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Abstract 18 

The aim of this research is to contribute into the diffusion of biomass power systems by analyzing 19 

and testing the throat sizing influence on the operation of a gasification plant coupled with an internal 20 

combustion engine. In order to do this, the assessment of the proper operation range for some of 21 

the driving process parameters has been carried out. The analysis has been focused on such 22 

parameters as pressure drop of the fixed bed reactor, the inlet air flow, the syngas production, 23 

electrical power production and efficiency, looking for improving the performance and guaranteeing 24 

the proper system operation. Two different campaigns of tests have been carried out for figuring out 25 
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the best design on the reactor. Based on this analysis, the most convenient throat diameter has 1 

been determined (in this case, around 10 cm), producing an increment in the production of syngas 2 

of about 31%. This modification has demonstrated also an increment of the electrical power 3 

produced by the gasification plant of about 40%, which means an increment in the motor generator 4 

efficiency of 35%.  5 

 6 

Keywords: throat size, downdraft gasifier, pressure drop, biomass, syngas, renewable resources 7 

 8 

Nomenclature 9 

am
.

, air mass flow (kg/s)   10 

gm
.

, syngas mass flow (kg/s)  11 

g , gravitational acceleration (m/s
2
) 12 

a , air density (kg/m
3
) 13 

g , syngas density (kg/m
3
) 14 

ф1, First campaign throat diameter (m) 15 

ф2, Second campaign throat diameter (m) 16 

A/S, air-syngas rate  17 

0A , inlet air section (m
2
) 18 

1A , throat section at diameter ф1 (m
2
) 19 

2A , throat section at diameter ф2 (m
2
) 20 

0v , air inlet speed (m/s) 21 

1v , outlet gas speed at the section 
1A (m/s) 22 

2v , outlet gas speed at the section 2A  (m/s) 23 
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202 zzz  , elevation between the measuring points (m) 1 

aQ
.

, inlet air volumetric flow (m
3
/s)   2 

0P , atmospheric pressure (bar) 3 

1P , syngas pressure at the throat section 
1A (bar) 4 

2P , syngas pressure at the throat section 
2A (bar) 5 

Pelec, electrical power at the generator terminals (kW) 6 

101 PPP  , bed pressure drop with ф1 throat diameter (bar) 7 

202 PPP  , bed pressure with ф2 throat diameter (bar) 8 

L, length of the reduction zone (m) 9 

d, equivalent diameter of the biomass particle (m) 10 

u, superficial velocity (m/s) 11 

Υ , fluid viscosity (Pa·s) 12 

Є,  porosity  13 

m , density of the suspension (kg/m
3
) 14 

 15 

1.  Introduction 16 

Continuous efforts have been made in exploration of renewable energy resources for a sustainable 17 

development as a consequence of the global economic crisis that has affected the energy market 18 

and the global economy during the recent years [1]. Among all of the renewable resources, biomass 19 

is the only one which contains carbon source to be converted into solid, liquid and gaseous 20 

products, and further into electricity, heat and transport fuels. Currently, biomass is the fourth largest 21 

energy source in the world after coal, petroleum and natural gas [2] and [3]. 22 

Like wind, solar, and other renewable energy sources, biomass can make a positive impact on the 23 

atmosphere facing the climate change induced by the green gas emissions (GHG) and decreasing 24 
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the dependence on fossil fuels that still account for 80% of primary energy consumption [4]. The 1 

energy obtained from biomass, based on short rotation forestry and other energy crops, can 2 

significantly contribute towards the renewable energy target of the European Union, EU 20% by 3 

2020 [5]. Biomass fuels and residues can be turned into energy via different processes (e.g. 4 

physical, thermal, chemical, and biological conversion) and all biomass can be burned in thermo-5 

chemical conversion plants (i.e. combustion to produce steam useful for power production) [6]. 6 

Among the thermo-chemical processes, a considerable interest into biomass gasification has been 7 

growing worldwide in the last decades [7] and [8]. As a matter of fact, since any biomass material 8 

can undergo gasification, the gasification process is much more attractive than others such as 9 

ethanol production or biogas, where only selected biomass materials can produce the fuel [9]. The 10 

United States Department of Energy (DOE) has had a major goal in the development of cost 11 

competitive gasification technologies for the power production from renewable biomass crops [10] 12 

and [11]. Furthermore, an extensive review in Europe and Canada identified 50 manufacturers 13 

offering ‘commercial’ gasification plants from which 75% of the designs were downdraft type [12]. 14 

The downdraft technology owns the favorable characteristics of flexible adaptation of the syngas 15 

production to the load; low sensitivity to charcoal dust and tar content of the fuel (0.015–3 g/Nm
3
); 16 

shorter time of ignition (5–20 minutes) and to reach the operating temperature than an updraft 17 

gasifier (30-60 minutes) [7]. Depending on the fuel used (its final form, size and moisture content) 18 

these technical aspects make downdraft technology preferable to others [13]. The gasification 19 

converts biomass into a combustible gas mixture called syngas (synthesis gas) by its partial 20 

oxidation at high temperatures, typically in the range 800-1000°C [8]. The syngas constitutes a 21 

mixture of carbon monoxide (CO), hydrogen (H2), methane (CH4), small quantities of other light 22 

hydrocarbons (CnHm), carbon dioxide (CO2) and steam (H2O), besides the nitrogen (N2) present in 23 

the air supplied for the reaction [14]. 24 

It is a vital building block for the petrochemical industry and it is an important intermediate for 25 

synthesis of large numbers of industrial products. Thus, maximizing the syngas yield from biomass 26 

will largely promote the biomass utilization with high efficiency [15]. The syngas can be used to run 27 

internal combustion engines both compression and spark ignition, as substitute for furnace oil in 28 
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direct heat applications or to produce, in an economically viable way, methanol which is useful both 1 

as fuel for heat engines as well as chemical feedstock for industries [16].  2 

The gasification plant on which the experimental analysis is focused, adopts a downdraft fixed bed 3 

technology in which the air passes from the tuyers in the downdraft direction.  The gasifier has been 4 

coupled with an internal combustion engine (ICE) for a power production of 5 kWe. The ICE, 5 

traditionally working with gasoline, has been adapted to work with syngas characterized by a lower 6 

heating value (LHV) generally between 4-6 MJ/m3 [17]. The gasifier is fuelled with pellets, based on 7 

lignocellulosic biomass belonged to woody energy crops.  8 

Although regional and national policies in different countries attempt to dampen their use and 9 

increase alternative energy, recent studies on biomass gasification for small scale application have 10 

demonstrated that it could be currently considered a quite mature technology [18], [19], [20] and  11 

[21]. Notwithstanding that greater efforts are still required in research to achieve further advances in 12 

the diffusion of gasification technologies [14], [22] and [23].  13 

In literature, different studies can be found on fixed bed gasification process. Previous works have 14 

studied the performance of the biomass gasifier system in terms of producer gas composition, gas 15 

production rate, zone temperatures and cold gas efficiency [24], [25] and [26]. Guangui et al. show 16 

as preheating the gasifying air improves the outputs of the gasification process since the air flow 17 

rate has a significant effect on the quality of the producer gas [27]. The influence of the heating 18 

value and equivalent ratio on the performance of a downdraft fixed bed gasifier using different throat 19 

diameters was also presented by Gunarathne et al. [28]. However, they did not assess the 20 

relationship between throat diameter and bed pressure drop.  The original mark of the present work 21 

lies in the analysis of the design of the throat on the gasification parameters, inlet air flow and bed 22 

pressure drop. Based on this analysis, the most convenient throat diameter has been determined, 23 

resulting in an increment in the production of syngas, efficiency and power generation. A 24 

methodology to evaluate and assess the behavior of the bed pressure drop and air inlet flow in 25 

function of the throat diameter has been implemented in order to achieve the feasible management 26 

of a downdraft fixed bed gasifier. The application of this methodology would allow designers and 27 

energy managers to increase the syngas production and, consequently, the power generation. 28 
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Therefore, a higher reliability of the gasification plant can be achieved. Finally, the relationships 1 

between the characteristic process parameters have been investigated in order to favorite the 2 

widespread of this technology and enabling the gasification plant to properly operate at full capacity. 3 

The paper is organized as follows: an overview about the experimental setup of the downdraft fixed 4 

bed gasification technology adopted in this study is presented in Section 2. Section 3 presents the 5 

proposed methodology for the evaluation and assessment of the effect of the gasifier throat 6 

diameter on the driving process parameters. In Section 4, the description of the modification 7 

performed on the gasification plant and some considerations about the gasification process 8 

parameters taken into account in the study are explained. The methodology is applied to a 9 

gasification plant designed at the Institute for Energy Engineering of Valencia (IIE), Spain, in section 10 

5. Finally, some conclusions are stated in section 6.  11 

 12 

2. Experimental setup of the gasification plant 13 

The influence of the throat sizing on the characteristic process parameters was investigated and 14 

then tests were carried out on the experimental gasification plant developed by the Laboratory of 15 

Distributed Energy Resources (LabDER) of the IIE [18]. The initial design of the reactor throat was 16 

modified so that the diameter of the throat was increased with a constant geometry.  17 

 18 

2.1 Characterization of the lignocellulosic biomass: Pellets 19 

During the tests, the power plant was fuelled with waste biomass derived from different woody 20 

energy crops. Cellulose, hemicellulose and lignin and extractives are found to be the major 21 

components of the woody biomass. The biomass composition in terms of these elements is 22 

reported in Table 1, including the proximate and ultimate analysis. Proximate analysis gives the 23 

composition of the biomass in terms of gross components: moisture (M), volatile matter (VM), ash 24 

(ASH), and fixed carbon (FC). Ultimate analysis quantifies carbon, hydrogen, and oxygen fractions 25 

and it is reported using the CxHyOz formula where x, y, and z represents the elemental fractions of 26 

C, H, and O, respectively. Biomass size is a factor that needs to be considered in gasification 27 

processes. Through a pelleting process the waste biomass has been prepared into pellets with a 28 
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diameter between 4-6 mm and a length from 10 to 12 mm. Previous studies conducted on a 1 

downdraft reactor have demonstrated that an increase in particle diameter (d) above 6 mm led to 2 

lower biomass consumption rates, fuel/air equivalent ratios, maximum process temperatures, and 3 

consequently to lower flame front velocities [29] 4 

 5 

2.2 Apparatus 6 

The syngas produced during the biomass gasification process is burned into a Honda ICE, designed 7 

to work with gasoline and adapted to operate with syngas [13]. The gasifying agent used is a 8 

quantity of air, between 20-40% of the theoretically value necessary for a complete combustion. 9 

Only the biomass feed system and the reactor are necessary for gasifying the biomass while the 10 

syngas needs to be treated in a cleaning system due to the amount of solids and tars contained 11 

therein. 12 

The experimental gasification plant is composed of the following components: the reactor (Figure 1), 13 

the gas cleaning system (Figure 2) and the water treatment system (Figure 3). 14 

 15 

a) The reactor 16 

Different endothermic and exothermic reactions take place in the reactor (Figure 1), while the 17 

biomass is converted into a lower heating value gas, syngas [11]. Four different zones can be 18 

distinguished: drying, pyrolysis, oxidation and reduction, where the different chemical reactions are 19 

produced. The combustion or oxidation zone has the highest temperature due to the exothermic 20 

nature of the reactions (800-900°C). Two meter devices are incorporated in this area: a K-type 21 

thermocouple is settled in the area near the air inlet pipe and another one just 1 cm below the throat. 22 

The reduction zone is a truncated cone where endothermic reactions among CO2 and H2O with CO 23 

and H2 are carried out. At the end of the reduction zone, a grid (number 5) is located to prevent 24 

undesirable biomass loss. The reactor is equipped with a biomass deposit (number 6) of a 25 

volumetric storage capacity equal to 226 l, equivalent to 45 kg of pellets with a bulk density of 400 26 

kg/m
3
. After filling the deposit with biomass and closing the upper valve (number 1), the lower valve 27 

(number 2) should be open in order to enable the biomass to enter the reactor. In this way, the 28 

control of the air entering the reactor is possible and the system is preserved from working under 29 
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vacuum. The air speed is settled around 30 - 35 m/s to guarantee that the combustion temperature 1 

arises from 550 to 1000°C at the top of the throat so as tars concentration in the syngas will be 2 

significantly lower. In order to reduce the holes formation, a bed-bridge breaker lever (number 3) 3 

and an electrical vibrator (number 4) have been installed (Figure 1). The holes are pockets of air 4 

that made reactions following preferential directions lowering the efficiency. They are frequent into 5 

the combustion, pyrolysis zones and influenced by the biomass moisture and size [9]. Indeed the 6 

bed-bridge breaker lever and the electrical vibrator allow evacuating the char that should clog the 7 

throat and the flow of larger pellets (1.5 x 1.5 x 1.5 cm). In this way, these components ensure that 8 

an adequate new amount of biomass is always present into the reaction zone and takes part into the 9 

gasification process, improving the efficiency. At the same time, they are able to reduce the bed 10 

pressure drop and keep it under a proper value. Finally, there is an ashes deposit (number 7) where 11 

charcoal and ashes that have not been gasified are stored and evacuated. 12 

 13 

b) The gas cleaning system 14 

The gas cleaning system removes the ashes and charcoal residues still present into the produced 15 

gas (Figure 2). The syngas leaving the gasifier needs to be cleaned to have high process efficiency 16 

and avoid damages of the ICE. This system is composed of the following elements: scrubber 17 

(number 2), centrifugal separator (number 3), gas filter (number 4) and centrifugal vacuum pump 18 

(number 5). The scrubber refrigerates and separates residue solids from the syngas. It determines 19 

the condensation of tars present in the syngas. The centrifugal separator eliminates the water, tar 20 

and solids contained into the syngas. The gas filter separates particles and tars which could not be 21 

removed by the centrifugal separator and forces it to pass sequentially through a bed of stones, 22 

bubbling bells and a bed of chips in order to be dried. Then the syngas flows through a nylon filter of 23 

200 microns, which retains solid particles and chips, and finally through the cotton filter where the 24 

residual moisture eventually still present is eliminated. At the end, the syngas leaves the filter and is 25 

sent to the ICE. As the centrifugal separator, the vacuum pump creates the required depression to 26 

allow the air to enter the gasifier, react with the biomass and produce the syngas. The gasifier is 27 

designed to work under depression, so that the gas circuit must be sealed to prevent any air 28 

infiltration. The torch (number 6) is used to burn the excess of syngas not used for producing 29 
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electricity. The ICE (number 7) adopted is a Twin Commercial Honda Engine 630 cc working with 1 

gasoline [30]. This engine is adapted to operate with syngas with a consequently reduction in the 2 

power production compared to its operation with gasoline (about a 28%) [11]. 3 

 4 

c) The water treatment system 5 

The water system (Figure 3) has the function of removing solids and tar from the water used into the 6 

gas system for refrigerating and cleaning the syngas. Thus, water can be reused and the syngas 7 

can be continuously cleaned, reducing the cost and the amount of the waste water. This circuit is 8 

composed of the following elements: water deposit (number 8), water pump (number 9), water filter 9 

(number 10), cloth filter (number 11) and heat exchanger (number 12). 10 

In the water circuit, there are two water tanks. The water deposit has a capacity of 100 l. It collects 11 

by gravity the water which comes out from the gas filter. Once the water leaves the deposit, it is sent 12 

to a second tank, the water filter (500 l), by means of a centrifugal pump.  13 

The water filter eliminates the solids and tars suspended in the water. The cloth filter has a pore size 14 

of 60 microns and prevents the particles of sand and chips to reach the heat exchanger. The heat 15 

exchanger reduces the water temperature so it can be continuously used for the syngas cooling. 16 

Figure 1, Figure 2 and Figure 3 show schematically the location of the measurement points and 17 

devices in the gasification plant. 18 

 19 

3. Considerations on the bed pressure drop and the throat sizing 20 

Experimental tests were performed according to two different reactor configurations. To ensure the 21 

data reproducibility the gasification plant has been fuelled with a pellets source characterized by the 22 

same chemical and geometrical properties (i.e. diameter, moisture, composition, etc.) during each 23 

tests.  24 

 25 

3.1 Analysis of the response parameter: Bed pressure drop  26 

Previous studies have shown how some ranges of the response parameter (bed pressure drop) do 27 

not guarantee the reliable operation of a fixed bed gasifier [31], [32] and [33]. The pressure drop 28 
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should properly range between 2.5 to 10 mbar with an optimum value around 6.3 mbar. Instead, 1 

pressures into range lower than 2.5 mbar are typical values achieved in the following samples: 2 

 The insufficient amount of biomass into the gasifier deposit. 3 

 The lack of homogeneity in the gasification process. Gasification reactions take place only 4 

in specific area into the reactor. 5 

On the other hand, pressure drop values greater than 12 mbar determine: 6 

 The mismatch of the air-fuel ratio in the ICE with a consequent decrement of the cumulative 7 

efficiency. 8 

 The decrement of the volumetric efficiency where the volumetric efficiency is the ratio 9 

between the real volume and the maximum volume of the gasifier. Generally this value falls 10 

within a range between 0.7 to 0.9. 11 

 The instability of the bed pressure drop, which suddenly increases and decreases during the 12 

operation of the gasifier. 13 

In order to contain the research costs, a previous theoretical analysis has been carried out on the 14 

gasifier design to predict the influence of the throat diameter on the response parameter, pressure 15 

drop, before operating the technical modification. The trend of the bed pressure drop with a different 16 

throat diameter has been theoretically evaluated. Throat diameters larger than 10 cm have been 17 

demonstrated to negatively affect the cumulative efficiency of the gasification process [34]. So a 18 

throat diameter ф2 equal to 10 cm has been chosen and its influence on the bed pressure drop has 19 

been investigated. 20 

Into the fixed bed gasifier, the transfer of heat and mass takes place between the fluid and solid 21 

phases and the transfer has been supposed to be steady state. The fixed bed geometry itself has 22 

been considered cylindrical and the flow of the fluid through the bed parallel to the axis of the 23 

cylinder. Radial flow of the fluid has not been taken into account. 24 

The major design parameters are the pressure drop across the fixed bed, and the heat and mass 25 

transfer coefficients between the fluid and the surface of the solid phase. Diffusion of heat and mass 26 

into the interior of the solid phase can be a significant mechanism of transfer, but it is common to 27 
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employ lumped transfer coefficients at the surface to account for the internal diffusion, and to use 1 

average solid temperatures and concentrations in the design calculations. 2 

According to the principle of the mass conservation, the continuity equation for the throat section of 3 

the ф2 diameter is expressed in cylindrical coordinates (r=radius;ϴ=angle) by (1): 4 
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Alike, according to the first law of the thermodynamics applied to a steady-flow system where net 7 

frictional forces are negligible, the energy balance should be applied and written between the two 8 

points of the bed reactor, air inlet section and outlet gas section, as follows:  9 
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Pressure drop across a fixed bed has been calculated from the empirical formula proposed by 11 

Ergun in 1952 [35]: 12 
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where ΔP is the pressure drop, L is the length of the reduction zone, d is the equivalent diameter of 14 

the particle, defined as the equivalent volume sphere (= 6 × volume/surface area), ε is the porosity 15 

(porosity= free volume/total volume), u is the superficial velocity based on flow through an empty 16 

fixed bed, Υ is the fluid viscosity and c1 and c2 are correlation values obtained by regression of 17 

experimental data. The values of c1 and c2 for randomly packed spherical particles have been 18 

adopted (c1 = 1.8 and c2 = 180). The continuity balance represented by (1) on the bed of the reactor 19 

shows that for a constant air inlet flow of 15 m3/h, the gas flow speed for the ф2 diameter is about 20 

0.531 m
2
/s (Table 3). As expected, the increase in the throat diameter causes a decrease in the 21 

outlet flow velocity, but the choice of a ф2 diameter equal to 10 cm determines an outlet gas speed 22 
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value equal to a half of the experimental gas flow speed measured for the diameter ф1 equal to 7 cm 1 

and for the same constant inlet air flow of 15 m3/h (Table 3). 2 

The thermodynamic balance and the Ergun formula expressed by (2) and (3) give the possibility to 3 

evaluate the behaviour of the bed pressure drop for ф2 diameter. The obtained data shows that the 4 

pressure drop is lower than in case of a throat diameter ф1 ad for a constant air inlet flow. The 5 

pressure drop decreases when the throat section increases for a fixed inlet air flow but the main 6 

result is that the obtained pressure drop is properly set into the recommended range as specified 7 

before (Figure 5). The theoretical analysis for the throat diameter of 10 cm underlines the positive 8 

effect that the modification could determine on the bed pressure drop and supports the throat 9 

technical implementation. Figure 5 shows the theoretical pressure drop profile as a function of the 10 

air inlet flow parameter related to the diameter ф2. The electrical power has been estimated and 11 

calculated considering a constant LHV of 1200 kcal/m
3
. This value is the average value of the 12 

experimental LHV monitored and acquired during the operation of the experimental plan at the first 13 

campaign. 14 

 15 

3.2 Description of the throat modification 16 

Measurements carried out during tests allow to monitor the response parameter, bed pressure drop 17 

and the operating parameters, syngas production, air inlet flow, etc. in order to assess the influence 18 

of the throat sizing on them. The reactor configuration for the first campaign is characterized by a 19 

throat diameter equal to 7 cm, with a corresponding throat section of 0.0038 m
2
. The biomass flow 20 

measured is about a 10 kg/h with a syngas production of about 21 Nm
3
/h. Therefore, the biomass 21 

processing capacity is 2.67 kg/hcm
2
 (0.55 m

3
/hm

2
) and the gas design speed in the throat is 22 

calculated about 1.56 m/s. The actual speed is determined to be greater than the design speed due 23 

to the reduction of the gas passage area caused by the char and by the use of a perforated plate. 24 

During the second campaign, the modification realized on the gasification plant consists into the 25 

increment of the throat diameter from 7 cm to 10 cm with a corresponding increase in throat section 26 
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of 0.0078 m
2 

(about 50%). The cross sectional area of the throat is a same circular opening 1 

geometry during both campaigns. 2 

As shown in previous, studies the throat angle influences the cumulative conversion efficiency along 3 

the reduction zone axis. Smaller throat angles increase the cumulative efficiency if also a longer 4 

reduction zone is adopted [36] and [34]. In this application, a throat angle of 61º is used for the first 5 

campaign and an angle of 58º for the second one with a length of the reduction zone (L) respectively 6 

of 8 cm and 12 cm. The gasifier had 6 nozzles with 10 mm diameter for the injection of air.  7 

 8 

4. Test methodology and experimental procedure 9 

The test methodology adopted for this research consists of the following steps (Figure 4): 10 

1. Preparation of the pellets. 11 

2. Turning on the gasification plant. 12 

3. Operating the plant at different loads, increasing the load from 8 to 15 m
3
/h. 13 

4. Turning on the motor-generator. 14 

5. Monitoring of the response parameter: Fixed bed pressure drop [bar]. 15 

Pressure drop value should be lower than 12 mbar as it will be discussed in the following paragraph. 16 

6. Data acquisition for the first campaign with the experimental parameter ‘throat diameter’ equal to 17 

7 cm and monitoring of the operating parameters of the gasification plant listed below: 18 

 Air-fuel ratio 19 

 Inlet air flow [Nm
3
/h] 20 

 Syngas flow produced [Nm
3
/h] 21 

 Syngas velocity at the throat section [m/s] 22 

 Electrical power produced [kWe] 23 

 Efficiency 24 

7. After the first campaign, a modification of the reactor design is realized. The throat diameter is 25 

incremented from 7 to 10 cm. 26 

8. Repeat the same procedure for the assessment of the influence of the experimental parameter 27 

on the driving process variables and on the system operation. 28 
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9. Data acquisition for the second campaign and monitoring of the same operating parameters listed 1 

before. 2 

10. Evaluation of the results obtained through a comparison between the two different 3 

configurations. 4 

During the two campaigns, the response variables listed before (syngas production, electrical power, 5 

etc.) have been monitored by the acquisition and measurement system. A detailed analysis on the 6 

influence of the reactor throat size on the process parameters has been carried out. Tests carried 7 

out on the different reactor configurations have been divided into two campaigns and for each tests 8 

the input parameters are shown in Table 2.  9 

 10 

5. Experimental results and discussions 11 

The results hereby presented were obtained in two campaigns. The following transitory state effects 12 

associated to gasifier operation have been properly considered and addressed, including: 13 

 The ignition of the gasifier 14 

 The ignition of the internal combustion engine 15 

 The disconnection of the power plant due to the pressure drop instability effect  16 

 The operation by electrical vibrator 17 

 The operation by breaking bed handle 18 

 Accidents happened during the tests (breakage of a thermocouple, increase in the level of 19 

water in the filter, etc.) 20 

In the following results, some of the most significant parameters are presented in order to highlight 21 

the consequences of increasing the throat diameter from a value of 7 cm to a value of 10 cm. The 22 

first campaign was performed before the modification of the throat; the second one was carried out 23 

when the change had been already made. The fuel used for the tests was pellets in all of the cases 24 

characterized by the constant chemical and geometrical properties (i.e. diameter, moisture, 25 

composition, etc.). According to the results obtained from the different tests, it is possible to 26 

determine the way in that the diameter of the throat influences the principal response parameter, 27 

bed pressure drop and consequently the inlet air flow, the electrical power production, and the 28 
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syngas production. 1 

 2 

5.1 Bed pressure drop and Inlet air flow: Experimental data achieved  3 

Figure 5 shows the experimental data achieved during the two campaigns. The trend of the 4 

pressure drop as a function of the inlet air flow is represented for the throat diameter of 7 cm and 10 5 

cm. The pressure curves presented in (4) and (5) are not generalized but specific formulas valid for 6 

the experimental gasifier improved in this work.  7 

The profile of both curves shows that, when the inlet air flow increases, the pressure drop increases 8 

quadratically.  9 
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The quick increment of the bed pressure drop for the throated reactor of 7 cm limits the maximum 12 

air inlet flow available to 7 m
3
/h. The variation of the bed pressure drop values is out of the 13 

acceptable pressure range for the proper operation as discussed before.   14 

The pressure curve represented by (5) for the throat diameter of 10 cm is the experimental curve 15 

resulted from the second campaign of experimental tests after the performance of the throat 16 

modification. The throat modification supported by the previous theoretical study positively affects 17 

the trend of the pressure-air inlet flow curve for the diameter of 10 cm (Figure  5). This experimental 18 

curve for the diameter ф2 shows the proper variation of the pressure drop data between 2.5 to 10 19 

mbar as required for the correct operation of the gasification plant and already suggested by the 20 

estimated curve. Actually, for values of inlet air flow below 11 Nm
3
/h, the experimental pressure drop 21 

differs from the theoretical value by about 1.5 mbar, while the difference between the two values is 22 

reduced to 0.5 mbar when the air flow is greater than 11 Nm
3
/h (Figure 5). 23 

Table 4 shows the trend of the inlet air flow in correspondence to the maximum values of pressure 24 

drop. Complementarily, it also shows the trend of the bed pressure drop in correspondence to the 25 

maximum values of the inlet air flow.  26 

According to the experimental data obtained during the tests, the following specific conclusions can 27 
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be obtained: 1 

 During the third test with a throat of 0.07 m, the maximum inlet air flow reached is 12.3 2 

Nm
3
/h while during the fifth test, with throat of diameter of 0.1 m, it is 16.1 Nm

3
/h. The 3 

increment is about 31.6%. 4 

 The maximum pressure drop is equal to 17.2 mbar for the diameter ф1, while it is equal 5 

to 14.5 mbar for the diameter ф2. The maximum pressure drop decreases by 15.7% 6 

 At the same pressure drop of 9.8 mbar, the maximum air flow is equal to 11.8 Nm
3
/h 7 

for the throat diameter of ф1. For the throat diameter of ф2, the maximum air flow is 8 

equal to 16.7 Nm
3
/h. Increasing the throat diameter, the maximum air flow increases at 9 

the same pressure drop. 10 

It means that, for the same value of maximum pressure drop, a larger diameter of the throat of the 11 

gasifier increases the inlet air flow.  12 

The modification had also influenced the gasification process stability. Actually the following results 13 

can be achieved: 14 

 For a throat diameter ф1, the variation of the pressure drop is highly unstable when the 15 

air flow varies. In fact, a variation of pressure drop of 8.7 mbar corresponds to the 16 

variation of inlet air flow of 2.85 Nm
3
/h. Its maximum value is equal to 15.9 Nm

3
/h. This 17 

value is out of the pressure range for a proper operation of the gasifier.  18 

 For the throat diameter ф2, the variation of the pressure drop is smaller and stable 19 

when the air flow varies. In fact, a variation of pressure drop of 0.3 mbar corresponds 20 

to the variation of inlet air flow of 1 m
3
/h. Its maximum value is equal to 9.8 Nm

3
/h. This 21 

value falls into the range of operating pressure of the gasifier. 22 

In the Table 5, the pressure drop values are processed according to the set point of inlet air flow. 23 

The set point has to maintain a constant flow of inlet air and it is set from the outside. When the 24 

value of the inlet air flow differs from the set point, the system modifies the frequency of the fan and 25 

it brings the incoming air flow back to the initial fixed value. The set point of inlet air flow is a 26 

significant parameter for the gasifier. The set point is zero during the ignition of the internal 27 
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combustion engine. Actually, during this phase, this parameter becomes meaningless because the 1 

volumetric flow rate of inlet air varies, depending on the needs of the engine (in other words, as a 2 

function of the air-fuel ratio of the engine). 3 

From the analysis of the inlet flow air as a function of pressure drop, the next conclusions can be 4 

stated:  5 

 For the throat diameter ф1, in the range of volumetric flow rate between 6 and 12 6 

Nm
3
/h, 7 

the pressure drop varies between 5.4 and 12.6 mbar while for  the throat diameter ф2  it 8 

is just between 4 and 8.2 mbar 9 

 For  ΔQ a equal to 4 Nm
3
/h, the pressure drop is 7.2 mbar for ф1, while it takes the 10 

value of 4.2 mbar for ф2 11 

The pressure drop varies significantly for diameter ф1 when the inlet air flow varies, while the 12 

difference is much less significant for diameter ф2. The pressure drop variability depends on the 13 

throat diameter in a way that it will be as greater as smaller the throat diameter is.  14 

 15 

5.2 Syngas production 16 

Table 4 highlights the maximum value of the syngas produced during the plant operation after the 17 

realisation of the modification on the reactor. The results show that: 18 

 The maximum volumetric flow rate of syngas increases when the diameter of the throat 19 

increases. It grows from 20.5 Nm
3
/h to 26.8 Nm

3
/h.  20 

 The increment of syngas obtained is about 30.7%. 21 

Figure 6 shows the syngas production of the gasifier during each test as function of the pressure 22 

drop. For the same value of maximum pressure drop, a larger diameter of the throat of the gasifier 23 

increases the inlet air flow and consequently, the syngas flow also increases. 24 

 25 

5.3 Electrical Power Production and Air Syngas rate 26 

Figure 7 shows the pressure drop as a function of the electrical power supplied by the power plant 27 
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for the two different configurations. Regarding the values of electrical power, they were measured by 1 

means of a network analyser.  For the first configuration, the pressure drop trend affects the syngas 2 

production and consequently limits the power production. Actually due to the instability of the bed 3 

pressure drop for the throat diameter of 7 cm, the maximum power production achieved is only 4 

about 3 kWe (Figure 8). Instead, the throat modification positively affects the operation of the 5 

gasifier by the increment of the electrical power production in about 40%. The maximum electrical 6 

power achieved for the inlet air flow of 11.2 Nm
3
/h is 5 kWe. Figure 7 shows the performance of the 7 

air-syngas ratio according to the power production and the efficiency. It can be observed that the 8 

system works properly as this ratio varies between 1 and 1.5, which is the range of excellent work 9 

for the air-fuel ratio of a gasification plant [13]. The equation that describes the trend is (6):  10 

 A/S =  -1.86·10
-2·

Pelec +1.24  (6)  11 

where A/S is the air-syngas rate and Pelec is the electrical power at the generator terminals. It can be 12 

seen that the electrical power tends to zero when the value A/S is 1.24. The range considers only 13 

the case of a loaded engine. 14 

 15 

5.4 Efficiency  16 

Following, the trend of the efficiency of the system motor-generator as a function of the electrical 17 

power of the gasification plant is analysed (Figure 8). The increment of about 50% of the throat 18 

section determines that the efficiency also increases, reaching the maximum value of 0.21 at the 19 

maximum value of electrical power 5 kWe. While during the first campaign the maximum value 20 

reached for the motor engine efficiency is just 0.14, an increment of about 35% is achieved by the 21 

assessment of the throat modification. 22 

 23 

6. Conclusions 24 

This paper evidences as performing the proposed design modification on the throat of a downdraft 25 

gasifier, a significant improvement on the reliability can be achieved. The increment of the throat 26 

diameter from 7 to 10 cm, corresponding to an increment of about 50% of the throat section, 27 

reduces the bed pressure drop up to the 16% and sets its variation into a favourable range of 28 
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management. The greater stability reached by the pressure drop during the power plant operation 1 

ensures the continuous schedule of the gasification plant, reducing the disturbance of safety control 2 

system (electrical vibrator, break bed system, etc.). An increment of the air inlet flow between 10 3 

and 16 Nm
3
/h is achieved, which increases the syngas production in about 31% (from 11.8 Nm

3
/h to 4 

16.7 Nm
3
/h) compared to the original plant configuration. The experimental results demonstrate an 5 

increment of the electrical power produced by the gasification plant of about 40% (from 3 kWe to 5 6 

kWe) and a correspondent increment of the motor generator efficiency up to 35% (from 0.14 to 7 

0.21) with an adequate air-syngas ratio varying properly between 1 and 1.5. As it has been 8 

demonstrated, the throat diameter of a downdraft gasifier is a very sensitive parameter which 9 

strongly affects the production of syngas and, consequently, the efficiency of the whole plant. 10 

Readers have in this paper a practical case where this issue has been addressed, performing the 11 

required modifications in a real gasifier with the abovementioned positive results. 12 

 13 
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