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nomenclature

«
AHr

P
A
Agasifie'r
Qs

Cp

C

Dagp

Ax
x

Y
Dan
Gn
Gy

subindices:
g gas

heat convection coefficient between solids and gasses
heat production during generation of k
density

reaction rate

gasifier cross area

Pre-exponential factor

heat capacity

reaction constant

binary diffusion coefficient

thermal conductivity coefficient
released energy from reactions
convection of heat energy from gas to solid material
activation energy

gravitational acceleration

mass flow gas

molair weight

stoichiometry term

heat

universal gas constant

temperature

time

velocity

slice height

height

concentration of each species

diffusion coefficient related to the diffusion of species A into B

generation of heat in chemical reactions
generation of a reaction product

i slice number
k  gaseous substance
¢ solid substance
pg  product gas: all gas that leaves the gasifier

s solid
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1 Introduction

Gasification is a thermal conversion process in which a fuel is only partially oxidized. This is
often done to turn biomass into manageable gaseous product gasses that can be used as a fuel. A
disadvantage is the presence of tars in this product gas which can seriously harm the installation. A
gasification setup is being built for a NOVEM project, studying the possibilities of tar removal. This is
the PhD-project of ir. Dorus van der Hoeven.

This report focusses on a side project, describing the modeling of the experimental setup of a small
scale fixed bed reactor, used for the PhD project. The type of this biomass reactor was not chosen
because of it is often used in commercial energy production, but because it is much more easy to
start up, measure and control for optimization for the research on tar removal. The results of the
PhD-project could then be used also in more complex and more economical interesting gasification
processes. Examples are larger fluidized bed gasifiers and the use of product gas in combustion
engines.

In this report only the small scale, so-called updraft gasifier is regarded in order to control the
gasification process.

One of the main drawbacks of the small-scale biomass combustion applications is the limited possi-
bility to regulate the combustion process. In commercial gasifier installations efficient combustion
process control is applied to minimize emission levels and to optimize the thermal efficiency. Several
methods for biomass process control have been developed for economical use, mainly to reach higher
efficiencies. In this study the control goals are a bit different, because the gasifier will be controlled
for experimental use only.

First a start will be made by describing the process. After this a simplified static model will be derived.
This model is very limited, time independent and needs strict boundary conditions. It will used for
the modeling of a dynamic model, which should better replicate the process in practice. This will be
used for insight in the proces and the possibilities to control it. Finally recommendations for design
of a controller for the gasifier and for further research towards the model will be given.
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2 Process description: the small scale fixed bed reactor

In this chapter the test setup of a gasifier for the PhD-project is discussed. A complete overview of
the installation for this project is included in Appendix A. The subject of this report will only be the
gasifier, which is a small scale type, having a design capacity of 22 kW, and can be seen as a batch
reactor, because it will be filled with biomass before operation and during the operation the biomass
wil completely be burnt out.

In the reactor, air flows in from below and volatile biomass from upper levels sags into the reaction
front. This type is therefor called an updraft or countercurrent gasifier, since fuel and oxygen move in
opposite directions. More details on the process inside the reactor are discussed in § 2.2. Before going
into details of the reactor, some general project aims will be disposed.

2.1 Project aims

The main project aim is to gather insight in the processes inside the test gasifier, and determine how
it could be controlled. The understanding of the proces is needed for:

e develop a reliable model for the prediction of (dynamic) behavior,
e predict process output in uncontrolled operations, and

e predict when the operation becomes dangerous or harmful, for instance when temperatures in
the gasifier get too high.

After this research, the possibilities of control will examined:
e safety can be guaranteed,
e constant process conditions can be achieved,
e the startup and turndown of the gasifier can be simplified and quickened, and

e the type of control: a low-gain controller based on a good knowledge of the gasifiers behavior, or
may be model predictive control can finally be applied.

MPC is only possible with measured data from the gasifier to assure the variables used in the model
and the model itself. In this case, the control scheme in Figure 2.1 shall be used. Here block C is the
controller, P represents the real process and M the model that will be developed. Gathering measure-
ments will not be done in this report and more research towards the gasifier will be needed to come
to a model that is accurate enough to use MPC.
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Figure 2.1: control scheme for the biomass gasifier.
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2.2 Details of the updraft gasifier

A sketch of the updraft gasifier can bee seen in Figure 2.3. O in the air coming from the inlet at bottom
of the gasifier reacts with charcoal in the lower part of the gasifier. CO, is generated by this reaction
and on its turn, it reacts endothermically with the charcoal to CO, which is the main gasification
product. Ash from the charcoal falls through the grate and the gas products flow upward.

The updraft gasifier is the most uncomplicated reactor type. It is largely self-regulating because one
reactions after the other takes place along the gas flow. The heat required to accomplish gasification,
is generated in the combustion zone and the heat flows upwards with gas, starting the gasification
processes. This can be seen Figure 2.2, where also a division of the different reaction zones is made.
These four different zones will largely overlap in practice, still their differences will take a prominent
place in the development of a model for the gasifier.

biomass product gas

Drying
100°C

Pyrolysis
300°C

Reduction
900° C

Combustion
1400 ° C

ash air
Figure 2.2: schematic cross-section of an updraft gasifier [7].

A description of the reactions that take place in each zone will be discussed next.

e Combustion zone. In the combustion zone, charcoal combusts with oxygen in the air from the
inlet at the bottom of the gasifier.
C+0, —COy+AH AH = —-393 kJ/mole C
Also some other reaction occur (treated in [2]), but at a much lower rate. The effects of these
reactions are small and these will not be modeled.

e Reduction zone. By the release of CO3 and heat from the combustion, reduction occurs. The
main reaction here is CO being formed from COs-molecules and charcoal. This is an endother-
mic reaction which hardly takes place at temperatures lower than 80o°C.

C+COy; —2CO (boundary reaction) AHr =165 kJ/mole C
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e Pyrolysis In the third zone pyrolysis takes place. Pyrolysis is the degradation (lysis) of a material
by heat (pyro). The absence of air in this zone, and the high temperature of the gas coming from
underlying zones (between 200 °C and 500 °C) are needed for the gasification of the biomass.
Apart from charcoal, also various gas products are formed, mainly CO, CO2, H2O, Hy and CHy.
However, in this project, the exact content of the product gas will be left aside.

The mechanism of pyrolysis is very complex and much research is done towards the weight re-
duction of a heated particle in therogravimetric analysis (TGA) [6]. Results from these researches
are not useful for the dynamic model that will be developed in this study. But they do indicate
that it is reasonable to calculate the reaction rate of pyrolysis in the same way as the two chemical
reactions.

One should mention that some inhomogeneities are not modeled this way, such as the effects of
the cellulose in the material which will evaporate much slower than other structures in the solid
material [2]. Also the geometries of the wood blocks will cause inhomogeneities in operation in
practice.

e Drying and heating zone In the upper zone fresh biomass is partially dried by the hot gasses
rising through the gasifier. The drying proces does not change the particles chemically. It is
possible to gasify fuels with moisture contents up to 50 % but of course, for a high efficiency a
low moisture content is desired [2]. The drying process:

CH1.400.6(H20); — CH1.40¢.6 + zH20.

2.3 Solid substances in the process

Small wood blocks of 10 x 10 x 10 mm are used as fuel. The size and shape can affect the operation of
the gasifier. In [1] it is assuming this size is small enough to provoke mechanical bridging and the the
bulk can be seen as homogeneous having a constant physical properties. The density, heat capacity,
thermal conductivity of the biomass and charcoal will be discussed later, in section 4.3.

On the other hand, dimensions are large enough to provoke pressure drops in the gas flow through
the bed.

In the pyrolysis zone, the wood blocks are carbonized. In the modeling of this process, the density
reduces while the volume of the solid material remains the same, assumed that the structure of the
solid material (the blocks and their position) remain intact [7]. Only in the combustion and reduction
zone, where the charcoal in it’s turn is being consumed, the slice height will reduce.

Because the ash falls through a grate on the bottom of the reactor, the resulting slice height has no
limitations and will go to zero by combustion.

2.4 Gaseous substances in the process

A 7-bar pressurized air connection is available in the cabin in which the gasifier is located. Air from
this connection is fed into the gasifier by a mass flow controller. In [1] from the design capacity of 2
kW and the optimal equivalence ratio (equation (2.1)) for a small scale updraft gasifier of 2.5, the air
flow was determined as 2.1 gr/s.

actual quantity of air supplied

(2.1)

- quantitiy of air needed for combustion

The product gas exist of Ny from the air inlet, and all gasses that have been produced in any of the three
zones. These are CO, from the combustion zone, CO from the reduction zone and other compounds
from the pyrolysis zone, where burnable gasses such as CH, and Hj are added to the gas flow, and
also O,. This gets no chance to burn up and flows directly to exit and the exact compounds that are
present in the product gas will not need to be modeled.

All together, the incoming flow of 2.1 gr/s expands to 3.2 gr/s [1]. This and other principles that will
be used in the model development are shown in Figure 2.3.

I0
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Figure 2.3: Sketch of the gasifier and information of flows.

2.5 Heat notation

In the heat balance diffusion and heat losses to the environment are assumed to be much smaller than
the dynamic effect in the process. The gas flow and the effect of heat generation and consumption by
chemical reactions are the only effects that will be modeled. An overview of the heat energy flows that
will be in the model are showed in Figure 2.4.

upward convection
A

convection from below

Figure 2.4: Heat energy flows to be modeled.

II
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3 A static model for 1D biomass gasification

The modeling of the biomass gasifier will start with a static model, operating under normal condi-
tions. This model will be used as a basis for further development to a dynamic model (section 4). In
this section the main purpose is to find a way of modeling the static reaction equations and estimate
all unknown values for this model.

The model can be one-dimensional and will consist of a number of horizontal slices in which the
changes in concentrations and temperature over the length of the slice are calculated. Each slice will
be regarded as perfectly mixed and all elements behave identically, so macroscopic integral conversion
laws can be used for calculation of concentration, mass flow, and temperature profiles. A plan of the
model is shown in Figure 3.1. The proportion of a slice is fixed by a certain amount of solid material.
In the dynamic model, the reaction of solid material will cause reduction of slice height Ax. In this
static model the slice height is constant.

The counting of slices is according upwinding: count in the direction of the gas flow.

mg,uit
N .
My Ug, i Yii Ty,
1 1
i+1 - — -

Yiiy Yoiu, Tis, Ty,
Gy, Gh

1-1

I e

Ug i1 Yiia Ty i1

1 Iilg i1

Yk, in Us in

Figure 3.1: cross-section of the static SIMULINK-model.

The modeling will be done in SIMULINK to have the possibility of easily do tests with it and use
the final model for on-line control. The model will become a finite-element approach of the gasifier.
Later when a dynamic model will be derived, it will become clear that this model becomes to large to
remain practical in SIMULINK. A recommendation for a possible future project is therefore to try to
use an other way of modeling or to do model reduction.

The nomenclature that will be used to the describe the variables for all slices:

e For each slice the appearance of any chemical element is denoted by index k which signifies the

I2



section 3: A static model

appearance of O, CO5 and CO in the gas flow passing through any slice, or by index ¢ which
signifies either the appearance of volatile biomass in the solid content of a slice.

e The inputs of the model are mass flows of elements k and the inlet temperature.

e Each slice ¢ has it’s internal variables:

Y};,i stands for the concentration of element £ in the gas flow passing slice i.

Yy, stands for the solid compound ¢ in slice 1.

- Ty,,; denotes the temperature in the gas flow.

T, ; denotes the temperature of the solids in slice .

Two different generation terms

* Gy, i, denoting the generation of element & in slice 7 in [mol% /s], and
* the heat generation term G, ; for the generated heat in slice 7 in [J].

e Each slice ¢ has external variables:

the in- and outgoing mass flow of gasses iy ;1 and 71 ;,

the in- and outgoing flow velocities u;_1 and u;,

the concentrations of species from the underlying slice Y}, ;_1 and of the current slice Y% ;
and

the temperature of the gas flowing in from the underling slice T, ;_; and the temperature
of the gas in the current slice 7}, ;.

In the whole report, the subscript s denotes the solid fase and the subscript g denotes the gaseous
fase. The subscripts in and out are used for the flows in and out the gasifier, the subscript ¢ — 1 and ¢
are used for flows in and out of slice 1.

3.1 Tests to be carried out

Several tests will be carried out with the static model. The main aim is only to simplify the formation
of a dynamic model. Issues of interest are:

e Profile determination. The first aim of the static model is to determine temperature and concen-
tration profiles along the height of the gasifier in steady state operation. The way the different
zones overlap and affect each other is unknown. The reliability of the derived simplified model
must be discussed from it’s results.

e Parameter sensitivity analysis. A number of variables will have to be determined by estimation,
for instance the reaction constants and heat conduction coefficients. For a great part reliability
comes with a good choice of these unknown parameters. In the static model the effect of small
deviations of these variables can be investigated. Of coarse the parameters that do affect the
operation conditions must be determined and will need more attention, also when the model
can be compared with the test setup in the TFE-lab.

e Boundary conditions. The influence of the boundary conditions will also be regarded. A test with
little changes in the air inlet (temperature and quantity of the air flow) and one with another
prescribed temperature profile can be done. With these tests an operation that is not under
normal conditions can also be simulated. This can, for instance, give insight in the starting up
and shutting down of the dynamic model.

13
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3.2 Simulink model setup

The use of slices makes the model a finite element approach of the proces in the gasifier. Each slice is
a subsystem-block in SIMULINKand consists of several parts, also modeled in separate subsystems for
a better overview. One part deals with the chemical reactions. Here, the incoming gas flows and the
steady-state temperature of the slice will determine the source rates for combustion, reduction and
pyrolysis. It is necessary to compute the Arrhenius-equation in a slice for each of the three different
source rates. In this way only the incoming concentrations Y}, ; and the temperature determine wether
combustion, reduction or pyrolysis is the main reaction mechanism in the current slice. This part
will be modeled in a SIMULINK-subsystem with three reaction mechanisms inside. Next the outgoing
concentrations and the total mass flow are calculated in the second part and brought into the reaction

mi, out Tg
A A

m; 5 Yei T

Figure 3.2: a slice in the static model.

equations of the next slice.

The description of the subsystems Y and T follows.

14

e The source rates R for the different reactions depend on the mixing and the availability of re-

actants, temperature and residence time. Reactions are modeled using first-order Arrhenius-
equations [8]:

d[product]

B : kg
= = Alfuel][oxidant] [} (3-1)

S

where A = asnsemp(R—;) (3-2)
g

The [oxidant] is the local concentration of the gas phase [-], this holds only for combustion and
reduction. The concentration [fuel] is the concentration of biomass in solid material [-] in case
of pyrolysis.

Because for all three reactions the pre-exponential terms a; and n, and also the activation energy
E, are unknown and will become the estimated constants C; and Cs in case of combustion as
in equation (3.3). For calculation of the rate of reduction the constants C'3 and Cy are used and
for pyrolysis C5 and Cs.

The pre-exponential terms for combustion and reduction will also include the effects of porosity
of the solid material and the effective surface contact area of the carbonized woodblocks. This
has a big influence on the source rates because it determines the chance of collisions between
gaseous particles with C-molecules from the charcoal, which determines affects the source rate.
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source rate [kg/s] —
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it is however impossible to compute this factor for the woodblocks in the model, and the only
possibility is to include the phenomenon in the pre-exponential parameter. Therefore, this pa-
rameter must be tuned when the model is working.

R=0C4 ea:p(—%)[fuel} [oxidant] (3-3)
g

The second part of the model calculates the Temperature variations, and is called 7. In the static
model, only the gas temperature wil be calculated as in equation (3.4), where the temperature
of the solids is a boundary condition. The equations for T} are derived from the heat balance in
Figure 2.4.

Er—F
T, = ———o (3-4)
Cp.gasTig
Eeonv = a(Ts - Tg)

The proces is assumed to be isobar along the height of the gasifier, so the mass balance is instant.

The way T" and Y interact inside one slice, can be showed best in a figure where source rate
R is plotted with different temperatures and concentrations. This is to be seen Figure 3.3.a for
combustion and Figure 3.3.b for reduction.

0.08¢
0.07¢
0.06¢
0.05¢
0.04}
0.03}
0.02¢
0.01}

source rate [kg/s] —

200 400 600 800 1000120014001600 0 200 400 600 800 1000120014001600
temperature [K] — temperature [K] —

(a) combustion. (b) reduction.

Legend

Yo, =0.20
Yo, = 0.15
Yo, = 0.10
Yo, = 0.05

2

2

g o do

Figure 3.3: source rate profiles for reduction and combustion.

3.3 Boundary conditions

The model operates in a fixed working point so boundary conditions are necessary to describe it.
The air flow and air temperature from the inlet are determined in [1], as 2.1 [g/s] and 533 [K]. A
temperature profile of the solid materials, known from [2], is needed for calculation of the source
rates. From this T, can be calculated and with this also the heat transfer between gas and solids. In
the dynamic model this profile will be used as initial condition.

15
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The approximate temperature profile is used from [7]. And all used parameters in the static model,
are listed in tabel 1. When a value was estimated, a reference to the paragraph where the estimation

was made, is given.

Table 1: Settings in the static SIMULINK-model.

param. value unit reference
o 3 [WmPK] [4]
Az 0.02 [m] § 3.4
Pair 1.25 [kg/m3]  [11]
Pcoal 25 [kg/m3] § 4.4
Pviomass 500 [1(g/1’1’13] (9]
Agasifier 0.1508 [m2] [I]
Cp,air 1464 []/kg K] [4]
Cp,coal 1260 []/kg K] [4]
Cp,biomass 2300 [JkgK] 4]
dHrcoanustion 393800 []/1’1’101] [IO]
AHTreduction —16500 []/1’1’101] [10]
dH7rpyrolysis —5000000  [J/mol] [10]
MWair 28.96 x 1073 [kg/mol]  [8]
MWeoal 12.01 x 107%  [kg/mol]  [8]
MWproductgas 5203 x 1073 [kg/mol]  [8]
Yo, ,air 0.209 [] [12]
YCOQ,aiT 0 ['] [12]
YCO,air 0 ['] [12]

3.4 Results

The concentration changes in the two lower zones are the first results to show. The still values of
parameters C4, Cy, C3 and Cy must be estimated with these plots. In Figure 3.4 results with the
tuned parameters is shown. In these figures the gasifier is laid down at its side, having the height
position at the z-axis.The static model that was used consist of 20 slices forming a biomass bed of 40
cm height. The pyrolysis and the drying/heating zone zones were not jet modeled, so the gasses pass
the combustion and reduction zone and flow directly to the exit afterwards.

Next three other variables can be determined when also the mass flow in a figure is plotted (see Figure
3.5). Here the Arrhenius terms Cs and Cg that together determine the generation of gasified wood,
and the molair weight of the bulk of this gas are estimated. As reference for this estimation the profile
of the total mass flow and the quantity of the mass flow at the exit, which is know from [1].

In Figures.; the mass of gasses flowing through the gasifier is plotted. In the legend m,, 5, denotes the
mass flow when no pyrolysis is modeled and the increase in mass flow only is due to the formation of
CO; and CO out of O,. The second profile in the legend called my ;4 is the flow of product gas when
als pyrolysis is modeled. The rate of pyrolysis depends on temperature and on the concentration of
volatile biomass in the solid material of any slice which also is reflected in the figure (the right z-axis).

16
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Figure 3.4: profile determination in static model.
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Figure 3.5: mass flow profile.

The influence of variations in variables that now have been estimated must be investigated.

7



Maodeling for control of a biomass gasifier

Clv 037 C5

027 047 C6

Az

Tair,in

YOQ ,airs YC02 ,airs YCO,air

18

These pre-exponential terms in the Arrhenius-equations are roughly
tuned by the knowledge that combustion and reduction mainly take
place in the first 20 cm of the gasifier and pyrolysis in the next 10 cm.
When the gasifier will be available for testing, product gas flows and
temperature profiles must be used to check the reliability of these as-
sumptions.

The values of these constants determine the actuation energy of a re-
action. In most cases these are unknown and were also estimated by
examination of the resulting profiles in Figure 3.4. It would be better
in future work to de the so-called 7},,..-methode for determination of
these constants as described in [1].

To test whether the slice height Az is small enough , the number of
slices has been halved, resulting to a doubled slice height in a new sim-
ulation. When the results are plotted, the curves become jagged, but
comparable with former results. For the concentration this means the
slice height is small enough, but for the temperature calculation this
test is little useful since a fixed temperature profile was needed as a
boundary condition.

The change in input temperature can not been tested in this static
model. Because of the boundary condition fixing the temperature pro-
file, a test could never demonstrate the effects of different inlet temper-
atures. This test must be done with the dynamic model.

The value of Yo, qir is the only value that causes a significant different
state because it is the factor to determine the rate of combustion, which
establishes in it’s turn the warming up of the gas flow and the rate of
the following reactions. But the concentration of oxygen in air is know
and little variations should be anticipated.
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Figure 4.1: cross-section of the dynamic SIMULINK-model.

4 A dynamic model for 1D biomass gasification

In this section a dynamic model will be developed and it first will be tested under normal constraints,
to check it for errors due to simplifications and design choices.

Now each slice consist of a certain amount of solid material. But here weight reduction of solid material
must be calculated. It occurs in two different ways.

e In the pyrolysis zone burnable gasses evaporate from the volatile biomass. In the model this is
manifested by a reducing concentration of biomass. There is no reduction in slice height due
to pyrolysis, since the structure of the solids remains intact. If the concentration of biomass
becomes zero, only charcoal is assumed to be left over.

e The charcoal that has been formed reacts with Oy and CO5 during combustion and reduction.
Here the slice height will reduce, and even go to zero when all charcoal has reacted. All ashes
are supposed to fall through the grate.

The scheme in Figure 3.1 has to be extended with a mass balance part M. Since the height of each slice
is no longer constant, the quantity of solid and gaseous material in each slice will chance and must be
calculated. Som new equations will be formulated, dealing with the time varying temperatures, mass
flows, biomass concentrations and slice height.

4.1 Tests to be carried out

With this dynamic model, other tests will be carried out for model evaluation and process insight.

e Profile changes in time. Does any of the profiles as seen in the static model change due to
burning up the biomass and formation of ashes.

e Profile changes due to varying 711, ;,,. This test has been carried out in section 3, but here the
effects in the long run are regarded. Possible consequences of enlarging 712, ;,, are the increase
of combustion and reduction zone or to ‘blow’ these zones to higher slices. Also the effects on
the quantity of product gas and the efficiency of the gasifier will be examined in this test.

20
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Figure 4.2: Internal and external values of a slice in the dynamic model.

e Parameter sensitivity analysis. Analysis of some variables that could not be tested in the static
model (cp, p) and analysis of already tested variables (effects on the dynamical behavior)

e Step response test. The objective is to determine steady state transfer gain, time to steady state,
and comparison of the different time constants. Input is 7, ;1 and as output rig ; and T}, ¢ will
be regarded.

e Start up and burn out. If a reliable model is ready, also the start up proces can be investigated.
Does the gasifier always start up, or does this strongly depend on it’s initial temperature? Maybe
using the model the start-up can be made faster.

The examination of the burn out can be used to enlarge operation time by changing the air flow
at the inlet (or maybe cooling the bulk/add extra wood).

4.2 Physical equations used in the dynamic model

For the notation, first reconsider Figure 3.1, where an extra term has to be added for the change to
a dynamic model. Since the concentration ¢ of charcoal in the solid part is no longer a boundary
condition, a new generation term must be introduced. G, ; denotes the generation of charcoal, (or
better: the conversion of biomass into charcoal) in the solid material due to pyrolysis in slice 7.

The nomenclature that is used in this extended dynamic model will be considered. See also the nomen-
clature that was given in Figure 3.1 for the static model

e The inputs of the model are mass flows, temperatures and velocities of the gasses and concen-
trations of gaseous elements k.

Each slice ¢ has different concentrations of species:

- Y}, ; stands for the concentration of element k in the gas flow passing slice 1,

— Y ; stands for the solid compound / in slice 1,
e different temperatures:

- T,,; denotes the temperature in the gas flow, and

— Ts,; denotes the temperature of the solids in slice i.

The variable height of any slice is denoted by Ax.

e Two different generation terms
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— Gy, i, denoting the generation of element £ in slice 4 in [mol% /s, and

— the heat generation term Gy, ; for the generated heat in slice ¢ in [J].

First the physical equations will be deduced, from three conservation equations for mass balance, the
balance for concentration of species and the temperature balance. The impulse balance will not be
considered here, assuming the velocity changes are mainly determined by the mass generation due to
either combustion, reduction or pyrolysis, and assuming the process is isobar. In subsection 4.3 the
way these equations are placed into SIMULINK is explained.
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e The first conservation equation is the mass balance or continuity equation:

dp | O(pu)
ot T ox

=0, (4-1)

where p [kg/m?] is the density and u [m/s] is the velocity. This equation will be regarded in-
stantaneously, and concerns the gas flows only. Because of the assumption of constant pressure,
the first term becomes zero, the second term stands for the difference between incoming and
outgoing mass flows. For slice 7, the outgoing flow is the right hand side of equation (4.2); the
incoming gas flows are at the left hand side, including the incoming gas flow from slice i-1, a
generation term (rg,. ) and the result of the reducing slice height.

. . dx .
Mgi—1 + TGy, + Agasifierp = Mg.i- (4-2)

The concentration of the gaseous elements k where k stands for either Yo, Yoo,, Yoo or Y.
These are calculated from the general notation for the concentration:

Y, Y, 0 ( Y},

Pagy PGy = Pagy \Pargy ) PR )

where Y}, [-] is the concentration of species k, p is pY) and Gy k is the generation of species k
in slice 7. The second term in equation (4.3) represents the influence of an incoming flow with
a different Yy, this is the first term in the right hand side of equation (4.4). The last term is the
generation of substance & within slice 7 in [1/s].

dYi(t Uj—
gt( ) Axl (Ye,io1 = Yii) + Gy, - (4-4)

Diffusion has a much smaller effect than the two others and will be neglected in the model, so
the third term in equation (4.3) was eliminated.

In solid material, the concentration of charcoal will rise caused by the generation due to py-
rolysis, the term that will be called Gy, ;. This occurs while the sum of Yyiomass and Cenarcoal
remains always equal to one.

dYy(t
dt

~—

=Gy, (4-5)

The temperature notation is carried out for both gasses as solids. In general form:

c”)‘cpTJr u(’?cpT 0 oT
L T

k%) + m/”AQ + Qloss (4'6)

Temperature changes in the solid part of a slice are caused by the temperature difference with
the gas only. So, only the first and the last term from equation (4.6), representing the instationair
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term and a heat losses term (heat losses due to conduction), are significant for the temperature
balance of solids. The convection of heat in the gas is supposed to be zero.

macy s T o1, -, (4)
Temperature changes of the gaseous part of a slice are also influenced by the in and out stream
of gas and the generation (or loss) of heat energy by reactions. These are the second and third
terms in equation (4.6). The differential equation that will be used to calculate the temperature
of the gas part of slice i becomes:

dT,(t) .
mgcp,g# = Cpgtingi-1 (Tgi1 —Tys) —a(Ts —Ty) + Gn (4-8)

4.3 Modeling in Simulink

The mass balance will be modeled in SIMULINK as in Figure 4.3. This is the subsystem M inside a
slice, representing the mass balance.

In this section the mass flow through a slice is regarded instantly, so the outgoing mass flow of gasses
is the summation of the ingoing mass flow of gasses, the mass that is generated from any of the three
chemical reactions, and finally the extra outgoing mass flow due to shrinkage of the slice height dz.

dmg_i-1 [kg/s] dmg_i-1 [kg/s] >

dY_pyrolysis [mol/s]
o pg

mw_productgas

A 4

1/A_gasifier/rho_coal

Figure 4.3: SIMULINK-subsystem M for mass balance.

Next the concentration of species will be modeled in a subsystem Y as in Figure 4.4. In Figure 4.4 only
one of the species k is calculated. The right hand side of equation (4.4) is placed before an integration
block which calculates the resulting Y} ;. This term is the summation of a generation term [-/s] and
the changes caused be the inflow from the underlying slice i-1 with different Y.

G_k[1/s

Y_k,i[mol/s]

& e
D, e

Y_k.i[mol/s]

Figure 4.4: SIMULINK-subsystem Y for concentration notations.

The Arrhenius equations are modeled in a subsystem R where the concentration of species k is mul-
tiplied by the pre-exponential term C and the term exp(—C2/T,) as in equation (3.3).

The temperature notation is found in a subsystem T where equation (4.7) (for solids) and equation
(4.8) (for gasses) are converted to a SIMULINK-scheme, see Figure 4.5. The right hand side of equation
(4.8) is the input for the upper integrator block which calculates T}, and the right hand side of equation
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Figure 4.5: SIMULINK-subsystem R for reaction notations.
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Figure 4.6: SIMULINK-subsystem T for temperature notations.

(4.7) is the input for lower integrator block, which calculates T.

From input block 1 the generation term from R is multiplied by dHr, giving the total amount of
released or consumed heat by chemical reactions. The other two terms that influence the change in
T, are the inflow of gas from slice ¢-1 having a different temperature, and the convection with solid
material.

All used parameters that are used in this model are listed in table 1 in Section 3.

4.4 Evaluation of simulation results

The testing of the model in SIMULINK can be done when all these subsystems have been coupled.
The model consists of 40 slices of each 2 cm in initial height. To solve the differential equations, the
odel15s-method for stiff ode’s is used with a relative tolerance of 1 - 1073, The duration period of one
simulation is set to 10.000 s.

In the very first tests some simplifications were made, such as a very high « to eliminate difference
in temperatures T, and T,. The model was checked for errors during these first trial runs. Also the
effects of estimated parameters could be checked.

Initial conditions that were needed, are profiles for Y, and 7. For Y} the presence of 25 cm of charcoal
on the bottom of the gasifier and for T a temperature peak were applied, both to start the combustion
process. After starting the operation the zones establish themselves, having profiles that were seen in
Figure 3.4, and the process is started up. The initial conditions and simulation results are to be seen
in the figures of in appendix B.
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In the sensitivity analysis first parameters Cq, Cs, Cs, C4, C5, Cg were considered. These reaction
constants were tuned by the known characteristics of each zone already in the static model. Results
hereby the height and temperature as described in [1] were used as reference for tuning. Also the
density of the charcoal bulk in the combustion and reduction zone p..,; was unknown. The total
operation time of the proces was found to be almost complete dependent of this variable. This is
physically reasonable, since the parameters C; and (5 did already fix the reaction profile of the
combustion zone. Now pcoq; is the only parameter to determines the burning time of the volume in
which charcoal is present. Of coarse, the upper zones do not affect this and will stabilize along the
combustion process behaves. It can be recommended that measurements form the gasifier in practice
will be used determine the operation time to further precise this variable.

The reliability of the model will depend on these estimated values. As soon as measure data will be
available, the outgoing mass flow and temperature output must be used for check the model. For now,
little attention will paid to the reliability of the used values and the emphasis will lie on the dynamic
behavior of the model.

Still, the evaporation of water is not modeled. It does effect the exit temperature, but when this
temperature gets that high, that a control action is needed, evaporation will be largely extinguished.

In the beginning it seemed temperature measurement could be used for control. A maximum tem-
perature is located at a fixed place on the top of the combustion zone, having an almost constant
temperature. It would be very easy to measure 7T},,,., because it is found at a nearly fixed position in
the gasifier. Although, after examination of this maximum temperature profile over time, the fluctu-
ations prove to be bigger than expected, and even worse, this profile is very sensitive for changes of
reaction constants in the Arrhenius-equations. In this simulation builds up during the first 4000 s,
and after this time it starts lowering, as in Figure 4.7. From this can be concluded that the supposed
steady state condition does certainly not hold for all measurable values.

1600

1400

1200}
T 1000} : ‘ -
800} : 1

6001 1

max(T) [K]

400 1

2001 1

0 2000 ‘ ‘ ‘

8000 10000

4000 6000
time [s] —

Figure 4.7: Maximum T, during one run.

Other results that can be examined are shrinkage of the height of the bed and the outgoing mass
flow. This last, 1y ou¢ (Figure 4.8) shows also a peak. However, both plots do not indicate that the
temperature profile and the 1 .+ profile are coupled. The maximum temperature profile is the result
heating up the bed, while the peak in 7i24,,,: proves to be almost completely due to the pyrolysis, when
also the total outgoing pyrolysis products have almost the same curve (the dashed line in Figure 4.8).
This peak must be provoked by pyrolysis in the top of the bed, were it was not expected to start already.
This can be due to model errors; the assumption that pyrolysis is to be described by an Arrhenius
equation might cause this phenomenon. Another possibility is that in reality this will happen also. An
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explanation would be that inside the batch reactor the biomass from the whole batch warms up in the

beginning of the process, enough to start pyrolysis .

The main problem for control now is the output 717, o, is very inconstant, without big changes on the
profiles seen in appendix B. In measurements it should be checked if these are model errors by the
assumption that pyrolysis can be described by an Arrhenius equation, or that this effect is still present
in reality. In the following part of this report this is assumed, and a good controller must therefor be

able to deal with this problem.

x1073

Tigout [kg/s] —

0 2000 4000 6000 8000 10000
time [s] —

Figure 4.8: outgoing mass flow during one cycle, g ;,, = 2.1 [g.s].

At last, the front speed remains more constant as can be concluded from the rather constant lowering
height of the bed as in Figure 4.9. This means combustion and reduction do not show this so-called

batch-effect.
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Figure 4.9: front velocity during one cycle, 7y i, = 2.1 [g.5].

Now the deviations of the supposed steady state have become clear. If a constant outgoing mass flow
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is wished, this output must be measure directly. To control this output with temperature information
seems impossible.

The first control aim was safety, so to maintain the limits of the gas temperature at the exit of the gasi-
fier (maximum here is 600 K) and the minimum and maximum gas temperature inside the gasifier
has priority (should be between 1300 and 1600 K). If the process meets these tolerances, a mass-flow
controller can manipulate the inflow of air to control the outgoing flow 1y ,.¢. This way of control is
possible in a cascade controller in which temperature controllers can overrule the mass flow controller
at the exit.
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5 Process control

In this section the effects of the possible control actions wil be regarded and discussed into detail.

5.1 Study of control action effects

The study for control possibilities starts with a tests in which the controllable input has been varied in
an (unrealistic) wide range. In Figure 5.1 this input was kept constant during a cycle, and varied from
1.4 10 2.7 gr/s in eight separate simulations.

When the input is set to a higher level te peak in 772 ., comes sooner, so the settling time for this
effect is shorter, but it is also relatively higher. The bed is sooner empty in this case, which can also be
seen in the decrease of dx, which goes faster in Figure 5.1.b.

In the study of the concentration profiles, when the input flow is set higher, the profiles shift to right
in general, as was to be expected.

x1073

Tig out [Kg/s] —
dziotar [m] —

0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
time [s] — time [s] —

(a) front velocity measured on the top of the bed. (b) reduction height dz of the reactor bed.

Legend

mg,in =
15gr/s o 23gr/s
1.7¢gr/s M 25gr/s
19gr/s o 2.7gr/s
2.1gr/s

I D> * X

Figure 5.1: results control action.

A second test to get more insight in the effect of control is to consider some different step responses.
In a new simulation, the input starts at the normal operation value for the input signal 7, ;1 of 2.1
gr/s, after 5000 s, this changes to either 1.6, 1.9, 2.1 or 2.4 gr/s. In SIMULINK this step causes a con-
vergence problem but this can be remedied by tightening the relative tolerance from 1-1073 to 1-10~%.

These tests, in Figure 5.2 and 5.3 show an inverse response of temperature. When in Figure 5.2 the
inputis lowered, the resulting maximum temperature gets gradually higher. Clearly, the cooling effects
(lower combustion rate) is compensated by the warming effects (also a lower reduction and pyrolysis
rate). Now, due to lower flow velocities, the gas has more time to heat up in the combustion zone, and
a higher maximum temperature results.
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Legend
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Figure 5.2: responds of T, and 1y 4,¢ 0n a downward step.
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Figure 5.3: responds of T}, and 1714 4,,+ On a upward step.

5.2 Controller design and evaluation

Control of mg 4.+ in first stage of a cascade controller was proposed in Section 4. A control scheme for
this is shown in Figure 5.4.

Control only affects the actual output 772 4,¢. Therefore, it will not be possible to reduce the peak in
the production pyrolysis gas. After applying a controller it turns out that the gas flow can be steadied
by a simple PI-controller for the time window between 3000 and 10.000 s, but that the concentration
of pyrolysis remains uncontrolled and still shows the same peak as the uncontrolled situation. The
dashed line in Figure 5.5.a denotes the quantity of pyrolyzed gas. The temperature remains also quite
constant and is shown in Figure 5.5.b. It is impossible to control both the concentration of pyrolysis
product in the product gas as well as 7124 ¢+ With only one controllable input 71z, ;,

In a new project the possibilities to smooth the pyrolysis profile could be studied, which also is impor-
tant for a constant formation of tars in the product gas. This must be done with MPC which only is
possible if the pyrolysis process is very well understood. A better tuned controller or other possibilities

actuate must be considered.
Further the quickening of start up and a simulation of shut down procedure with N> have not jet been

tested.
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Figure 5.4: Cascade controller setup.
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(a) outgoing mass flow during a controlled cycle. (b) maximum gas temperature during a controlled cycle.

Figure 5.5: profile determination in static model.
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Conclusions and recommendations

6 Conclusions and recommendations

6.1 Conclusions

The aim of the present work was the design of a model for the experimental test setup of a small scale
updraft biomass gasifier, that is used for a PhD project on the removal of tars from the product gas of
a gasifier. This has become a one-dimensional numerical model. A static as well as a dynamic model
consisting of several horizontal slices have been developed in SIMULINK, after investigation of the
processes inside the reactor.

All slices in the static model have been modeled in the same way, and the structure of one slice
gives an idea how the model was built up. One slice consists of a reaction part and a temperature
part in which the various calculations take place. To use the static model, boundary conditions on
temperature and concentration profiles were needed. With the model all reaction constants for the
modeled chemical reactions could be estimated.

The static model was then extended with a mass part, to calculate weight and slice height reduction,
and a concentration part to modal dynamic effects such as gas flows in the concentrations. The
boundary conditions in the static model could be used as initial conditions in the dynamic model, for
a smooth start-up in dynamic simulations.

The model was used to investigate it's dynamic effects and to see in which way it can be controlled.
Also a parameter sensitivity analysis has been carried out, concluding the influence of some estimated
values in the model must be investigated in practice.

6.2 Experimental results

With the dynamic model the behavior of the gasifier could be studied and the mass flow of product
gas from the gasifier could be tested for control. An important factor to consider when a controller for
the reactor will be designed, is the batch-effect due to pyrolysis that makes the mass flow inconstant
during a gasification run.

A mass-flow controller was proposed to manipulate the inflow of air to control the outgoing gas flow.
A cascade control setup with a temperature controller that can overrule the mass flow controller was
needed, not te let the temperatures rise or lower too drastically due to the control actions.

After tuning a controller, which is only applicable for the model as it has been developed in this report,
the gas flow at the exit could be controlled by a simple PI-controller for the time window between 3000
and 10.000 s. Although the concentration of pyrolysis remains uncontrolled and still shows the same
peak as the uncontrolled situation. So having only one controllable input signal, only the output of
product gasses can be stabilized and it will not be possible to reduce the peak in the production of
pyrolysis gas. If this is a problem for the constant formation of tar, and thus for the possibilities to do
measurements with the gasifier for the PhD-project, is not sure. When a controller as here has been
described will be used, this must be tested.

6.3 Recommendations

It was not het possible to do comparable test runs in practice to reconsider estimated values and chosen
model principles. When a controller will be derived with use of the model that has been developed,
this reconsideration should first be performed when measurement data will become available.
Correctness of values of parameters for chemical reactions, must be investigated and also the used
model for pyrolysis. For a better estimation for the activation energy the TGA-analyses can be used in
combination with the T},,,,-method

Finally, the quickening of start up and a simulation of shut down procedure, for instance with N, have
not jet been tested, and leave possibilities for approving of test runs.
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B First results dynamic model

The first simulation results of the dynamic model. In the left figures, the change in concentrations
of gaseous species Oz, CO2 and CO is plotted. In the right figures the concentration of biomass in
the solid material as well as both temperature profiles of gaseous materials as temperature profiles of
solid materials are shown.

The reactor has been filled with biomass op to = 0.8 m and combustion has been monitored for
10.000 s. In the figures the reactor is again laid on its side (the z-axis indicate the height position).
The chosen moments in time to plot are ¢ = 0, which is the initial state, ¢ = 200 s, where al reactions
and temperatures are risen to a kind of steady state, ¢ = 5000 and ¢ = 10.000 which is regarded as the
end of the simulation, since almost all biomass has been consumed for pyrolysis.
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Figure B.1: profile changes during gasification.
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