The purified gas is finally sucked by the
exhaust blower and emitted to the environment via the stack.
Ashes are removed periodically from gas reactor, combustion chamber, cyclone
separator and bag-filters into 40L steel drums to be conditioned by any of the proven conditioning techniques.
Schedule. Feed stock and Operating Conditions

Prior to operating the incinerator, each component and subsystem of the facility was tested. The checkouts
requirements included operating the control valves, blowers, controllers and bag house pulse cleaning system.
During this period, the instrumentation was calibrated. Various experimental runs of 6 hours continuous operating
time each, for the incineration of two types of wastes were performed under the following:
(1). Schedule

Six experimental campaigns of 4 months were carried out with LAWI during 1995 and 1996 as approximately
900 Kg of a single component waste was incinerated.
(2*). Stock materials
Table I lists the composition of the typical incinerable waste used in this experimental work, as account must be
taken of waste characteristics such as calorific value, the physical and chemical state. Non-radioactive traces
containing Co, Mn, Zn and Fe are added to the feed materials in the mixed waste in various experimental
campaigns.

(3). Operating conditions
Table II lists the important operating parameters for the particular
experimentation.
4. Measured and calculated data.
Various experimental campaigns have been carried out to measure and determine the following data for the
incinerated waste:
Description Method used
Gasification rate at different glowing bed temperature Extent of reaction concept
Composition of H2) CO, CO2 and N2 in the gas reactor Analysis by Orsat gas analyzer model GAG
product gases. 120
Composition of H2O in the gas reactor p roduct gases Condensation
Thermohvdraulic data
Air and flue gases flow rates Pitot tube
Pressures pressure gauges
Temperatures Thermocouple.
Composition of exhaust gas Computerized Gas Analyzer model

MSI 2000
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Process Chemistry

The thermal treatment of waste by a controlled air incineration technique is a process involving many
mechanisms and reaction courses not yet sufficiently investigated.
The controlled air incineration is a simple process, being gasification of waste material is essentially a 2 steps
endothermic process, as chemical compounds that form a part of waste are gasified to form ultimately simple
gaseous products. The gasification efficiency is quite dependent on:
• The glowing bed temperature
• The quantity of air injected to the system as air flow is limited to about 30-50 percent of the air required for

complete combustion'6)

• The partial pressure of gaseous products.
For the wood (single component) waste, the first step endothermic reaction occurring as follows:

+1/2 02 -J- 6 CO + 5 H 2 (Eq. 1)

Unfortunately, the cited reaction is idealized. In reality, cellulosic fibers are mainly producing high boiling organic
products and elemental carbon . In step 2, the elemental solid carbon resulting from step 1 undergoes conversion
to carbon monoxide, and hydrogen via carbon and water vapor reaction.
C +H2O = CO + H2

Also, additional side reactions may be occurred as follows:
COz + H2 = CO + H2O (Eq.2)
CH» + H2O = CO + 3H 2 (Eq.3)

To provide energy necessary for drying, decomposition and gasification and to sustain thermal destruction, group
of exothermic reactions important to the system must be secured as follows:
2 CO + 2 H2 - » CH* + CO2 (Eq. 4)

2 CO -> CCfe + C (Eq.5)
As the analysis of gas reactor product gases arising from working campaigns supports these reactions.

RESULTS AND DISCUSSION

During the first experiments under automatic control approximately 900 kg of wood (cellulose) waste was
incinerated. Adjustments of the controllers settings and measuring instruments as required were satisfactory.
It was possible to burn waste composition ranging from 100% cellulose to the non-radioactive simulated waste
with characteristics as shown in Table ( I ) without operational problems.

ft was proven that the design of the incinerator allows for very fast startup periods of 0.5 hour as shown in Fig.
( 3 ) for the single component waste at different operating conditions.
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Quality and Yield Products.

The performance and experimental results obtained from processing feed stocks of the single component waste
are described below.

Gasification Product Gases

Figure (4) shows the relationship between the glowing bed temperature and the gasification rate, as high
temperatures permit increased volumes of incinerated materials and produced gases per unit time for both types of
wastes. Table (TV) shows the average composition of gasification products, as CO, CO2, and hydrogen volume
percent were determined by Orsat Gas Analyzer (model GAG 120) while water vapor content was determined by
condensation. Experimental results proved that, at lower temperature, the CCb, and CH, contents increase, while
the H2O, Hj, and CO contents decrease. This results in a small change of the calorific value.
Figures (5) and (6) show the influence of the glowing bed temperature on the composition of gas reactor product
gases. Based on results reported previously(7-8), the system has to be operated at relatively medium temperature,
as this has a high importance for the destruction of dioxin (PCDD), and furnas (PCDF) formed in the presence of
chlorinated compounds.

„ Volume Reduction

Volume reductions of solid waste were found to be substantially the same for each of the different waste tested.
An average waste volume reduction factor of 98% was observed (without regarding further reduction by
compressing and conditioning of the ashes). These high values are achieved due to the good combustion capability
of the processed wastes. Figure (7) illustrates the reduction factor for different working campaigns.

Burn-out Efficiency

An average bum-out efficiency of 96.3%, for solid residues (bottom and fly ashes) were observed for the non-
radioactive simulated wastes, while the unburned materials in the flue gas were close to zero. These high values of
bum-out efficiency for bottom ashes were achieved by injecting air to the bottom ash before unloading at
relatively low temperature to assure carbon bum-out. The high value of bum-out of fly ash and flue gas were
obtained by optimizing the operating temperature and excess air supply in the combustion chamber. Table (HI)
shows the values of bum-out efficiency obtained for the different working campaigns for the both types of wastes

Environmental Effects

It was proven that the potentially harmful constituents contained in the flue gas are lower than the values
specified as standard limits for incinerator exhaust gas in FRG. Thus it was ascertained that system is essentially
free of pollution.
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Exhaust Gas

ft was found that the concentration of CO, NOx, SOX, and unbumed carbon particulate which are
determined by computerized gas analyzer model, were found less than the values specified for incinerator
exhaust gas as shown in Table(V). Sampling with an EPA method 5 stack sampler of exhaust gas emitted
to the environment via stack showed that only trace amounts of particulate were captured on the fiberglass
filter and the aqueous solutions. This indicated that the bag filters and HEPA filters are performing
efficiently. Results indicated that the concentration of metals Zn, CO, Mn and Fe in the scrub solutions of
the bubblers were below the detection limit. The statistical analysis of the data of the exhaust gas
composition obtained from the incineration of both wastes are shown in Table (VI) . Experimental results
impressively show that the sulfur and nitrogen are not distributed homogeneously in the solid waste , but
SOX and NOX are detected as discrete events . The example of the two days of measurements is to show the
doubtful nature of discontinuous random sample measurements.

Residues

It was proven that the fly ash obtained from the incinerator flue gas cleaning system (cyclone, bag
filters) for both types of waste has chemical and size uniformity which allow it to be conditioned and
stabilized by any of the accepted and proven techniques ' 'SM\ In most cases, the bottom ash has the same
uniformity, as it may contain some coarse clinkers and unbumed pieces due to the lack of oxygen and
incomplete combustion.
The X-ray qualitative analysis of bottom and fly ash powder using Scanning Electron Microscope, shows
that the chemical constituents and heavy metals are partially distributed between the fly and bottom ash.
About 8% (by weight) of the ashes was collected in the gas purification system. No ashes were found
behind the bag filters.

Process Kinetics
Determination of Independent Reactions.

As previously mentioned, species present in the gas reactor are C&H10O5, CO, CO2, O2 , H2 , H2O,
CH«, and the elemental carbon, while the elements are carbon, hydrogen, and oxygen .
The No. of independent reactions may be obtained from the formula :

No. of reactions = N specie, - Nelcmeoa = 8 - 3 = 5 (Eq. 6)
as the five reactions may be represented by Eq. 1 to Eq. 5 .
then the reaction equations have to be checked using the formula

Za i jX, = 0 (Eq.7)
Where a^ is the stoichiometric coefficients of balanced equations; and
Xj is the non zeros constants .
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The constants X, were found to be zero which assured that the derived equations are independent with the
following characteristics :

1. Reaction of (Eq. 1) is irreversible endothermic;
2. Reactions of (Eq. 2) and (Eq. 3) are reversible endothermic; and
3. Reactions of (Eq. 4) and (Eq. 5) are irreversible exthothermic.

To simplify study of gasification kinetics, production of elemental carbon and high boiling organic
compounds may be neglected . The mole fractions of carbon monoxide, carbon dioxide, oxygen, methane,
water vapor, and nitrogen may be calculated from the extent of reaction concept i.e. by applying the
following formula :

Fi = Fa +Iay Rj (Eq. 8)
Where:
F| represents the No. of mole of a specific component in the system at anytime, mole/time;
FJO represents the No. of mole of a specific component entering to the system, mole/time;
Zcijj Rj represents the balance of moles of a specific component due to the chemical reaction

The rate of reactions may be obtained by solving system of algebraic equations obtained by applying extent
of reaction concept after substituting the mole fractions and air flow rates with actual experimental values
using Mathcad 5 Software . Results indicate that the high temperature permits incineration of increased
volumes of waste . It was also found that, model output w.r.t. the gasification of solid single component
waste was compared to the actual values as only slight corrections have to be made .

Determination of Activation Energy and Frequency Factor

In spite the industrial importance of non catalytic solid fluid reactions, there have been relatively few
studies available on chemical kinetics of heterogeneous ( " ' .In our case, it can be assumed that the solid
contain enough voidage to pass freely the fluid reactant and the fluid products and that solid reactant is
distributed homogeneously through out the solid phase. Then it may be reasonable to consider that the
reaction between fluid and solid is occurring homogeneously through out the solid phase. The reverse
reaction is not considered here. Unlike catalytic reaction on solid surface, most reaction with solid surface
can not be truly reversible, since the phenomena of solid deposition in the reverse reaction do not necessarily
provide the solid product with a structure that is exactly the same as the initial solid reactant in the forward
reactions. For most applications, the nth order rate equation can fit the data satisfactorily when the surface
phenomenon controls the rate of solid-fluid reaction. Based on adsorption isotherms, the order of solid-fluid
reaction may be shown to vary from 0-2 depending on whether the gas reactant is strongly adsorbed or
weakly adsorbed.
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As experimental studies also indicate many solid-fluid reactions to have similar range of order of
reactions depending on the operating conditions, the system under consideration may be considered as zero
order with respect to the fluid, and first order with respect to the solid reactant (a\

Since the solid reactant is assumed to be distributed uniformly through out the glowing bed, the solid
concentration may be considered always constant, in case of keeping the geometry of solid particles and the
humidity content unchanged.
Thus, the gasification process may be expressed as:
R j -k jV^c (Eq.9)
Where;
Ri = the rate of reaction for solid component, mole/liter.
Vgi = the volume of glowing bed, liter,
c = the concentration of solid component, mole/liter,
ki = the reaction rate constant, hr*1.
As common, solid residence times range from 1-2 hr for solid phase, in the incinerator (13), the glowing bed
volume may be obtained .

Since the reaction rate constant ku may be well represented by Arrhenius law, the reaction rate constant
ki may be obtained at different temperatures.

k t ^ k o i e ^ g l (Eq. 10)

which fits the experimental data over different temperatures as In ki versus 1/Tgi which should yield a
straight line as shown in Fig. (8).

Results indicate the values of activation energy (E), and frequency factor (kbi) for the gasification process
of single component waste were 7463 cal/mole and 102.27 hr'1, respectively.
Dynamic Model Derivation

Data provided from the study of process chemistry and kinetics may be utilized to derive dynamic model for
the gas reactor.

The analysis of the gas reactor includes the following assumptions:
- The temperature of the solid, as well as the concentration in the glowing bed are considered uniform.
- The pyrolysis gases are completely mixed, therefore, the temperature and compositions are almost uniform.
- The heat losses from the wall of the gas reactor could be neglected.
- The outgoing product pyrolysis gases have the same temperature and composition of gases inside the reactor and
glowing bed.

Applying overall material balance w.r't. solid phase and overall and component material balance w.r.t gas
phase, mathematical processing, and Laplace transformation and applying steady state difference concept gives
the following transfer function :
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P1(s)={B l/(l+7 l2sj'}FA(s)+{B2/(l+7t2sXl+tis)}Co(s)} (Eq. 11)
as the dynamic response of Pi is a first order with the injected air to the gas reactor and the solid concentration
inside the glowing bed with a steady state gain of Bi and B2.
Where :
Pj is the partial pressure for all gas effluent excluding carbon monoxide and carbon dioxide;
7t,is the time constant, 1/KL min .;7t2is the time constant, V/Qv.min . ;B! is the steady state gain w.r.t. gas phase,
RT7 Q,,; B2 is steady state gain, 1.17(9RT Kl Vg,)/ 2 Qv , V is volume of the gas reactor; liter, and Qv is the
volume of gas reactor, liter/ min .

As steady state gains and time constants may be obtained at different'operating conditions .

Disturbance of the Pressure. Pi
Disturbance of the pressure, Pi may be due to change in :

1. Air feed flow rate to the gas reactor
2. Concentration of solid feed to the gas reactor
If the value of one disturbance variable mentioned above is step increased or decreased w.r.t. steady state value
keeping the other variable constant, the response curves and the new steady state value of the variable may be
obtained from open loop calculations .

The response curves of the partial pressure Pi was obtained at different operating conditions after keeping the
solid feed concentration constant.

Table (VII) shows the average steady state conditions for specific cases, while Fig. (9) shows the dynamic
response of the partial pressure, Pi , to step input in feed air flow to the gas reactor . The values of Pi as
calculated from the dynamic model due to step input change in the injected air to the gas reactor , were plotted
against the experimentally measured values as the comparison shows satisfactory agreement as shown in Fig. (10)

CONCLUSIONS

A summary of the aforementioned brings about the specified conclusions .
1. The low active waste incinerator (LAWI) with the latest modified design is proven as a powerful tool for

various applications as complete combustion, and high volume reduction factor are guaranteed.
2. The incinerator can be easily controlled, mainly by controlling primary air fed to the gas reactor.
3. The CO2 and CH4 contents in gas reactor effluent increase at lower temperature glowing bed, while the

H2O, H2 and CO contents decrease.
4. It was proven that the potentially harmful emissions in the flue gas are lower than the values specified as

standard limits for incinerator exhaust gas.
5. It was found that the fly ash obtained from the incinerator flue gas cleaning system is characterized by

chemical and size uniformity and can be easily stabilized
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6. Process chemistry and kinetics were studied as the rate of reaction of the gasification process was calculated at
different operating conditions by solving sets of algebraic equations obtained by applying extent of reaction
concept.
7. Unsteady state material balance equations are derived, developed for the gas reactor. The developed equations
are Laplace transformed to derive the dynamic model using steady state difference concept.
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Table I. Incinerable Waste Characteristics *
Average chemical composition.

Cellulose 95 %
Humidity ' 16 % max.
Physical properties
Average density 750 kg/m3

Average heating value 18,000 kj / kg
Forms Crushed and cured

homogenized pieces of
wood.

Table II Important operating conditions

Waste processed 15-27 kg / hr
Glowing bed temperature 500 - 800 ° C
Combustion chamber temperature 1000 -1100 ° C
Flue gas temperture after mixing chamber 200 ° C
Air consumption in gasification Approx. 5-6 Nm3 /hr

Table HI . Burn out efficiency

erature, ° C

650
700
800

Constituent
H2
Oz
CO
CO,
H2O
CM,
N2

Bottom ash
96.3
96.4
96.4

Burn out efficiency
Fly ash

96.9
96.9
96.9

Table IV. Gas Reactor Effluent Composition

Average composition, °
20.3
0.0

29.6
11.3
9.7

10.3
18.8

Flue gas
>99.9
>99.9
>99.9
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Table V Exhaust Gas Composition

Constituent
Qz
CO
CO,
NOX

sa
Dioxins(PCDD)
Furans(PCDF)
Soot

Parameter

No. of samples
Minimum value
Maximum value
Average value
Standard deviation

Composition, %
13.3
lOppmmax.
1.5-2.3%
lOppmmax.
10 ppm
not detected
not detected
Soot No. 0-1 ace. to Bacharch .

Table VI Statistical Analysis for Exhaust Gas CoDmosition

CO CO2

36 36
5 ppm 0.015
10 ppm 0.023
8.1 ppm 0.0207

1.59 0.322

Constituent
NOx

33
1 ppm
10 ppm
5.3 ppm

2

Table VII : Steadv state oDerating conditions for different cases.

Variable

Temperature of glowing bed. "K
Solid feed rate to the gas reactor, litre/ hr
Time constant, W2, tnin.
Air feed to the gas reactor, mole/ min.
Steady state gain, B,, atm. min. /mole
Pi, m bar

SOx
37

1 ppm
9 ppm

6.3 ppm
2.57

Average value
Casel

773
18.23
0.059
2.3

0.094
478

Case 2
793
20.5
0.052
2.6

0.084
506

o239
0.118
0.16
0.135
1.43

Case 3
823
24.3

0.049
3

0.082
526
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