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Abstract 

Objectives 

The objective of this project was to develop a battalion-scale waste-to-energy (WTE) system 
based on the principle of gasification. More specifically, the goal the WTE system was to convert 
1 to 3 tons per day of mixed wastes to energy, with minimal pre-processing, and with a net-
positive energy output (net of parasitic losses). Also, the size of the system was to be limited to 
two, 20-ft shipping containers.  

Technical Approach 

The research team took the approach of developing an entire working prototype, rather than 
analyzing a portion of the waste gasification process. The rotary kiln WTE system was conceived 
to address the Statement of Need (SON) criteria, with the following design principles: 

• accept and process mixed, unsorted municipal waste materials 
• minimize process energy required through careful heat management and use of hydraulics 
• integrate into contingency utility systems by using standard diesel generators. 
 
The main gasification reactor is a novel design, based on an updraft gasifier, but rotating with 
new techniques for introducing waste, and removing syngas. This system was tested on multiple 
waste mixtures, representative of reported, in-theater waste composition. 

Results 

The rotary gasification system was successfully developed and testing. The syngas produced was 
energy rich, mirroring commercial liquid fuels in composition. The resulting ash test non-
hazardous for heavy metals. Perhaps most importantly, researchers showed that waste could be 
consumed with a net-positive energy output. 

Benefits 

If this technology were to be further developed, demonstrated, and fielded, it could solve the 
problem of contingency waste disposal, eliminating burn pits, or the need for hauling outside the 
perimeter of the camp. Additionally, this system outputs net-positive energy, tens of kilowatts at 
the target scale, thereby displacing a modest fuel requirement. 
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1. Introduction 

1.1  Objectives 

The statement of need (SON) to which this project responds, calls for a battalion-scale waste-to-
energy (WTE) system based on the principle of gasification. The goal is to convert 1 to 3 tons 
per day of mixed wastes to energy, with minimal pre-processing, and with a net-positive energy 
output (net of parasitic losses). Also, the size of the system was required to be limited to two, 20-
ft shipping containers. 

While the SON states to not focus on engineering an entire WTE system, the research team 
believed that a holistic approach was really necessary to achieve the performance desired, rather 
than trying to make incremental improvements to existing technology. 

The rotary kiln WTE system was conceived to address the SON criteria, with the following 
design principles: 

• accept and process mixed, unsorted municipal waste materials 
• minimize process energy required through careful heat management and use of hydraulics 
• integrate into contingency utility systems by using standard diesel generators. 

1.2  Core Design Objectives 

The Inclined Indirect Flaming Pyrolysis Rotary Gasifier (IIFPRG) was invented and developed 
by researchers at SUNY Cobleskill in coordination with USACE-ERDC-CERL, Benét 
Laboratory, and USEPA. The intent was to develop a simple and reliable WTE system that could 
actually be used by the military, at forward operating bases, thereby meeting the challenge posed 
by the SON. 

System design focused on the following core design objectives: 

1. Ensure system safety as the highest priority. 
2. Develop a portable, small, simple, and reliable 60 kW trailer-mounted system that can be 

military containerized in the future. 
3. Process a wide variety of waste types with minimal or no feedstock preparation. 
4. Handle feedstock only once. Avoid equipment prone to blockages such as multiple 

conveyors, storage bins, grinders, etc. 
5. Dry wet wastes to less than 50% moisture content by squeezing under high compressive 

stress. 
6. Use creative thermodynamic concepts to move heat where needed and recover lost heat to 

enable the processing of excessively wet feedstock. 
7. Inert items such as glass, metals, soil, rocks, etc., must pass through the gasifier easily and 

discharge with the ash. 
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2. General Design 

2.1  Introduction 

The process developed by SUNY Cobleskill and research partners uses a unique form 
gasification to convert any flammable solid waste into to a synthetic fuel gas (syngas). A 60 kW 
diesel engine-driven generator operates in dual-fuel mode to generate electricity. The engine 
operates primarily on gaseous synthetic fuel created from wastes with supplemental liquid fuel. 

The prototype system is mounted on two trailers and is fully portable. The system currently 
processes up to 1.25 tons of wet waste per day and generates between 50 and 60 kW of usable 
electrical power. Research focuses on how to reliably process mixed stream wastes with minimal 
requirements for sorting. 

2.2  Technology for the Project 

The technology uses a simple and robust means of precision thermodynamic energy management 
to process dripping wet waste into thermal and electrical energy. The energy to sustain the 
process is provided by the feedstock. SERDP funds were used to further develop and test the 
concept of IIFPRG. 

The IIFPRG is a hybrid rotary gasifier that combines the properties of cross draft, updraft, 
downdraft, and indirect rotary gasification into one reactor. The thermal energy to sustain 
thermochemical reactions is provided by the following sources: 

1. The combustion of fixed carbon at 1900 to 2100 °F within the reactor at the downhill end. 
2. Combustion of a small portion of syngas to raise the temperature of engine exhaust. 
3. Indirect thermal energy transfer from heated engine exhaust to process equipment. 
4. Exothermic chemical reactions, primarily combustion and water shift reactions. 

Sufficient thermal energy exists to process dripping wet wastes. 

2.3  Feedstock Preparation 

A significant advantage of the IIFPRG system is the ability to process as-received dripping wet 
wastes. The system is best suited for mixed homogenous wastes. Grinding or shredding of 
feedstock is required only if the waste will not physically fit into the feed system. A simple ram 
arrangement pushes feedstock into the gasifier. The ram has sufficient force to shear and break 
larger materials to allow passage through the feed system. Excessive amounts of fine particles 
are not a process problem and separation by screening is not required. 

Small inert items, such as metals, glass, stones, soils, nails, etc., do not require separation. These 
items are introduced into the gasifier with the feedstock and discharge with the ash. Combustion 
temperatures in the downhill end of the gasifier are between 1900 and 2100 °F. The formation of 
slag may occur as ash and inert items are exposed to extreme temperatures before discharge. Fine 
bottom ash freely discharges during operation from the downhill end of the gasifier. Clinkers and 
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slag periodically discharge through an ash door. Large inert items such as structural steel, 
appliances, drywall, etc. should be separated from the feedstock before processing. 

The system is designed to handle dripping wet wastes. Separation and pre-drying of waste is not 
required. The energy to process excessively wet waste is provided by the feedstock. Additional 
feedstock must be processed to compensate for excessive moisture. Although the system can 
process dripping wet wastes, care should be taken to keep feedstock as dry as possible before 
processing. Wastes should be protected from excessive moisture absorption during heavy 
weather. 

2.4  Dewatering by Super-Compression 

The IIFPRG system is designed to process dripping wet wastes, with moisture contents greater 
than 80% on a wet basis (20% solids / 80% liquids). The super-compression dewatering ram 
mechanically squeezes dripping wet feedstock, to both densify and remove excessive free liquids 
as feedstock enters the gasifier. Sufficient bulk chunks must exist in the feedstock to provide an 
active surface for the dewatering ram to push against. Slurries must be mixed with bulk for 
dewatering to occur. 

The design target of the ram feeder is to lower the average moisture content of the feedstock 
entering the gasifier to less than 50%. The resulting liquids are captured and stored. Waste 
liquids are later disposed by injecting into the gasifier when processing excessively dry 
feedstock, such as wastes high in dry paper and cardboard content. 

2.5  Thermodynamic Process Design Approach 

The IIFPRG does numerous functions in one reactor vessel as illustrated in Figure 2-1. 

 
Figure 2-1.  Process Design of IIFPRG. 

2.5.1  Tumble Reactions 

The entire gasifier vessel rotates, allowing raw and partially reacted feedstock to freely tumble 
within the reactor. Tumbling action allows continual exposure to drying, de-volatilization, and 
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combustion at different temperature zones within the reactor. The rotary action also helps ash and 
slag to freely discharge from the downhill end. 

2.5.2  Proximate Analysis of Feedstock 

The performance of the gasifier is based on the proximate analysis of the feedstock. Feedstock 
moisture varies dramatically, requiring the evaluation on a dry basis. Feedstock must be 
categorized on a moisture free percent mass basis as follows: 

1. Higher Heating Value (HHV) of the composite feedstock 
2. Percent volatile matter (VM) 
3. Percent fixed carbon (FC) 
4. Percent ash. 

2.5.3  Simplified Thermochemical Reactions Using Proximate Analysis 

The IIFPRG operates on the following core concepts: 

1. All feedstock is first dried when entering the gasifier. Moisture is flashed to superheated 
steam. Steam exits the gasifier with the syngas. 

2. Steam does not contact or pass through the burning char bed, preventing the highly 
endothermic water-gas reaction (H20 + C -> CO + H2) from occurring. 

3. The slightly exothermic water shift reaction (H2O + CO -> CO2 + H2) does not freely occur 
within the gasifier due to the lack of a catalyst. 

4. Dry feedstock is devolatilized using heat. All gaseous VM is driven out of the feedstock, 
leaving carbon rich FC. 

5. Thermal heat within the gasifier is provided by burning FC at 2100 °F with air that enters the 
reactor on the far downhill end. Additional heat for drying is provided to the rotating gasifier 
shell using energy from the diesel exhaust. 

6. FC burns fully to ash. Ash discharges from the gasifier at 1900 to 2100 °F. 

2.5.4  IIFPRG System Thermodynamics 

The operating concept and related thermodynamics of the IIFPRG system are summarized as 
follows: 

1. Bagged and bulk feedstocks are stored in a staging area near the gasifier. 
2. Super-compression ram feeder. 

a. Compression dewatering reduces moisture content from dripping wet to < 50% moisture 
(wet basis). 

b. Feedstock densifies under heat and pressure into a briquette when entering the gasifier. 
c. Compressed feedstock forms an airlock seal. 

3. Densified dewatered feedstock enters the gasifier. 
a. Feedstock enters a few inches uphill of the > 1900 °F burning char bed. 
b. Densified feedstock fully dries and breaks apart. 
c. Moisture vaporizes to superheated steam using indirect heat from diesel exhaust. 

(1) Liquid heats from ambient to boiling. 



5 

(2) Latent heat of vaporization transforms liquid water into vapor. 
(3) Steam is superheated to the gasifier exit temperature. 

4. Feedstock heats from ambient to volatilization temperature. 
5. Feedstock flash gasifies and devolatilizes into FC as it approaches the burning FC zone. 

Feedstock devolatilizes into carbon monoxide rich syngas. 
6. FC combusts with air at 14,093 BTU/lb. Combustion temperature is between 1900 to 

2100 °F at 1.0 equivalence ratio at the downhill end of the gasifier. Ash and inert materials 
are exposed to high combustion temperatures to thermally decompose all dioxins and furans. 

7. The combustion products from burning FC (carbon dioxide and nitrogen) mix with exiting 
syngas and steam at 500 to 700 °F. These inert gases dilute the energy level of the syngas. 

8. Syngas enters the super-heater (indirect exposure to the burning char layer) where the gas 
mixture is heated to 2100 °F (1150 °C) using direct heat transfer from diesel exhaust heated 
in the afterburner. This helps to thermally crack larger molecular weight materials. 

9. Syngas enters the oil filled quencher-scrubber. This scrubber uses waste motor pool 
lubricants as the scrubbing liquid. Syngas is cooled from 2100 to 210 °F in less than 
1 millisecond to minimize dioxin and furan formation. 

10. High dewpoint tars and heavy particulates are removed in the oil scrubber. Syngas at 210 °F 
exits the quencher-scrubber and enters the condenser. The condenser cools the gas to within 
20 °F of the ambient temperature. All remaining steam is condensed to liquid condensate. 

11. Hydrogen-rich syngas enters the oil filled quencher-scrubber. This scrubber uses waste motor 
pool lubricants as the scrubbing liquid. Syngas is cooled from 2100 to 210 °F in less than 
1 millisecond to minimize dioxin and furan formation. 

12. High dewpoint tars and heavy particulates are removed in the oil scrubber. Syngas at 210 °F 
exits the quencher-scrubber and enters the condenser. The condenser cools the gas to within 
20 °F of the ambient temperature. All remaining steam is condensed to liquid condensate. 
The majority of steam in the syngas reacts to hydrogen in the water shift reactor, minimizing 
the formation of condensate downstream of the condenser. Any condensate that forms is 
removed from the syngas using a cyclonic separator. 

13. The flow of scrubbed and filtered syngas is fed both into the diesel engine and into the 
afterburner. Syngas is fed into the engine intake air stream. The engine speed increases with 
the presence of gaseous fuel and the governor reduces the injection rate of liquid fuel. 

14. Syngas enters the reheater, where it is heated to about 20 °F above the dewpoint. 
15. Syngas enters the fluid bed sorbent absorber, where various dry sorbents are used for SOx 

and heavy metals removal. Sorbents include a mixture of lime (CaO and hydrated), sodium 
bicarbonate, trona, and activated carbon. Sorbents are replaced based on experimentation. 
Syngas is filtered using Nomex cartridge filters at the outlet of the dry fluid bed scrubber. 

16. The flow of scrubbed and filtered syngas is fed both into the diesel engine and into the 
afterburner. Syngas is fed into the engine intake air stream. The engine speed increases with 
the presence of gaseous fuel and the governor reduces the injection rate of liquid fuel. 

17. Diesel exhaust, with about 11% excess oxygen enters the afterburner. Syngas mixes with the 
diesel exhaust and combusts using the excess oxygen in the exhaust stream. The afterburner 
raises the diesel exhaust temperature from 900 °F to 2400 °F (1316 °C). Automation limits 
the combustion temperature at 2400 °F to minimize NOx formation and oxygen content. All 
remaining CO and all dioxins are expected to be destroyed at this temperature (above 1200 
°C), although this was not verified experimentally. 
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18. The heated diesel exhaust exits the afterburner and enters the super-heater to provide 
sufficient heat to crack raw syngas. Diesel exhaust at approximately 900 °F exits the super-
heater and enters the indirect gasifier, where heat is transferred through the rotating gasifier 
shell to vaporize feedstock moisture. Diesel exhaust exits the gasifier shell to atmosphere at 
approximately 450 °F. 
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3. Indirect Flaming Pyrolysis Rotary Gasifier (IIFPRG) System Equipment Test 
Configuration for SERDP Mixes 

3.1  General Arrangement of Complete System 

The configuration of the gasification system used on SERDP mix testing was consolidated on 
two 7x18-ft equipment trailers. The purpose of this was to mimic the size and layout of two, 20-
ft shipping containers. 

Trailer #1 contained the feedstock handling system, rotary gasifier reactor, the complete syngas 
scrubbing system, and the master Allen Bradley automation system. Figure 3-1 shows the rotary 
gasifier in the center, and the waste feed bin on the right, and syngas cooling and cleanup on the 
left. 

Trailer #2 contained a 60 kW generator driven by a John Deere 5030HF270 diesel engine (this is 
similar to a Tactical Quiet Generator), a 63 kW, 480 VAC, three-phase load center to electrically 
load the generator, a liquid fuel consumption measurement system, main hydraulic drive system 
components, DC power conversion system, and a local control panel for load control and data 
acquisition. 

The equipment configuration for all testing of SERDP mixes is shown in Figure 3-2 and Figure 
3-3. Full size drawings can be provided upon request. Figure 3-4 shows the main gasifier reactor 
and the horizontal pipe which carries hot diesel exhaust from the generator to the reactor shell. 

 
Figure 3-1.  View of Gasification Trailer #1. 
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Figure 3-4.  Gasification Trailer and Hot Diesel Exhaust Piped to the Gasifier Shell. 

3.2  Process Equipment 

Figure 3-2 and Figure 3-3 give the schematic layout of the entire system. These figures are 
labeled with each part, or “tag number.” A description of each part follows in Table 3-1. 

Table 3-1.  Equipment and Instrument Tag List. 

Tag 
Number Device Description Function Notes 

AFT-217 Aux Fuel Tank 5 Gallon Auxiliary Diesel 
Fuel Tank 

Refills fuel sight 
glass for fuel 
consumption 
measurement 

Research purposes only 

C-107 Condenser Cooler Combination syngas 
condenser and hyd. cooler 

Cools syngas to 
remove moisture 
and cools hydraulic 
oil 

Hydraulic oil overheats (> 
140  F) when attempting to 
raise dew point by slowing 
fan speed 

CS-108 Condensate 
Separator 

Liquid Separator Removes liquids 
from syngas  

Only required when 
condenser is used 

CT-114 Condensate Tank Condensate storage tank Stores accumulating 
condensate 

6 gallon tank, manual drain 

CV-1 Check Valve Main aspiration non-return 
check valve 

Prevents backflow of 
syngas if blower 
stops 

Swing check 

CV-2 Check Valve Main syngas non-return 
check valve 

Flashback preventer Swing check 
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Tag 
Number Device Description Function Notes 

CV-206 Check Valve Swing check - flapper lifts 
up 

Prevents backflow of 
air into gasification 
system 

Safety device 

CV-228 Check Valve Swing check  Prevents backflow of 
air into gasification 
system 

Safety device 

CV-3 Check Valve Polisher Liquid non-return 
check valve 

Prevents syngas 
from flowing thru 
polisher pump PP-
113 

Swing check 

DG-220 Generator 60 kW Diesel Engine-Driven 
Generator 

Dual fueled on liquid 
diesel fuel and 
gaseous synthetic 
fuel 

No bypass flare used - 
syngas fed to engine 
during startup and shut 
down 

E-5 Gasoline Engine Ram Feeder Drive Engine Engine to drive 
separate hydraulic 
pump GP-4 

8.4 BHP, intermittent use, 
hand start 

ECC-234 Exhaust Catalyst Exhaust Catalytic Converter Burns remaining 
hydrocarbons in 
exhaust stream 

Significant reduction in 
unburnt hydrocarbons 

EG-221 Electrical Generator 
Head 

60 kW Marelli Generator 
Head  

Generates AC 
Electricity 

4 Pole Synchronous 
Generator - Wired 480 VAC 
3 phase High Wye 

EIF-233 Filter Engine Air Intake Filter Filters engine 
aspiration air  

  

FB-101 Feed Bin Feed Point Feedstock handling Holds raw feedstock 
FL-230 Flammability Test 

Flare 
6 in. diameter micro-flare Used to test syngas 

flammability at 
startup and shut 
down  

Research Purposes 

FO-112 Flow Orifice Syngas flow measurement 
orifice 

Measures syngas 
flow to engine 

1.380-in. ID Cd=0.83 

GF-231 Guard Filter Guard Filter with 
Polypropylene Filter Bag 

2, 5, 10, 20, and 50 
micron rating tested 

20 and 50 micron work 
well 

GP-109 Gas Polisher Gas Cleaner  Removes low dew 
point tars and 
particulates from 
syngas 

Rotary mechanical gas 
cleaner - virtually no 
particulates 

GP-235 Hydraulic Pump Constant displacement 
hydraulic gear pump 

Provides system 
power 

Driven by engine 
mechanical power take off 

GP-4 Hydraulic Pump Ram Feeder Engine-Driven 
Hydraulic Pump 

Pump for ram feeder 
RF-102 

16 GPM, two-stage 4:1 
ratio pump 

HE-115 Heat Exchanger Polisher liquid heat 
exchanger 

Uses hot engine 
coolant to heat 
polisher liquid 

Heat polishing liquid to 
avoid significant gain or 
loss 

HF-225 Hydraulic Filter Hydraulic return filter Filters hydraulic oil 
returning to tank 

10 micron 
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Tag 
Number Device Description Function Notes 

HPU-118 Hydraulic Power Unit Hydraulic power unit for 
ram feeder 

Provides power to 
drive ram feeder RF-
102 

Self-contained engine-
driven unit 

HS-121 Hydraulic Solenoids 24 volt DC (VDC) Hydraulic 
Solenoid Bank 

Reversing, closed 
center 

Dual Coil with manual 
over-rides 

HT-213 Hydraulic Tank Main Hydraulic Oil Tank 37 gallon steel oil 
tank 

With 100 mesh suction 
strainer. Oil heating 
required when operating 
below 50 °F (oil foams) 

HV-1 Hand Valve Syngas Exhaust from 
Quencher 

Maintenance valve Ball valve 

HV-10 Hand Valve Syngas shut off valve Maintenance valve Ball valve 
HV-11 Hand Valve Quencher QC-104 liquid 

drain valve 
Maintenance valve Ball valve with plug 

HV-2 Hand Valve Scrubber liquid flow control 
valve 

Throttles scrubber 
liquid to 
impingement 
scrubber IS-106 

Ball valve 

HV-203 Valve Hand Valve Syngas shut off valve Used to bypass syngas to 
external flare - early 
testing 

HV-204 Valve Hand Valve Syngas shut off valve Stops flow of syngas to 
engine - forces flow to 
flammability test flare F-
230 

HV-205 Valve Hand Valve Hydraulic suction 
shut off 

Maintenance valve 

HV-207 Valve Hand Valve Fuel shut off valve Close HV-207 and HV-211 
simultaneously to measure 
fuel usage 

HV-208 Valve Hand Valve Fuel shut off valve Maintenance valve 
HV-209 Valve Hand Valve Fuel shut off valve Normally closed - open to 

refill sight glass before fuel 
usage test 

HV-210 Valve Hand Valve Fuel shut off valve Maintenance valve 
HV-211 Valve Hand Valve Fuel shut off valve Close HV-207 and HV-211 

simultaneously to measure 
fuel usage 

HV-212 Valve Hand Valve Hydraulic return 
shut off 

Maintenance valve 

HV-226 Valve Hand Valve Drain condensate 
from guard filter 

Liquid placed in QC-104 

HV-227 Valve Hand Valve Drain condensate 
from Trap TP-232 

Liquid placed in QC-104 
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Tag 
Number Device Description Function Notes 

HV-229 Valve Hand Valve Syngas shut off valve Normally closed - open to 
momentary test 
flammability in flare FL-
230 

HV-3 Hand Valve Scrubber drain valve Throttles scrubber 
liquid draining from 
imp. scrubber IS-106 

Gate valve 

HV-4 Hand Valve Condensate feed valve Maintenance valve Ball valve 
HV-5 Hand Valve Condensate drain valve to 

quencher QC-104 
On-Off to manually 
drain tank CT-114 as 
needed 

Ball valve 

HV-6 Hand Valve Polisher liquid drain valve  On-Off to manually 
drain polisher 
separator PS-110 as 
needed 

Ball valve 

HV-7 Hand Valve Condensate drain valve to 
wastewater tank 

On-Off to manually 
drain tank CT-114 as 
needed 

Ball valve, emergency 
drain 

HV-8 Hand Valve Polisher separator PS-110 
liquid discharge valve  

Maintenance valve Ball valve 

HV-9 Hand Valve Polisher separator PS-110 
drain valve  

Maintenance valve Ball valve with plug 

IS-106 Impingement 
Scrubber 

Gas Cleaner  Removes high dew 
point tars and 
particulates from 
syngas 

High velocity exchange gas 
cleaner - Debris drains into 
quencher QC-104 

LC-216 Load Center Three-Phase AC Load 
Center 

Places electrical load 
on generator 

480 VAC 60 Hz Three-
phase forced convection 
resistance type 

LFM-219 Liquid Fuel Usage 
Monitor 

Sight glass style liquid fuel 
metering 

Measures liquid fuel 
consumption 

Research purposes only - 
measures liquid fuel 
consumption over 1 
minute intervals 

M-1 Hydraulic Motor Rotary Gasifier Drive Motor Drive motor that 
rotates reactor 
vessel RG-103 

0.5 BHP motor power, total 
gear reduction is 8750:1, 1 
rot/4 min., manual speed 
adj., manual rev.  

M-2 Hydraulic Motor Positive Displacement 
Blower Drive Motor 

Drive motor for 
main gas blower 
PDB-105 

5.0 BHP, automated 
variable speed, non-
reversing 

M-3 Hydraulic Motor Polisher Drive Motor Drive motor for gas 
polisher GS-109 and 
Polisher Pump PP-
113 

3.5 BHP, direct drive to GS-
109, synchronous belt 
drive to PP-113, manual 
speed adj., manual rev.  

M-4 Hydraulic Motor Cooling Fan Drive Motor Drive motor for 
condenser cooler C-
107 

5.0 BHP, manual speed 
adjustment, manual 
reversing 
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Tag 
Number Device Description Function Notes 

MFT-218 Main Fuel Tank 100 Gallon Main Diesel Fuel 
Tank 

Main fuel tank for 
dual fueling 

  

MP-117 Metering Pump Reflux oil metering pump Meters reflux oil 
back into the gasifier 

24 VDC brushless variable 
speed gear pump, 150 
Watt 

PDB-105 Positive Displ. Blower Gas Mover Main aspiration 
blower 

Roots 45URAI-G, rotary 
lobe positive 
displacement, variable 
speed using hydraulic 
motor 

PDT-101 Diff. Press. 
Transmitter 

Flow Orifice Diff. Pressure Instrument Measures syngas flow to 
engine using flow orifice 
FO-112 

PDT-102 Diff. Press. 
Transmitter 

Quencher Liquid Level Instrument Indicates liquid level in 
quencher QC-104 

PDT-104 Diff. Press. 
Transmitter 

Polisher Separator Liquid 
Level 

Instrument Indicates liquid level in 
polisher separator PS-110 

PM-215 Power Meter Three-Phase AC Electrical 
Power Meter 

Measures AC power 
produced by 
generator 

Digital 

PP-113 Polisher Pump Circulates polisher liquid Feeds polisher liquid 
to polisher, belt 
driven motor M-3 

  

PS-110 Polisher Separator Liquid - Gas Separator  Removes polisher 
liquids from syngas 

Gas exits separator 
saturated 

PT-101 Pressure Transmitter Quencher Static Pressure Instrument Quencher vacuum, 
represents differential 
pressure over Rotary 
Gasifier RG-103 

PT-102 Pressure Transmitter Static Pressure - 
Impingement Scrubber 

Instrument Syngas pressure at 
scrubber IS-106 outlet 

PT-103 Pressure Transmitter Downstream Orifice Static 
Pressure 

Instrument Static downstream 
pressure of sub critical 
flow orifice FO-112 

QC-104 Quencher Syngas Quencher Quenches syngas 
temperature to 
165 °F 

Cools and cleans syngas, 
extinguishes flaming 
embers, removes 
particulates, condenses 
organics 

RF-102 Ram Feeder Hydraulic Ram Feeder Feedstock handling Compresses and pushes 
raw feedstock into the 
rotary reactor 

RG-103 Rotary Gasifier Thermal Reactor Thermally converts 
solids and liquids to 
flammable gas 
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Tag 
Number Device Description Function Notes 

RH-111 Reheater Heats syngas above dew 
point 

Uses engine 
antifreeze heat to 
heat syngas above 
dew point 

Gas exits reheater about 
10-15 °F above saturation 
point 

S-116 Strainer Polisher liquid strainer Strains debris from 
polisher liquid 

100 mesh baskets 

S-119 Strainer Scrubber liquid strainer Removes large 
debris 

50 mesh 

SP-120 Sample Point Syngas Sampling Point Filling point for 
sample bags and 
Summa containers 

Contains condensate 
moisture trap 

SP-236 Sample Port Diesel exhaust analyzer port Used for exhaust 
analyzer 

Port in 4-in. diameter 
exhaust pipe 

SP-237 Sample Port Diesel exhaust sampling 
port 

Used for exhaust 
sampling to fill 
Summa canisters 

Stainless Steel 304 
sampling train in 4-in. 
diameter exhaust pipe 

TE-101 Type K Thermocouple Temp of Syngas Exiting 
Reactor 

Instrument Mixture of syngas, organic 
vapor, and superheated 
steam - Normal 350 to 
400 °F 

TE-102 Type K Thermocouple Temp of Quencher Liquid Instrument Mixture of pyrolysis oil and 
water - Normal 165 °F 

TE-103 Type K Thermocouple Temp of Syngas Exiting 
Quencher 

Instrument Saturated syngas with 
organic vapors - Normal 
165 °F 

TE-104 Type K Thermocouple Temp of Syngas Entering 
Condenser 

Instrument Saturated syngas with 
organic vapors - Normal 
155 °F 

TE-105 Type K Thermocouple Temp of Syngas Exiting 
Condenser 

Instrument Saturated syngas with 
organic vapors - Normal 90 
to 100 °F 

TE-106 Type K Thermocouple Temp of Syngas Exiting 
Reheater 

Instrument Syngas heated 10 to 15 °F 
above dew point 

TE-107 Type K Thermocouple Temp of Reactor Charge 4-
in. Uphill of Feed Point 

Instrument Reactor charge - normal 
operating temperature < 
350 °F 

TE-109 Type K Thermocouple Temp of Reactor Charge 20-
in. Uphill of Feed Point 

Instrument Reactor charge - normal 
operating temperature < 
350 °F 

TE-111 Type K Thermocouple Temp of Final Diesel 
Exhaust at Release Point 

Instrument Temperature of diesel 
exhaust at final exhaust 
point  

TE-201 Type K Thermocouple Syngas Temperature at 
Engine Intake 

Instrument   

TE-202 Type K Thermocouple Exhaust Temperature at 
Turbo Discharge 

Instrument   
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Tag 
Number Device Description Function Notes 

TP-232 Trap Condensate Trap Final moisture 
removal before 
introduction to 
engine 

< 1 cup after full day run 

3.3  Feedstock Handling System 

Garbage bags containing waste feedstock are placed into feed bin FB-101. Ram feeder RF-102 
uses a 35 ton hydraulically driven ram piston to shear, compress, dewater, and push the feedstock 
uphill into Rotary Gasifier RG-103. If the feedstock contains more than 40% moisture (wet 
basis), wastewater drains past the ram piston as the feedstock is compressed. 

Ram feeder RF-102 is powered by hydraulic power unit HPU-118. For simplicity during 
research, hydraulic pump GP-4 is driven by an 8.5 horsepower gasoline engine M-5. Pump GP-4 
is a two-stage 4:1 ratio gear pump rated for 16 GPM at 1000 psi and 4 GPM at 4000 psi. The 
pump automatically shifts from high flow-low pressure to low flow-high pressure as the 
resistance to compress and push the feedstock increases. 

 
Figure 3-5.  Ram Feeder, Tag # RF-102. 

 
Figure 3-6.  Plastic Bag of Mixed Waste Place in Feed Bin. 
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3.4  Rotary Gasifier 

Cold and wet feedstock enters the Rotary Gasifier RG-103. Two thermocouples indicate the level 
of feedstock within the reactor. Thermocouple TE-107 is 4-in. uphill from the feedpoint and 
thermocouple TE-109 is 20-in. uphill from the feedpoint. The syngas exit is at the far uphill point 
within the gasifier. 

The cold wet feedstock dries as the hot gases pass through the tumbling bed. Feedstock moisture 
evaporates to water vapor, which mixes with the syngas and exits the gasifier. Thermocouple TE-
101 indicates the exit temperature of the syngas mixture. Dry feedstock devolatilizes on a very 
narrow layer of intense temperature gradient just downhill of the feed point. The remaining fixed 
carbon burns in the downhill section of Rotary Gasifier RG-103. The temperature at the downhill 
end where the aspiration air enters the reactor to burn the fixed carbon remains constant at 2000 
to 2200 °F. 

During steady state operation, the level of feedstock charge within the gasifier is maintained 
between 4 and 20 in. from the feed point. Thermocouples TE-107 and TE-109 indicate the level 
of feedstock as follows: 

1. If TE-109 is about the same temperature as TE-101, the feedstock charge level is below 20-
in. uphill of the feed point. 

2. If the temperature of TE-109 is lower than TE-101, the feedstock charge level is above 20-in. 
uphill of the feed point, indicating the gasifier is over-full. 

3. If the temperature of TE-107 is lower than TE-109, the feedstock charge level is between 4-
in. and 20-in. uphill of the feed point. 

4. If the temperature of TE-107, TE-109, and TE-101 are all about the same, the feedstock 
charge level is less than 4-in. uphill of the feed point, indicating the gasifier requires feeding. 

The normal steady state operating temperatures are as follows: 

1. TE-107 normally less than 250 °F. 
2. Twenty inches uphill of the feedpoint at TE-109 and in the syngas exit pipe at TE-101 are 

approximately the same and normally operate between 250 to 350 °F. 
3. Burning char zone about 1-in. uphill of the stationary spring plate operates consistently 

between 1800 to 2200 °F. 

The gasifier thermally converts the raw feedstock completely into flammable syngas and ash. 
Any inert items mixed in with the feedstock, such as glass, metals, stones, soils, etc. discharge 
with the ash. The ash discharges through a narrow gap between the fixed spring plate and the 
rotating shell. The discharge arrangement naturally grinds clinkers to fine ash. An ash discharge 
door opens periodically to pass large items, such as metals, stones, glass, etc. 

Hydraulic motor M-1 drives the gasifier to rotate slowly at about one rotation every 4 minutes. A 
variety of gear boxes are used to achieve a reduction ratio of 8750:1. The gasifier rotates reliably 
and without restriction or jamming during testing. 

Hot diesel exhaust at a temperature between 800 to 1100 °F enters the gasifier shell at the 
downhill end. Exhaust heat transfers indirectly into the reactor through the rotating gasifier shell. 
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Cool diesel exhaust, at a temperature less than 450 °F, discharges through a nozzle located at the 
top of RG-103. Indirect heat provides sufficient energy to process exceptionally wet feedstocks 
(up to 70% moisture content – wet basis). 

 
Figure 3-7.  Rotary Gasifier RG-103. 

 
Figure 3-8.  Gasifier Nozzle, Spring Plate, and Syngas Discharge Pipe. 

 
Figure 3-9.  Ash Discharge Pan. 
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Figure 3-10.  Diesel Exhaust Discharge Nozzle, Final Emission Point to Atmosphere. 

3.5  Quencher 

A mixture of syngas, oil aerosols, and water vapor flows through the gasifier exit pipe into 
quencher vessel QC-104. The mixture bubbles though a layer of liquid pyrolysis oil and water. 
The quencher immediately drops the syngas temperature to about 165 °F and extinguishes any 
flaming embers that may be entrained in the syngas stream exiting the gasifier. Thermocouple 
TE-102 indicates the temperature of the pyrolysis oil mixture. Pressure transmitter PT-101 
indicates the aspiration vacuum and differential pressure transmitter PDT-102 indicates the liquid 
level in the vessel. 

Oil aerosols condense into liquid pyrolysis oil within the quencher vessel. Water mixed in with 
the pyrolysis oil evaporates, saturating the syngas with moisture in the cavity above the liquid 
layer. Additional condensate water (32) is fed directly into the quencher vessel through hand 
valve HV-5, to provide sufficient moisture to maintain evaporative cooling. 

The liquid temperature within the quencher is self-regulating and remains between 160 and 
170 °F, regardless of the temperature and flow of the syngas entering the quencher. The normal 
temperature of the syngas mixture entering the quencher remains less than 350 °F, but may 
exceed 1200 °F when burning the gasifier totally out during a shut down. A liquid temperature in 
excess of 170 °F at TE-102 indicates water must be added to the quencher. 
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Figure 3-11.  Quencher QC-104 Located to the Left of Rotary Gasifier RG-103. 

3.6  Reflux Pump 

Oil aerosols mixed with the syngas condense within the quencher, consistently raising the liquid 
level within the vessel during operation. Hot pyrolysis oil mixed with water at a temperature of 
about 165 °F exits quencher vessel QC-104, passes through strainer S-119, and enters metering 
pump MP-117. Variable speed metering pump MP-117 feeds pyrolysis oil back into the reactor 
vessel to maintain a constant liquid level in quencher vessel QC-104. 

The liquid mixture enters the reactor through a dedicated conduit at the point of line flash 
gasification. This mixture is thermally cracked into lower molecular weight hydrocarbons. The 
cracking cycle continues until the molecular weight of the resulting hydrocarbons is low enough 
and the vapor pressure is high enough to evaporate as organic vapors into the syngas flow stream 
(C12 organics or less). 

3.7  Aspiration Gas Mover 

Saturated syngas exits the quencher, mixes with strained pyrolysis oil, and enters the intake of 
the rotary lobe positive displacement blower PDB-105. Hand valve HV-2 throttles the flow of the 
pyrolysis oil passing through the blower. This oil helps to seal the clearances within the blower, 
prevent the built up of tars on the rotary lobes, removes heat of compression, and is used as the 
primary scrubbing liquid within impingement scrubber IS-106. 

Blower PDB-105 is driven by an infinitely adjustable variable speed hydraulic motor M-2. This 
blower aspirates gasifier RG-103 and directly varies the syngas production rate. A minimum 
aspiration rate of 7 standard cubic feet per minute (SCFM) of syngas is required to provide 
positive aspiration, which prevents syngas leakage from the air intake of gasifier RG-103. 

The entire gasification system was designed for a syngas flow of 85 SCFM. The gasifier was 
tested to 60 SCFM, with insufficient hydraulic horsepower to drive aspiration blower PDB-105 
being the limiting factor. The normal feed rate to the engine was between 20 and 25 SCFM for 
most feedstock mixes. The maximum flow of syngas into the engine was half to one third of the 
design flow, because the energy level of the gas was 2 to 3 times higher than expected. As a 
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result, the gasifier was significantly oversized for the engine-driven generator that was tested. 
The system could easily fuel an engine with twice the horsepower tested. 

The mixture of saturated syngas and pyrolysis oil enter positive displacement blower PDB-105 at 
a vacuum of about 30 to 40 inches of water column. Thermocouple TE-103 measures the gas 
temperature at the blower inlet, which remains the about the same as the scrubbing liquid 
temperature TE-102, or about 160 to 170 °F. The blower isothermally compresses the gas to 
about 3 to 5 pounds per square inch (psi) pressure at the blower outlet. Check valve CV-1 
prevents backflow into the quencher vessel if the blower were to stop. 

 
Figure 3-12.  Roots 45 URAI-G Positive Displacement Rotary Lobe Blower PDB-105. 

3.8  Impingement Scrubber 

The mixture of syngas and pyrolysis oil exit the blower and enter the impingement scrubber IS-
106. The scrubber uses fresh oil mixed with recirculating oil to clean the syngas by high 
momentum exchange. A separator removes oil from the syngas stream and excess oil with high 
dew point tars drains back to quencher QC-104. Saturated syngas, free of pyrolysis oil and high 
dew point tars, exits the scrubber IS-106 at pressure PT-102. This oil, mixed with high dew point 
tars and ash, eventually gasifies as reflux and thermally cracks to low molecular weight 
hydrocarbons and ash. Any remaining organics in the oil ash fully burns with air within the 
burning char zone at temperatures between 1800 and 2200 °F. Oil ash mixes with feedstock ash, 
which discharges at the downhill end of the gasifier and falls into the main ash bin. 

 
Figure 3-13.  Impingement Scrubber IS-106. 
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3.9  Condenser Cooler 

Syngas free of high dew point tars, exits the impingement scrubber saturated at temperature TE-
104. The normal operating temperature of the syngas at TE-104 is about the same as TE-102 and 
TE-103, about 160 to 170 °F. 

Condenser cooler C-107 is a combined syngas condenser and hydraulic cooler. A single fan, 
driven by variable speed hydraulic motor M-4, provides cooling air to both the syngas condenser 
and hydraulic oil cooler. 

The syngas enters condenser cooler C-107 to remove moisture by reducing the dew point 
temperature by removing heat. Syngas mixed with liquid condensate discharge from the 
condenser. Liquid condensate is removed from the syngas using condensate separator CS-108. 
The condensate water, mixed with gasoline / diesel range organics drains from CS-108 and 
accumulates in condensate tank CT-114. The condensate tank periodically empties into quencher 
QC-104 (using hand valve HV-105), to provide sufficient free water for evaporative cooling and 
thermal cracking as reflux. 

Hot hydraulic oil returning from hydraulic motors drains from hydraulic solenoid bank HS-214. 
Hot hydraulic oil passes through hydraulic cooler C-107 and cools to maintain a steady state 
operating temperature of 125 to 135 °F in tank HT-213. A thermostatically controlled hydraulic 
bypass valve (not shown) diverts oil from entering the cooler to maintain the target operating 
temperature if the fan is operating too fast. Cool oil exits hydraulic cooler C-107 and filters to 10 
micron using hydraulic filter HF-225, before returning to hydraulic oil tank HT-213. 

The objective is to vary the speed of the fan using hydraulic motor M-4, to condense the 
minimum amount of liquid required for quencher QC-104. The remaining moisture present in the 
syngas eventually passes through the engine as vapor. Removing excess liquid condensate, by 
excessively cooling the syngas at thermocouple TE-105, results in the removal of gasoline and 
diesel range organics. Condensing these organics can make the condensate water highly 
flammable and lowers the energy level of the syngas. Gasoline and diesel range organics should 
remain as vapor in the syngas mixture. 

The shared fan creates operating problems. The fan must operate at a minimum speed to 
maintain a maximum hydraulic oil temperature of 135 °F. In most cases, this excessively cooled 
the syngas, providing excess condensate which had to be drained from the system. Reversing the 
fan to force heat from the hydraulic oil into the syngas condenser was occasionally necessary, 
especially in cold weather. 
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Figure 3-14.  Condenser Cooler C-107 – Hydraulic Cooler End with Hydraulic Driven 

Cooling Fan. 

 
Figure 3-15.  BASCO Condensate separator CS-108. 

3.10  Polisher 

The primary purpose of the polisher is to remove low dew point tars and any remaining 
particulates from the syngas before fueling the engine. Saturated syngas mixes with polishing 
liquid at the gas polisher GP-109 intake. The polisher liquid is a mixture of ethylene glycol, 
water, and gasoline range liquids. 

Gas polisher GP-109 mechanically transfers any remaining low dew point tars and particulates 
into the polishing liquid by high momentum exchange. The polishing liquid accelerates using an 
impeller driven by hydraulic motor M-3. The mixture of syngas and polishing liquid exit gas 
polisher GP-109 and enter the polisher separator PS-110, where the liquid separates cyclonically 
from the syngas. 

Differential pressure transmitter PDT-104 indicates the level of the polishing liquid reservoir. 
Polishing liquid circulates through the polishing system by polisher pump PP-113. This pump is 
synchronously belt driven from hydraulic motor M-3. Polishing liquid exits the polisher 
separator PS-110 and enters strainer S-116, which contains 100 mesh baskets. S-116 baskets 
rarely required cleaning (once every 30 to 50 operating days). Check valve CV-3 prevents the 
backflow of syngas if pump PP-113 stops. 
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Heat exchanger HE-115 uses engine coolant to heat the polishing liquid to about the same 
temperature as TE-105. HE-115 regulates the temperature of the polishing liquid to avoid 
condensation or evaporation to maintain a constant liquid level in polisher separator PS-110. 
Heating the polishing liquid allows gasoline range organics to vaporize into the syngas, greatly 
increasing the heating value. Excess condensation in PS-110 occurs when the temperature of the 
polishing liquid is lower than TE-105. In this case, HE-115 heats the polisher liquid to a 
temperature 10 to 20 °F higher than TE-105 to evaporate polishing liquid into the syngas stream, 
lowering the liquid level in PS-110. 

The polishing liquid constantly regenerates similar to the quencher liquid. Excess polishing 
liquid drains from the system using hand valve HV-6 and flows into quencher QC-104, where the 
liquid naturally fractions and cracks into additional hydrocarbons as reflux. 

 
Figure 3-16.  Gas Polisher GP-109 Direct Drive by Hydraulic Motor M-3. 

 
Figure 3-17.  Polisher Separator PS-110. 

3.11  Gas Reheater 

Syngas exits polisher separator PS-110 saturated and enters the gas reheater RH-111, which heats 
the syngas to 10 to 15 °F above the saturation dew point temperature using hot engine coolant. 
Dry gas at a relative humidity less than 80% exits the reheater to fuel the engine. 
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Figure 3-18.  Gas Reheater RH-111, a Fabricated Heat Exchanger. 

3.12  Flow Orifice 

Flow orifice 112 measures the mass flow of syngas using thermocouple TE-106, differential 
pressure transmitter PDT-101, and downstream static pressure PT-103. The automation system 
constantly varies the speed of positive displacement blower PDB-105 to insure the actual flow of 
syngas measured at FO-112 remains equal to the required set point flow. Check valve CV-2 
serves as a safety non-return valve if positive displacement blower PDB-105 stops. 

 
Figure 3-19.  Flow Orifice FO-112. 

3.13  Syngas Sampling Port 

All syngas samples were taken using sampling port SP-120, located directly downstream of the 
flow orifice. SP-120 was used to fill all sample bags and Summa containers. The sample train 
was fabricated of stainless steel 304. The piping contained a drop out container to remove any 
liquids that condense when sampling. The piping was purged with syngas for 60 seconds before 
filling sampling containers. 
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Figure 3-20.  Syngas Sampling Port SP-120. 

3.14  Trailer Interconnections 

The following connections are required between the two trailers: 

1. 1-1/4-in. Hydraulic supply hose. 
2. 1-1/4-in. Hydraulic return hose. 
3. ¾-in. Hydraulic case drain hose. 
4. 2-in. syngas hose. 
5. ¾-in. Hot engine coolant supply hose. 
6. ¾-in. Cool engine coolant return hose. 
7. 4-in. Insulated diesel exhaust pipe. 
8. 24 VDC power supply cable from engine charging system. 
9. Ethernet data communication cable. 

 
Figure 3-21.  Interconnections between Trailers. 

3.15  Flammability Test Flare 

Syngas is not flared during startup or shut down. All of the syngas produced passes through the 
diesel engine. Flare FL-230 is a small flare cup that allows the momentary testing of syngas 
flammability during startup and shut down. Hand valve HV-229 throttles a small flow of syngas 
to flare FL-230, from the main syngas flow to the engine. Testing sustained combustion at startup 
indicates the gas is of sufficient energy to provide appreciable liquid fuel savings. The loss of 
combustion permits the engine to shut down when stopping the system. 
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Figure 3-22.  Syngas Flammability Test Flare FL-230. 

3.16  Syngas Fueling to Engine 

Dry syngas enters 50µm guard filter GF-231 to remove any foreign debris, such as dirt from 
handling the 2-in. syngas hose connection when connecting the two trailers. Diesel engine DG-
220 is a considerable distance (about 30 feet) from gas reheater RH-111, resulting in significant 
cooling in cold weather conditions. The piping and hose act as a heat exchanger, allowing the 
syngas to drop below the dew point and causing condensation. GF-231 also serves as a moisture 
trap to capture any liquids that may have condensed between the reheater and the engine. Future 
systems should locate the engine adjacent to the reheater to prevent condensation issues. 

Trap TP-232 acts as a final guard to remove any remaining liquid from the syngas. In practice, 
very little water accumulates within this vessel (2 tablespoons per day). 

Check valve CV-206 prevents air from entering the system in the event positive displacement 
blower PDB-105 suddenly stops and serves as a flashback preventer. Engine intake filter EIF-
233 provides filtered aspiration air to mix with raw syngas at the inlet of the turbo charger 
compressor. 

3.17  Diesel Engine-Driven Generator 

Diesel engine-driven generator DG-220 drives a 60 kW synchronous electric generator EG-221. 
The generator produces 3-phase alternating current electrical power at 480 VAC and 60 Hz 
frequency. Power meter PM-215 monitors the voltage, current, frequency, power factor, and 
power generated. Load center LC-216 consumes the electrical power generated at varying loads 
set by the operator. 
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Figure 3-23.  60kW Diesel Engine-Driven Electric Generator DG-220. 

 
Figure 3-24.  Three-Phase Digital Power Meter PM-215. 
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Figure 3-25.  Load Center LC-216. 

3.18  Fuel Consumption Measurement 

Syngas fueling reduces liquid fuel consumption. Liquid fuel usage monitoring system LFM-219 
volumetrically monitors the amount of liquid fuel being consumed by the engine. Under normal 
conditions, liquid fuel (2-24) flows out of the main fuel tank and flows (2-20) to the engine fuel 
injection system. The engine uses an open fuel circuit allowing unused fuel (2-21) to return to the 
main fuel tank MFT-218 (2-25). 

A 60 second duration “Clip test” is used to measure the volumetric consumption of liquid fuel 
using the following procedure: 

1. Isolate main fuel tank MFT-218 by simultaneously closing hand valves HV-207 and HV-211. 
2. Open hand valve HV-209 to fill the fuel sight glass using auxiliary fuel tank AFT-217. Close 

HV-209 when the fuel glass is adequately full. 
3. All of the liquid fuel entering the engine withdraws from the fuel sight glass. The volumetric 

flow of fuel entering the engine (2-22) is measured over a 60 second duration using a dry 
erase marker. 

4. The calculated volumetric flow rate of fuel into the engine is the product of the cross 
sectional area of the sight glass and the drop in fuel over a 60 second period. 
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Figure 3-26.  Liquid Fuel Usage Monitoring System LFM-219. 

3.19  Hydraulic Power System 

The gasification system is mechanically driven by hydraulic powered components. The engine is 
equipped with a mechanical power take off that is separate from the crankshaft, which drives 
constant displacement hydraulic gear pump GP-235. A low pressure (< 1800 psi) and constant 
flow system was selected due to safety, simplicity, and economics. 

Hydraulic oil from tank HT-213 provides suction flow to the gear pump. A heater was added to 
tank HT-213 to prevent foaming when the oil temperature is less than 50 °F. Pressurized oil at 1700 
psi flows from the generator trailer to the gasification trailer. Hydraulic solenoid bank HS-121 uses 
dual coil three-position closed center hydraulic valves to control each hydraulic motor on the 
gasification trailer. Blower PDB-105 uses proportional hydraulic control valve downstream of the 
solenoid to vary shaft speed. Block mounted relief valves regulate the maximum system pressure at 
1700 psi by allowing unused oil to return to hydraulic oil tank HT-213. 

Low pressure oil exits HS-214 at about 25 psi and flows to hydraulic cooler C-107. A thermostatic 
control valve set at 130 °F (not shown) allows cool oil to bypass the cooler. This valve uses a 
thermal element to open, forcing hot hydraulic oil (over 130 °F) to flow through cooler C-107. 
Cool oil exits cooler C-107, flows to the generator trailer, filter HF-225, and tank HT-213. 
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Figure 3-27.  Gear Pump GP-235 Mounted to Engine Power Take off. 

3.20  Engine Exhaust System 

Engine exhaust from the outlet of the turbo charger expander flows into exhaust catalytic 
converter ECC-234. Thermocouple TE-202 indicates the exhaust temperature at the inlet of 
converter ECC-234. This temperature varies from 900 to 1300 °F, depending on the gaseous 
fueling rate and engine load. ECC-234 is an after-market platinum based catalytic converter, 
which burns remaining hydrocarbons in the exhaust stream. 

Engine exhaust exits converter ECC-234 and flows through an insulated 4-in. diameter pipe that 
interconnects the generator trailer to the gasification trailer. The onsite diesel exhaust analyzer 
was connected directly to diesel exhaust sampling point, located on the gasification trailer. 
Summa canisters were filled using diesel exhaust sampling point SP-237 for off-site analysis by 
Wadsworth Labs. The sample location was directly adjacent to the generator, 24 in. downstream 
of the discharge port of ECC-234, before muffler entrance. The Summa containers were certified 
cleaned and pre-evacuated to perfect vacuum before sampling. The stainless steel sampling lines 
were allowed to thermally stabilize and purge before filling. An inline particulate filter was not 
used, allowing diesel particulate matter to freely enter the Summa container. 

Hot diesel exhaust, at approximately 800 °F flows into the annulus between the insulated 
stationary outer shell and the rotating inner shell at the downhill end of the gasifier. The rotating 
shell absorbs exhaust heat, which is primarily used to dry the feedstock within the reactor. Cool 
diesel exhaust discharges to atmosphere through the nozzle located at the uphill location on 
reactor RG-103. Thermocouple TE-111 indicates the diesel exhaust temperature, which is 
normally less than 450 °F. 
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Figure 3-28.  Catalytic Converter ECC-234 Mounted Directly to Turbo Expansion Turbine 

Outlet. 

 
Figure 3-29.  Diesel Exhaust Muffler and Pipe; Stainless Steel Exhaust Sampling Point SP-

237. 

3.21  Automation System 

The system was controlled by an Allen Bradley Micrologix 1600 programmable logic controller 
(PLC) and a Panel View Plus 1000 color touch screen located in a NEMA 4 electrical enclosure 
mounted on the gasifier trailer. Rockwell Automation Factory Talk software was used as a 
Supervisory Control And Data Acquisition (SCADA) system for data logging and collection. 
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A separate control panel was mounted on the generator trailer. This panel contained an Allen 
Bradley Micrologix 1100 programmable logic controller that communicated data with the 
gasifier PLC by Ethernet. 

The system was operated remotely from a control room located within the Center for 
Environmental Science and Technology using the Factory Talk SCADA software running on a 
laptop computer. A wireless Ethernet router that is located within the generator trailer control 
panel was used to provide a wireless link between the gasifier control system and the control 
room. 

All of the electrical components on the system and the entire automation system operate on 24 
volts DC. Each trailer is powered by a 12 VDC to 24 VDC step up power converter located on 
the generator trailer to provide regulated 24 VDC power. The entire system is powered using the 
12 VDC charging system and alternator mounted on the generator engine. 

 
Figure 3-30.  Main System Control Enclosure with Color Touch Screen Mounted on 

Gasifier Trailer. 
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4. Summary of Analytical Data and System Operation 

4.1  Overview 

Gasification testing on six different feedstock mixes that are representative of wastes 
encountered on forward operating bases was completed successfully. The system converted all of 
these waste mixes into usable electricity at a significant net energy gain. 

A 60 kW diesel engine-driven generator operated at approximately 66% to 75% crankshaft load 
for 244 hours operating on syngas derived from the six SERDP waste mixes. The average liquid 
diesel fuel savings during the majority of these tests varied between 50 and 65%, with 81% being 
the maximum savings measured. 

The engine operated a total of 472 hours on various waste derived syngas. Engine disassembly 
and inspection commenced at the conclusion of hot testing. The engine was disassembled, 
inspected, and reassembled to factory rebuilt specifications. No internal wear, loss of 
compression, or cylinder damage occurred due to operating on waste derived syngas. 

The rotary gasification system has numerous unique advantages when compared to other WTE 
technologies, including small size, reliability, simplicity, and safety. The exhaust emissions when 
operating dual fueled are significantly lower than when operating on 100% liquid diesel fuel. 

4.2  Safety 

A significant advantage of the IIFPRG system is safety. A key design philosophy was simplicity 
and operator safety. 

A significant finding from the research was the natural production of pyrolysis oil within the 
rotary gasifier dramatically improves overall safety of the system. Various changes to the system 
were required to handle the pyrolysis oil production and reformation. These changes resulted in 
the highest level of safety possible from any gasification system. 

The production of free hydrogen can be very dangerous. Hydrogen has a high flame propagation 
speed, which greatly increases the risk of violent explosions within process vessels by direct ignition 
by a flaming ember or by flashback, where the combustion of syngas initiates at the engine and 
travels backwards through the scrubbing system towards the gasifier. The rate of combustion during 
flashback is so violent, the flame within the pipe acts as a jet pump, drawing air by Venturi action 
back into the scrubbing system and providing sufficient oxygen for a violent explosion. 

The overall design of the system effectively addresses flashback by various mechanical design 
features and by intentionally preventing the production of free hydrogen. The gasifier design 
forces free hydrogen to react and reform into less volatile hydrocarbons, which evaporate into 
the syngas stream as gasoline and diesel range liquids. 
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The system implements the following safety features: 

1. The rotary gasifier operates at slightly negative pressure. 
2. The gasifier vessel is continuously welded and does not require any mechanical seals to 

prevent air from leaking into the system. 
3. The syngas piping and scrubbing system is continuously welded with minimal joints, limiting 

the risk of leaks in the system. 
4. The scrubbing system can be hermetically sealed, preventing the leakage of gas and liquids 

to atmosphere and preventing human exposure. 
5. Syngas must be bubbled through a bed of liquid pyrolysis oil. 
6. Immediately extinguishes any flaming embers entrained with the syngas. 
7. Acts as a liquid flame stop if flashback occurs. 
8. The amount of free hydrogen produced by the system is very low compared to other gasification 

technologies. Free hydrogen reforms into less volatile hydrocarbon gases and vapors. 
9. Unreacted feedstock moisture causes the syngas to dilute with water vapor, which greatly 

reduces gas volatility with virtually no effect on engine performance. 
10. Volume in process vessels are kept to a minimum and are designed with stirring velocities to 

prevent oxygen accumulation. 
11. Gas residence time in entire system from gas production to engine combustion is less than 

500 milliseconds. Gas is not stored and is immediately consumed. 
12. The reactor operates at very low internal temperatures (less than 350 °F) preventing auto-

ignition at the point where feedstock enters the gasifier. 
13. The gasifier design prevents air from entering the system during an unexpected loss of 

aspiration due to a mechanical failure. Syngas flows backwards and gently combusts at the 
ash withdrawal point until aspiration is restored or the system cools. 

14. Able to automatically adjust gas production to demand over a wide range of flows, providing 
a dramatic turn down ratio. 

15. Gasifier naturally regulates the flow of aspiration air into the reactor based on thermal 
demands, which stops oxygen from entering the system at all times, preventing the need for 
the automation system to regulate the flow of blowing air to maintain safe oxygen levels 
during upset conditions. 

16. Syngas is fed into the engine from startup through shut down. A combustion flare is not 
required or used. 

4.3  Waste Mixes Used in Testing 

Multiple field waste studies have been conducted by DoD agencies. Six synthetic mixes that 
either closely represent the actual waste content observed or are of significant military interest 
for disposal were developed for prototype testing as follows: 

1. Standard long term mix consisting of 15% (by weight) corrugated cardboard (OCC), 15% 
office, news, and mixed clean paper, 6% HDPE plastic, 6% PET plastic, 6% PP plastic, 20% 
wet food waste, 24% wood waste, 4% inerts (metals, glass, stones, soils), and 4% textiles 
(polyester and cotton). 
a. The moisture content of the mix is 28% (wet basis). 
b. The HHV (dry basis) of the mix is 9559 BTU/lb. 
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c. Proximate analysis of the mix (dry basis) is 80.3% VM, 10.0% ash, 9.6% FC. 
 

2. 50% Plastics consisting of 15% HDPE plastic, 15% PET plastic, 15% PP plastic, 20% wet 
food waste, 15% wood waste, and 20% chopped rubber (mostly sequencing batch reactor 
[SBR]). 
a. The moisture content of the mix is 21.7% (wet basis). 
b. The HHV (dry basis) of the mix is 13787 BTU/lb. 
c. Proximate analysis of the mix (dry basis) is 80.3% VM, 10.0% ash, 9.6% FC. 

 
3. 33% Petroleum, Oil, Lubricants (POL) consisting of 15% corrugated cardboard (OCC), 

5% office, news, and mixed clean paper, 15% wet food waste, 20% wood waste, 2% textiles 
(polyester and cotton), and 10% chopped rubber (mostly SBR). 
a. The moisture content of the mix is 18.3% (wet basis). 
b. The HHV (dry basis) of the mix is 12080 BTU/lb. 
c. Proximate analysis of the mix (dry basis) is 84.3% VM, 5.4% ash, 10.1% FC. 

 
4. 50% Food consisting of 20% corrugated cardboard (OCC), 15% office, news, and mixed 

clean paper, 3% HDPE plastic, 3% PET plastic, 3% PP plastic, 50% wet food waste, 5% 
wood waste, and 1% inerts (metals, glass, stones, soils). 
a. The moisture content of the mix is 44.3% (wet basis). 
b. The HHV (dry basis) of the mix is 8264 BTU/lb. 
c. Proximate analysis of the mix (dry basis) is 80.3% VM, 10.0% ash, 9.6% FC. 

 
5. 100% Construction consisting of 15% corrugated cardboard (OCC), 5% office, news, and 

mixed clean paper, 2% HDPE plastic, 2% PET plastic, 2% PP plastic, 10% wet food waste, 
50% wood waste, and 14% inerts (metals, glass, stones, soils). 
a. The moisture content of the mix is 29.2% (wet basis). 
b. The HHV (dry basis) of the mix is 7095 BTU/lb. 
c. Proximate analysis of the mix (dry basis) is 65.3% VM, 23.5% ash, 10.6% FC. 

 
6. 40% Tires consisting of 8% (by wt.) corrugated cardboard (OCC), 8% office, news, and 

mixed clean paper, 5% HDPE plastic, 5% PET plastic, 5% HIPS (high index polystyrene) 
plastic, 8% wet food waste, 7% wood waste, 5% inerts (metals, glass, stones, soils), 5% 
textiles (polyester and cotton), and 40% chopped rubber (mostly SBR). 
a. The moisture content of the mix is 14.8% (wet basis). 
b. The HHV (dry basis) of the mix is 10374 BTU/lb. 
c. Proximate analysis of the mix (dry basis) is 67.3% VM, 17.2% ash, 15.7% FC. 

4.4  Syngas Chemistry 

The IIFPRG reactor was originally to produce synthetic gas chemistry similar to updraft 
gasifiers. The percent volume of each component gas was expected to vary between the low 
energy and the high energy chemistry shown in Table 4-1. 

The expected HHV of the gas was between 81 and 144 BTU per standard cubic foot (BTU/scf). 
Syngas of similar chemistry marginally sustains combustion (with significant flame separation) 
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at a HHV greater than 110 BTU/scf in an open burn cup. A HHV greater than 140 BTU/scf is 
required for reliable sustained combustion. The projected syngas mixture was to have marginal 
flammability sufficient to co-fuel a diesel engine. 

The intent of gasification is to devolatilize solid and liquid feedstock using thermal energy to the 
lowest molecular weight component gases possible, which are primarily hydrogen, carbon 
monoxide, and a small amount of methane gases. The chemical equilibrium of these reactions is 
well established and understood. As shown in Table 4-1, the energy content (HHV) of pure 
hydrogen and carbon monoxide gas are similar (326 and 323 BTU/scf), which is about 1/3rd the 
energy content of natural gas. 

A mixture of fixed carbon and ash remain after the feedstock is fully devolatilized. The IIFPRG 
reactor uses flaming pyrolysis, which burns the remaining fixed carbon with air to provide the 
heat necessary to sustain the thermochemical reaction. The combustion of fixed carbon dilutes 
the syngas with carbon dioxide and nitrogen, which are inert and contribute no energy value. 

The traditional syngas mixture consists of hydrogen, carbon monoxide, carbon dioxide, nitrogen, 
and a small amount of methane. The design of the IIFPRG reactor is to handle exceptionally wet 
feedstocks by preventing the highly endothermic water-gas reaction, which converts water into 
additional hydrogen and carbon monoxide gases. The design prevents the water shift reaction, 
which converts water and carbon monoxide to additional hydrogen and carbon dioxide. The 
reactor design limits hydrogen production to less than 9% by volume in the syngas mixture, 
primarily to conserve the highly endothermic process of converting water to hydrogen gas. 

Table 4-1.  Expected Syngas Chemistry. 

 
4.5  Unexpected Performance and Results Regarding Pyrolysis Oil 

Before the interim report issued in March 2014, the IIFPRG gasifier was successfully tested on 
various cafeteria waste, wood chips, and biomass, which produced small quantities of liquid 
“biocrude” pyrolysis oil that condensed out of the gas and accumulated at dry points in the gas 
cleanup system. The production rate of biocrude oil was relatively low (1 to 2 gallons per hour) 
and was difficult to measure due to the design of the gas cleanup system. Excess oil was drained 
from the system at the conclusion of testing each day. 

Testing on various SERDP waste mixes commenced during the summer of 2014. Gasifying 
representative Forward Operating Base (FOB) waste mixes containing paper, cardboard, plastic, 
rubber, textiles, and POL greatly increased the production of pyrolysis oil to amounts that were 4 
to 6 times greater than previous observations. This event dramatically changed the entire 
progression of this project. 

HHV Low Energy Component High Energy Component
Component BTU/scf % Volume BTU/scf % Volume BTU/scf
Hydrogen 326 5% 16.3 10% 32.6
Carbon Monoxide 323 17% 54.91 25% 80.75
Methane 1011 1% 10.11 3% 30.33
Carbon Dioxide 0 9% 0 15% 0
Nitrogen 0 68% 0 47% 0

HHV Total = 81 HHV Total = 144
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Various attempts to adjust process conditions to reduce oil generation failed (temperatures, flows, 
feeding methods, rotational speed, etc.). As a next step, multiple mechanical changes to the 
internals of the gasifier were also tested. Trials were unsuccessful and the gasifier did not 
produce flammable gas due to uncontrolled combustion of gas within the reactor when 
attempting to crack the oil into synthetic gas at higher temperatures. 

4.5.1  Research on External Cracking Methods 

Various methods were considered to crack the pyrolysis oil and tars after the syngas exited the 
reactor. The following methods were investigated: 

1. Use plasma or carbon element electric arc to heat the mixture of syngas, oil vapor, and steam 
to a temperature of 2200 °F for at least 10 milliseconds retention on a platinum catalyst. The 
energy just to raise the temperature of the syngas mixture to the reaction temperature is over 
200,000 BTU/hr. The amount of thermal energy just to heat the mixture will require 60 kW 
of electricity, which is all of the power generated, making an electrical powered cracking 
concept a net energy loss. 

2. Energy recovery from exothermic cracking (partially burning on a catalyst) would be nearly 
impossible from a practical standpoint due to the lack of heat exchanger survival at the 
required operating temperatures and fouling. 

3. Cracking the oil on a red-hot bed of burning carbon fueled by coal or coke. Researchers 
determined about 25 to 50 pounds per hour of coal or coke is required to sustain this reaction, 
since significant thermal energy is required for cracking the steam mixed with the syngas 
(not possible to prevent the water-gas and water shift reactions). This option has numerous 
safety issues, greatly increases complexity, significantly reduces the energy level of the 
syngas, and was determined not practical for use on FOB’s. 

Researchers at SUNY Cobleskill decided the best way to thermodynamically crack the pyrolysis 
oil would be to separate the liquids from the syngas and then use the burning char layer within 
the reactor for thermal cracking by pumping the liquids back into the reactor as reflux. 

4.5.2  Development of Reflux Concept 

The gasifier operates on the concept of “tumbling line flash gasification”, where cold wet 
feedstock directly contacts the burning layer of red-hot char on a narrow line within the reactor. 
The temperature gradient is in excess of 1300 °F over a distance the length of which is less than 
2-in. Feedstock devolatilizes by “flash pyrolysis” at a small interface area within the reactor. 

Flash pyrolysis is well understood in other gasification technologies and is commonly used to 
generate high amounts of liquid pyrolysis oil. Researchers at SUNY Cobleskill eventually 
accepted the fact that it would be impossible to stop the production of liquid pyrolysis oil and it 
is not practical to crack these liquids external to the reactor. 

The amount of oil production created numerous problems and serious safety concerns with the 
original scrubbing system that had to be resolved before further testing could occur. Safety issues 
included the elimination of the dust cyclone and numerous vessels with large volume, which 
could allow air to leak into the system and oxygen to accumulate in dead spaces. The original 
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scrubbing system also used waste crankcase oil as the scrubbing liquid, which quickly diluted 
with pyrolysis oil. 

The quantity of pyrolysis oil produced required consistent draining from the system during 
operation and became a liquid waste disposal problem. A 5-hour test run could easily produce 30 
to 40 gallons of pyrolysis oil, quickly filling 55 gallon storage drums. Researchers felt that the 
only way to complete the SERDP run testing was to develop a way to re-gasify the high 
quantities of pyrolysis oil as an effective means of disposal. 

The pyrolysis oil was originally viewed as a problem, but was quickly found to be an asset if it 
could be used scrub the gas of tars and particulates, and then meter the “dirty” oil back into the 
reactor as reflux for disposal by re-gasification within the 2200 °F burning carbon layer. The 
implementation of this concept required major modifications to both the reactor and the entire 
scrubbing system, but dramatically improved the entire performance of the system while 
enhancing simplicity and optimizing safety. 

Significant research was required to modify the reactor and develop a scrubbing system that 
could work reliably using the pyrolysis oil created by the reactor as the scrubbing liquid. This 
work was completed throughout 2014. 

Numerous advantages to this concept quickly became apparent to researchers as follows: 

1. The scrubbing system removes tars and particulates from the syngas and forces contaminates 
into the pyrolysis oil. 

2. Pumping pyrolysis oil back into the reactor as reflux dramatically improves the energy value 
of the synthetic fuel gas (by a factor of five), which is significantly different than traditional 
syngas from gasification. 

3. Dial-in energy value possible. The pumping rate directly affects the heating value of the 
syngas mixture. The heating value of the gas dramatically changes when the operator adjusts 
the speed of the reflux pump. 

4. Particulates in the pyrolysis oil separate within the reactor and discharge with the normal 
feedstock ash. 

5. Removing moisture by thermally cooling syngas also condenses significant amounts of 
gasoline and diesel range liquids. These compounds crack within the gasifier by mixing 
condensate with the reflux flow. 

6. Unreacted oil naturally oxidizes near the air entry, greatly increasing the thermal energy 
within the reactor. 

7. Significant improvement in overall system safety and reliability. 
8. Ease of operation. The reactor gravitates to a natural thermal operating point where the 

aspiration air self-varies based on equilibrium energy of the chemical reactions, without the 
need of automation and controls. 

 
Another observation after the pyro oil was added back to the gasifier was a dramatic reduction in 
liquid diesel fuel consumptions at lower gas flows, indicating a much greater energy value within 
the syngas; 
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4.5.3  Additional Gaseous Hydrocarbons 

The above observations indicate there are additional flammable hydrocarbons within the syngas 
contributing to the excess energy. Researchers initially felt these hydrocarbons were limited to 
the gaseous C2, C3, and C4 family of organics (as is the case with downdraft gasification). The 
GC located at SUNY Cobleskill was calibrated during the summer and fall of 2014 to indicate 
C2 through C4 organics, but tests continued to indicate the GC analysis was missing significant 
hydrocarbons that were contributing to the energy level of the gas. In many cases, the energy 
level predicted by the GC chemistry was under-predicted by over 100% when compared to the 
combustion based gas analyzer. 

The combustion based analyzer predicted wet gas energy values in excess of 280 BTU/scf, when 
the GC predicted a dry energy content of 130 BTU/scf. The combustion based analyzer was very 
close to the thermodynamic energy balance around the engine, further raising the suspicion of 
additional C5+ hydrocarbon vapors within the syngas. 

In the fall of 2014, it was decided to do further analysis of both syngas and diesel exhaust 
samples to the New York State Dept. of Health, Wadsworth Labs. This lab has very extensive 
capabilities, and can provide a full organic range analysis. 

4.5.4  Vapor Phase Organics 

Organic psychrometric analysis indicates a significant amount of liquid organics can evaporate 
into the syngas mixture in the form of organic humidity, similar to how gasoline vapors 
evaporate into air at the intake of a spark ignition internal combustion engine. The ability of the 
liquids to evaporate into the gas depends on the molecular weight and vapor pressure of the 
liquid, as well as the temperature of the syngas. Analytical analysis indicated significant amounts 
of C5 through C9+ organic liquids can evaporate into the gas, contributing to the energy value of 
the gas mixture. 

4.6  Process Description Used for Waste Mix Testing 

Rotary reactor RG-103 fully dries and devolatilizes each feedstock mix using thermal energy 
from diesel engine exhaust (indirect heat transfer) and from burning the remaining fixed carbon 
in the feedstock using air. Feedstock moisture flashes to superheated steam that mixes with the 
syngas before exiting the reactor. Condenser C-107 removes the majority of moisture from the 
syngas before sampling point SP-120 using condensate separator CS-108, but the condensate 
obtained during early tests (Jan/Feb 2015) was highly flammable (similar to gasoline). All 
subsequent tests after Feb. 2015 operate with the lowest possible condenser fan speed (hydraulic 
motor M-4) to avoid producing excessive condensate while providing adequate cooling to the 
hydraulic system. Excess condensate was transferred to quencher QC-104. Heat from the engine 
cooling system was added to polisher GP-109 liquid using heat exchanger HE-115 to obtain an 
equilibrium liquid level in the polisher separator PS-110 (no condensation or evaporation). 
Excess condensate was drained from condensate tank CT-114 into a wastewater drum only when 
temperature conditions could not be maintained to evaporate all condensate produced due to 
weather conditions or equipment limitations. The objective for each test was to evaporate all of 
the condensate liquid into the syngas, producing a wet gas and recovering the energy value of 
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any organics mixed in the liquids. The resulting moisture content in the syngas at the sampling 
point was less than 15% by mass for all tests. 

The reactor flash gasifies feedstock, which creates significant amounts of pyrolysis oil. The 
production of oil varies based on the feedstock and was in excess of 25% of the thermal energy 
in the unreacted feedstock. Oil aerosols mixed with the syngas condense into a liquid within 
quencher vessel QC-104, which scrubs the gas of high dew point tars at an equilibrium 
temperature of 165 °F. The quencher naturally operates consistently at 165 °F by evaporative 
cooling due to the presence of steam and water mixed in the pyrolysis oil. 

Variable speed reflux metering pump MP-117 regulates the flow of reflux, which is a mixture of 
oil and condensate from quencher vessel QC-104 and into the reaction zone within the gasifier 
RG-103. The speed of the pump was manually set by the operator during each test to maintain a 
constant level within the quencher vessel QC-104. Condensate mixed with pyrolysis oil thermo-
chemically cracks within the reactor into lighter organics (C12 or less) at temperatures 
approaching 2200 °F. The reflux mixture continually circulates and cracks until the combination 
of molecular weight and vapor pressure allow these organics to fully evaporate and leave the 
process as vapor with the syngas. Reflux pump MP-117 was adjusted each time feedstock was 
added to maintain a consistent liquid level in quencher QC-104 for the test duration tests. 

Feedstock devolatilizes to fixed carbon within the reactor. Air enters the bottom of the reactor to 
burn this fixed carbon fully to ash. The combustion products (mostly carbon dioxide and 
nitrogen) mix with the syngas and exit the reactor. The reactor operated naturally aspirated on air 
for all tests. 

Low dew point tars are removed downstream of condenser C-107 by polisher GP-109. The 
polisher uses a mixture of ethylene glycol and water at high momentum exchange to scrub the 
gas. The temperature of the polisher liquid was manually adjusted by the operator to maintain the 
same temperature or slightly higher than the condenser outlet, minimizing the gain or loss of 
polishing liquid. The ethylene glycol consistently evaporates into the syngas mixture and was not 
replaced. The polisher operates on 100% condensate, which has a high gasoline range liquid 
content and did not freeze during the cold weather tests. The polisher liquid regenerates when 
excess condensate accumulates in polisher separator PS-110 due to the loss of temperature 
control (manual adjustment or equipment limited), requiring the transfer of liquid to quencher 
QC-104 at least once per test run, where the tars in this liquid are eventually re gasified as reflux. 

Reheater RH-111 uses excess thermal energy from the engine block to heat the syngas mixture 
about 15 °F above the pressure dew point. The syngas sampling point was directly downstream 
of the reheater. 

Syngas is mixes with intake air and combusts in 60 kW diesel engine-driven generator DG-220. 
The engine governor automatically adjusts the liquid fueling rate based on the gaseous fueling 
rate. As the gaseous fueling rate increases, the liquid diesel fuel consumption decreases, with a 
maximum possible liquid fuel savings of about 81%. 
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4.7  Sampling Results 

4.7.1  Syngas Sampling Procedure 

A single feedstock mix was run for each test day. One syngas sample and one diesel exhaust 
sample was obtained at the midpoint of each test. A 4-hour test normally takes 6 to 8 hours from 
engine on until engine off. 

The syngas sample is obtained downstream of the reheater at sampling port SP-120. Gas was 
allowed to flow through the sampling train for at least 60 seconds to allow full purging and 
thermal stabilization. A moisture trap at the sampling point removes liquid condensate. The 
sampling bag or Summa container was connected with syngas flowing through the sampling 
train to minimize the risk of air contamination. 

Syngas is normally a mixture of carbon monoxide, hydrogen, nitrogen, carbon dioxide, and a 
slight amount of methane. Multiple samples were analyzed on site using a GC and combustion 
based calorimeter. Prior research on downdraft gasification indicated a close match in HHV 
between the GC and combustion based calorimeter when analyzing for these components. 

A significant difference in heating value was observed between the GC and combustion based 
calorimeter when testing the rotary reactor. Researchers felt the mismatch was the difference of 
gaseous range organics (C2 to C4). The GC was re-calibrated to include C2 to C4 organics, 
which reduced the mismatch of HHVs between the two methods. A significant mismatch still 
occurs, especially when feeding reflux oil into the reactor, indicating the presence C5+ organic 
vapors in the syngas mixture. The main objective of Wadsworth Labs was to identify the type 
and content of these higher level organics that are in the syngas mixture. 

The main objective of the syngas sampling is to determine the presence of gaseous organics (C2 
to C4) and vapor organics (C5 to C9+). Even in small amounts, these organics were found to 
greatly increase the gross heating value of the syngas. 

The following objectives were for the syngas analysis at Wadsworth Labs: 

• Identify all significant organic compounds in the syngas. 
• Measure each significant compound to the best possible accuracy. 
• Determine the percentages of total hydrocarbons in each group. The group being determined 

by the number of carbon atoms (C2, C3, C4, C5, through C9). This percentage includes 
significant peaks, as well as insignificant peaks. 

• Group hydrocarbons present based on their structures, i.e., alkanes, alkenes, aromatics, etc. 
• Provide chromatograph outputs sheets. 
• Summarize data in tables with compound names and percentages, as appropriate. 
• Compare the chromatograph footprint to standard commercially available fuels. 
• Provide a brief written summary of the method, equipment, dilution amount, findings, 

concerns, conclusions, and recommendations. 

A full day test was conducted on each SERDP waste mix, with the exception of the 50% plastics 
run. High plastics content did not create a problem during testing, but increased the viscosity of 
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the pyrolysis oil used in quencher QC-104 after the test was complete and the system cooled 
overnight. The pyrolysis oil solidified in QC-104 and in all adjoining equipment where the 
pyrolysis oil contacts. A second duplicate test at 50% plastics content was cancelled to avoid a 
repeat of the problems experienced. The plastics content should be limited to less than 30% by 
mass to avoid this problem in the future. 

Syngas samples for each waste mix were obtained after the system stabilized for at least 2 hours 
at steady state operation. Samples were obtained in certified pre-evacuated Summa containers for 
analysis at Wadsworth Labs. The results of the Wadsworth report are contained in Appendix A* 
to this report. 

4.7.2  Syngas Components Analyzed 

Each syngas sample was analyzed by Gas Chromatograph-Mass Spectrometer at Wadsworth 
Labs for a total of 35 compounds as shown in Table 4-2. 

                                                 
* Note that the Appendices to this report are included in a separate volume entitled, Rotary Kiln Gasification of 
Solid Waste for Base Camps: Appendices A-D. 
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Table 4-2.  Compounds Analyzed in Syngas Samples. 

 

4.7.3  Syngas Chemistry – Executive Summary of Results 

Figure 4-1 shows the average syngas chemistry broken down into flammable component groups 
as follows: 

1. Traditional Syngas – Mixture of hydrogen, carbon monoxide, and methane. 
2. Gas Phase – Grouping of gaseous C2 through C4 organics at standard conditions. 
3. Gasoline Range – Grouping of liquid C5 through C9 organics at standard conditions. 
4. Diesel Range – Grouping of liquid C10 and higher organics at standard conditions. 

Figure 4-1 shows the dry syngas energy distribution of each flammable component group 
contributes to the total energy within the syngas mixture. The total energy of non-traditional 

HHV LHV
Heat of Heat of Heat of

Specific Combustion Combustion Combustion
Organic Compound Formula MW Gravity kJ/mol BTU/scf BTU/scf
Carbon Dioxide CO2 44 1.52 0 0 0
Nitrogen N2 28 0.97 0 0 0
Hydrogen H2 2.016 0.069 290 326 274
Carbon Monoxide CO 28.01 0.967 285 323 323
Methane CH4 16.04 0.5543 890 1011 909
Ethane C2H6 30.07 1.05 1560 1791 1619
Propane C3H8 44.09 1.56 2220 2582 2315
n-Butane C4H10 58.12 2.07 2874 3365 3101
Propene C3H6 42.08 1.4 1911 2332 2181
1,3-Butadiene C4H6 54.09 1.9 2540 2933 2729
Isoprene C5H8 68.12 2.35 3157 3580 3410
Acetone C3H6O 58.08 2 1772 2006 1862
n-Hexane C6H14 86.169 2.97 4202 4761 4404
Methyl Ethyl Ketone C4H8O 72.11 2.5 2444 2786 2590
Cyclohexane C6H12 84.16 2.98 3920 4563 4180
n-heptane C7H16 100.2 3.45 4817 5452 5100
Benzene C6H6 78.107 2.69 3315 3753 3591
Methylcyclohexane C7H14 98.19 3.39 4565 5181 4200
Toluene C7H8 92.132 3.176 3955 4482 4206
n-Nonane C9H20 128.26 4.41 6125 6923 6494
Ethylbenzene C8H10 106.17 3.66 4564 5172 4970
M,P-Xylene C8H10 106.158 3.662 4559.8 5171 4956
O-Xylene C8H10 106.158 3.662 4552 5162 4958
Styrene C8H8 104.15 3.6 4394 4993 4830
Isopropylbenzene C9H12 120.19 4.1 5260 5899 5661
n-Decane C10H22 142.28 4.9 6778 7674 7190
n-Propylbenzene C9H12 120.19 4.14 5260 5956 5661
1,3,5-Trimethylbenzene C9H12 120.19 4.1 5241 5878 5584
1,2,4-Trimethylbenzene C9H12 120.19 4.15 5195 5897 5602
d-Limonene C10H16 136.24 4.7 6167 6994 6644
p-Isopropyltoluene C10H14 134.22 4.62 5860 6631 6300
1,2,3-Trimethylbenzene C9H12 120.19 4.15 5198 5900 5605
n-Undecane C11H24 156.3 5.4 7429 8438 7846
n-Dodecane C12H26 170.3 5.96 7901 9090 8650
Naphthalene C10H8 128.2 4.421 5156 5845 5552
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syngas components (C2 and higher) contributed more than 65% of the total energy within the gas 
sample. The data validates the theory C2 through C4 gaseous organics and C5+ liquid organics 
significantly enrich the energy content of the syngas. Gasoline and diesel range liquids evaporate 
into the syngas as vapor in the form of organic humidity. 

Figure 4-2 shows the average dry heating value for each waste mix tested. The HHV is the gross 
energy (BTU per standard cubic foot) recovered if the water vapor from the hydrogen component 
portion is fully condensed within the exhaust. The low heating value is the net energy recovered 
if the exhaust remains hot, preventing the recovery of latent heat from condensing water vapor. 
The low heating value is used for all engine calculations, since the water vapor in the exhaust is 
not condensed. 

Figure 4-3 shows the heating value of each waste mix as a percentage of natural gas. Table 4-3 
summarizes the syngas mixtures tested at Wadsworth Labs. 

 

Figure 4-1.  Energy Contribution from Organic Groupings. 
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Figure 4-2.  Average Dry Heating Value for Each Waste Mix. 

 
Figure 4-3.  Average Heating Value of Each Mix as a Percentage of Natural Gas. 
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4.7.4  Results from Waste Mixes 

Figures 4-4 to 4-14 show the percent of energy each group contributes to the syngas sample. The 
sum of these groups equal 100%. The majority of energy in the plastic mix was from gaseous 
phase components, indicating polyethylene breaks down to ethylene, polypropylene breaks down 
to propylene, etc. These gases may be further cracked or reformed into other hydrocarbons due to 
the presence of free hydrogen. 

 
Figure 4-4.  Percent of Energy in Syngas Sample Standard Mix #1. 

 
Figure 4-5.  Percent of Energy in Syngas Sample Standard Mix #2. 
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Figure 4-6.  Percent of Energy in Syngas Sample 100% Construction Mix #1. 

 
Figure 4-7.  Percent of Energy in Syngas Sample 100% Construction Mix #2. 
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Figure 4-8.  Percent of Energy in Syngas Sample 50% Food Mix #1. 

 
Figure 4-9.  Percent of Energy in Syngas Sample 50% Food Mix #2. 
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Figure 4-10.  Percent of Energy in Syngas Sample 33% POL Mix #1. 

 
Figure 4-11.  Percent of Energy in Syngas Sample 33% POL Mix #2. 
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Figure 4-12.  Percent of Energy in Syngas Sample 40% Tire Mix #1. 

 
Figure 4-13.  Percent of Energy in Syngas Sample 40% Tire Mix #2. 
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Figure 4-14.  Percent of Energy in Syngas Sample 50% Plastics Mix #1. 

4.7.5  Sampling of Residual By-products 

There are four types of residuals generated as a by-product of the gasification process: 

• Ash that is periodically removed from the main reactor 
• Quencher oil 
• Condensate which is generated through cooling hot syngas 
• Polisher fluid (ethylene glycol and water) 

Of these four, ash is the only inevitable, recurring residue – the inorganics in the waste stream 
become ash. Quencher oil begins as standard petroleum motor oil, but then becomes replaced 
over time by pyrolysis oils produced in the reactor. The pyro oils continue to perform tar removal 
from the syngas. Therefore the quencher oil would be replaced only when doing significant 
maintenance, and not routinely. Researchers determined that condensate can be eliminated by 
carefully managing system heat transfer to vaporize it, although it might be produced in 
transitory phases. Finally, the polisher (secondary scrubber) will occasionally have to be changed 
as it saturates with light fraction tars that get past the quencher. 

Samples of each of these materials were sent to commercial labs to measure metals in the ash, 
and organics in the other three. The full analytical reports are attached as Appendixes B and C. 
Table 4-4 gives only the detects for Resource Conservation and Recovery Act (RCRA) total 
metals in four ash samples. Table 4-5 shows Toxicity Characteristic Leaching Procedure (TCLP) 
metals results for those same samples. Only three metals were detected via TCLP extraction, and 
these values were orders of magnitude below the limits for characteristic hazardous waste 
determination:  Ba limit is 100 mg/l; Cr = 5 mg/l; and Pb = 5 mg/l. 

Table 4-6 shows concentrations of selected Polycyclic Aromatic Hydrocarbons (PAHs) in the oil 
quench tank. These higher concentrations are expected because this is where almost all the 
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pyrolysis oils accumulate. As these oils accumulate, they are fed back into the gasifier for 
cracking. 

Table 4-7 shows concentrations of BTEX compounds  and total PAH in the polisher fluid. BTEX 
was selected because it was expected that lighter fraction organics would end up in this fluid. 
Note that the units for PAH concentration are three orders of magnitude lower than in the 
quencher oil 

Table 4-8 shows concentrations of BTEX compounds and total PAH in condensate. 

4.8  Thermodynamics Discussion 

4.8.1  Syngas Condensate 

The original design concept was to prevent the water-gas and water shift chemical reactions 
within Rotary Gasifier RG-103. The intent was to force all of the moisture entering the reactor 
with the feedstock to exit the reactor as superheated steam mixed with the syngas. Condenser C-
107 cooled the gas as close to atmospheric temperature, essentially condensing 95% of the 
moisture in the syngas. This condensate was captured in condensate separator CS-108. 

The original design concept works exactly as intended, but the following observations occurred: 

1. The condensate water contained a high level of highly volatile “clean” (clear slight yellow 
color) organic liquids, which have a high vapor pressure and a strong odor. 

2. The condensate water would separate in the wastewater tank after draining from the system. 
The top layer was highly flammable, with flammability similar to gasoline. 

3. The condensate takes months to fully vaporize volatile organic compounds. 

Researchers felt intentionally condensing this liquid creates a disposal problem and is not 
desirable. 

To avoid creating this condensate, researchers were able to minimize condensate by reducing the 
speed of hydraulic motor M-4, which drives the cooling fan on condenser C-107. Heat exchanger 
HE-115 was added to heat the polishing liquid to the same temperature as the condenser 
discharge temperature. Excess liquid condensate was transferred into quencher QC-104. 
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Table 4-4.  Total RCRA Metals in Ash. 

Sample Date Waste Feed Sample ID 
As (mg/ 

kg) 
Ba (mg/ 

kg) 
Cd (mg/ 

kg) 
Cr (mg/ 

kg) Ag (mg/ kg) Pb (mg/ kg) 
Se (mg/ 

kg) 
Hg (mg/ 

kg) 

4-Feb-2015 Long Term Mix A-01-020415-1600 3.6 382 0.065 663 0.21 0.7 nd nd 
19-Mar-2015 Long Term Mix A-01-031915-1600 3.3 350 nd 636 0.15 0.76 0.44 nd 
2-Apr-2015 Constr. Mix A-01-040215-1505 3.3 517 0.042 337 0.12 1.0 nd nd 
8-May-2015 Long Term Mix A-01-050815-1600 1.9 351 nd 197 0.11 2.5 nd 0.011 

Table 4-5.  TCLP RCRA Metals in Ash. 

Sample Date Waste Feed Sample ID Ba (mg/l) Cr (mg/l) Pb (mg/l) 

4-Feb-2015 Long Term Mix A-01-020415-1600 3.2 nd 0.0040 
19-Mar-2015 Long Term Mix A-01-031915-1600 1.9 0.029 nd 
2-Apr-2015 Construction Mix A-01-040215-1505 3.7 0.015 0.0040 
8-May-2015 Long Term Mix A-01-050815-1600 3.8 nd 0.0074 

Table 4-6.  Selected PAH Concentration in Quencher Oil. 

Waste Feed Type Sample ID 
Acenapthylene 

(mg/kg) 
Fluoranthene 

(mg/kg) 
Fluorene 
(mg/kg) 

Naphthalene 
(mg/kg) 

Phenanthrene 
(mg/kg) 

Pyrene 
(mg/kg) 

Total PAH 
(mg/kg) 

Long Term Mix OS-01-101514-0910  470   190   300   1,200  
 

 200   2,360  
40% Tires Mix OS-01-031815-1530  930   400   770   2,300   270   560   5,660  
33% POL Mix OS-01-042415-1600  1,400   410   590   3,600   1,200   580   8,856  
Long Term Mix OS-01-042815-1600  610   270   420   1,100  

 
 450   3,070  

Long Term Mix OS-01-050715-1630  980   610   590   1,200   410   750   4,830  
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Table 4-7.  BTEX and PAH Concentrations in Polisher Fluid. 

Sample date Waste feed type Sample ID 
Benzene 

(µg/l) Toluene (µg/l) 
Ethylbenzene 

(µg/l) 
m,p-Xylene 

(µg/l) 
BTEX total 

(µg/l) 
Total PAH 

(µg/l) 
8-Oct-2014 Long Term Mix P-01-100814-1120  18      18   
15-Oct-2014 Long Term Mix P-01-101514-0910      20 
22-Jan-2015 Long Term Mix P-01-012215-0948  160   7.9    6.8   175   
30-Jan-2015 Long Term Mix P-01-013015-0915      1,837 
5-Mar-2015 50% Plastics Mix P-01-030515-1557      160 
13-Mar-2015 33% POL Mix P-01-031315-1531  2,400   260    110   2,770   
1-Apr-2015 Long Term Mix P-01-040115-1600  14,000   5,500   3,700   7,700   30,900   
6-May-2015 Long Term Mix P-01-050615-1552  1,400   120    50   1,570   
13-May-2015 Long Term Mix P-01-051315-1530      28 

Table 4-8.  BTEX and PAH Concentrations in Condensate. 

Sample Date Waste Feed Type Sample ID 
Benzene 

(µg/l) 
Toluene 
(µg/l) 

Ethylbenzene 
(µg/l) 

m,p-Xylene 
(µg/l) 

o-Xylene 
(µg/l) 

BTEX, total 
(µg/l) 

PAH total 
(µg/l) 

15-Oct-2014 Long Term Mix WW-01-101514-1120  320   11      331   
5-Mar-2015 50% Plastics Mix WW-01-030515-1352       15 
5-Mar-2015 50% Plastics Mix WW-02-030515-1557       34 
13-Mar-2015 33% POL Mix WW-01-031315-1531  12   1.4     3.7   17   
19-Mar-2015 Long Term Mix WW-01-031915-1600  1,500   240    75    1,815   
14-Apr-2015 40% Tires Mix WW-01-041415-1640  1,800   890   450   300    3,440   
28-Apr-2015 Long Term Mix WW-01-042815-1600        1,917  
6-May-2015 Long Term Mix WW-01-050615-1552  1,900   1,400   890   2,200    6,390   
7-May-2015 Long Term Mix WW-01-050715-1600        2,188  
20-May-2015 Long Term Mix WW-01-052015-1500  670   87    55   160   972   
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The following observations were the result of this change: 

1. The cooling fan on cooler C-107 provides cooling to both the condenser and the main 
hydraulic drive system. Excessive slowing of the fan speed caused the hydraulic oil to 
overheat at temperatures above 135 °F. 

2. The cooling fan on C-107 was reversed, to force heat from the hydraulic cooler into the 
condenser. This had a significant positive result on temperatures, but the fan vibrated 
excessively at certain speeds, limiting functionality. 

3. Transferring condensate water from condensate tank CT-114 to quencher QC-104, allows 
water to form an emulsion with the pyrolysis oil. Reflux metering pump MP-117 doses this 
emulsion back into Rotary Gasifier RG-103 for reprocessing. 

4. Organics mixed with the water either crack into hydrocarbon chains or vaporize into the 
syngas. 

5. A portion of the water in the reflux cracks into hydrocarbons by the water-gas and water shift 
reactions. Additional thermal energy to sustain these reactions is provided by liquid organics 
(pyrolysis oil) partially burning with air in the burning char layer at 2200 °F. 

6. Unreacted water exits as superheated steam. 
7. All of the water in the feedstock can be processed without the formation of condensate when 

controlling the temperatures properly. 
8. Additional condensate water from previous tests was pumped into quencher QC-104 for 

processing and disposal by thermal cracking. Numerous tests were conducted where there 
was negative condensate production from this practice. 

Not all of the condensate water is cracked within the reactor, requiring excessive evaporation of 
this moisture into the syngas flow stream. The syngas exiting polisher separator PS-110 is 
saturated at the temperature of the polisher liquid. Heat exchanger HE-115 heated the polisher 
liquid to force the desired evaporation rate to maintain a net zero or negative condensate 
production rate. Excess condensate accumulated in condensate tank CT-114 due to the 
mechanical limitations of the system and was drained only when absolutely required. 

Gas reheater RH-111 increases the temperature of the gas by 10 to 15 °F using heat from the 
engines cooling system. Adding heat locks the water vapor in the form of relative humidity. 
Condensation will not occur unless the gas temperature cools in downstream piping by 10 to 
15 °F. 

4.8.2  Dial-In Heating Value Adjustment 

Metering pump MP-117 is infinitely adjustable up to the maximum operating speed. The heating 
value of the gas may be enriched by increasing the speed of the metering pump allowing 
additional flow of reflux into gasifier RG-103. The operators normally adjust the speed of the 
pump to maintain a constant liquid level in quencher QC-104. All of the oil condensed in 
Quencher QC-104 and some of the liquid water added from condensate tank CT-114 enters the 
reactor to be cracked into additional hydrocarbons. Adjusting the metering pump speed up or 
down allows the regulation of the heating value of the gas entering the engine. 
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4.8.3  Volume and Heating Value Adjustment 

The HHV represents the gross energy in the syngas mixture. The heating value calculated from 
the GC-MS analysis was on a dry gas basis. Moisture creates numerous thermal loads in 
combustion, which reflects by the adjusted low heating value (LHV). The presence of water 
vapor creates the following issues: 

1. Water vapor passes through the engine and discharges to atmosphere as a gas in the exhaust, 
displacing combustion air. 

2. The density of water vapor is about half of syngas, small amounts of water vapor (by mass) 
greatly dilute the syngas mixture by volume. 

3. Although latent heat of vaporization was added when evaporating this moisture into the 
syngas, the latent energy is not recovered in combustion since the engine exhaust discharges 
to atmosphere at high temperatures, preventing energy recovery by condensing (zero energy 
net gain or loss). 

4. The combustion energy required to superheat the water vapor up to the combustion 
temperature creates an additional heat loss in the reactor. 

5. Hydrogen (free or locked up in hydrocarbons) oxidizes to water vapor, where latent heat is 
not recovered. 

Flow orifice FO-112 measures the mass flow of the mixture of syngas and water vapor entering 
the engine. Figure 4-15 represents a simplified method to adjust the heating value of the syngas 
(adjusted LHV) to compensate for the presence of water in the syngas mixture. 

A psychrometric chart estimates the moisture content in the syngas on a mass basis. For example, 
if the temperature at TE-105 is 115 °F, the moisture content of the syngas on a mass basis is 07% 
(0.07 lbs of water per pound of syngas). Use Figure 4-15 to estimate the adjusted LHV due to the 
presence of water vapor in the syngas mixture. The adjusted LHV for the standard term mix 
would be 250 BTU/scf. 

The gas flow measured by flow orifice FO-112 includes both water vapor and syngas. If the flow 
was measured to be 22 SCFM, the net adjusted gaseous fueling rate (LHV) entering the engine 
would be 250 BTU/scf * 22 SCFM * 60 min/hr = 330,000 BTU/hr. 
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Figure 4-15.  Moisture vs. Heating Value. 

4.8.4  Loss of Thermodynamic Efficiency of Engine 

Feeding syngas into the diesel engine results in a loss of thermodynamic efficiency as the engine 
transitions from a Diesel thermodynamic cycle to an Otto cycle with increasing gaseous fueling 
rate. Figure 4-16 estimates the loss in thermodynamic efficiency based on the gaseous fueling 
rate. 

 
Figure 4-16.  Estimated Loss in Engine Efficiency. 
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4.8.5  Thermodynamic Energy Balance Around Engine 

Figure 4-17 shows the energy flow through the entire system. 

 
Figure 4-17.  Energy Flow through the Entire System. 
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5. Development of the IIFPRG 

The rotary gasifier (IIFPRG) uniquely combines the positive features of cross draft, updraft, 
downdraft, and indirect pyrolysis gasifiers into a single rotating unit. The gasifier is designed to 
process mixed and unsorted feedstock that can be dripping wet. Large inert items must be 
removed, but smaller inert items such as cans, glass, metals, soil, etc. simply pass through the 
gasifier and discharge with the ash. 

The IIFPRG is designed to process plastics that have a low melting temperature, with little or no 
fixed carbon. The gasifier is not designed to operate on 100% plastics. Plastics must be mixed 
with other wastes to provide sufficient fixed carbon to sustain operation. The same issue applies 
when gasifying volatile liquids such as motor pool lubricants. 

The gasifier rotates, causing a tumbling action that continually exposes fresh feedstock to the 
thermal reaction zone. This prevents clogging and passes inert materials out of the process. The 
design of the ram style feed system provides 70,000 lbs of hydraulic pushing force (up to 2,800 
psi contact stress) to feed wastes into the gasifier without the blockages. 

SUNY Cobleskill developed and engineered a complete trailer-mounted IIFPRG system to 
convert solid feedstock to electricity. The feedstock handling system delivers feedstock into the 
rotary gasifier and consists of a super-compression dewatering ram. The IIFPRG gasifier vessel, 
piping, and process components are constructed of carbon steel due to budget limitations 
(ideally, stainless steel would be used on a deployable system). The gas cleaning system consists 
of a unique oil based wet scrubber, an oil separator, a gas cooler/condenser, a condensate 
separator, and a gas reheater. The gas moving system consists of a variable speed positive 
displacement rotary lobe blower to deliver pressurized gas to either a combustion flare or to a 60 
kW diesel engine-driven generator. The generator engine was slightly modified to allow the 
introduction of synthetic fuel gas (syngas) with the intake air. 

5.1  Engineering of the IIFPRG 

Researchers engineered the trailer-mounted IIFPRG prototype from January through April 2013. 
The following features were incorporated into the design: 

1. The entire gasifier system fits on an 8 x 20-ft trailer. 
2. The ram feed system compresses, densifies, and mechanically dewaters feedstock to less than 

50% moisture content by squeezing in a one step process. 
5. The outer fixed shell around the gasifier indirectly transfers heat from diesel engine exhaust 

into the rotating gasifier vessel. 
6. The system maintains a 22-degree inclination angle based on AutoCAD layouts of the 

gasifier internals, char bed depth, and tumbling angle of repose. 
7. The system uses refractory firebrick at the burning char zone (downhill end). 
8. Thermodynamic heat balance ensures enough thermal energy exists to dry wet feedstock and 

fully volatilize within the gasifier. 
9. The cyclone captures particulates from the syngas stream. 
10. The water seal in the bottom of cyclone relieves any upset overpressure condition. 
11. The all-in-one jet scrubber: 
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a. Cleans syngas of tars and particulates to allow use in an engine. 
b. Fills with used motor pool lubricants. 
c. Maintains fluid temperature of 220 °F to prevent steam from condensing out of the 

syngas. 
d. Quenches syngas from > 800 °F to 210 °F. 
e. Provides a liquid seal for flashback prevention and extinguish flaming fly embers 

(safety). 
f. Cleans gas by high momentum exchange jet scrubbing using high pressure oil at 1,500 

psi. 
g. Incorporates internal recirculation to allow syngas to be cleaned multiple times before 

leaving vessel. 
h. Gasifies spent scrubbing oil with feedstock. 

12. Aspiration is forced by using positive displacement gas pump (rotary lobe blower) to deliver 
syngas to the engine without loss of engine power or efficiency. 

13. All equipment is mechanically driven using hydraulic motors powered by the front power 
take off available on John Deere generator engines. 

14. The three stage sandwich cooler is configured as follows: 
d. The (air intake) condenser cools syngas to within 20 °F of the ambient temperature to 

condense steam and lower dewpoint of the syngas. 
e. The hydraulic cooler cools hydraulic drive oil to less than 140 °F. 
f. The scrubbing oil cooler (fan with air discharge) cools scrubbing oil to 210 °F. 

15. The gas reheater uses scrubbing oil heat to raise the syngas temperature 20 °F higher than the 
dewpoint (which lowers relative humidity to about 50%). 

16. The system uses a 60 kW diesel engine-driven generator with the ability to accurately 
monitor liquid fuel usage. 

17. The system employs a 0 to 60 kW load center to electrically load the diesel engine-driven 
generator at various loads. 

5.2  Compression Dewatering 

A student intern was assigned to research the ability to dewater various wastes using super-
compression. Sixteen wastes were collected from the campus and analyzed for bulk density, 
moisture content, and proximate analysis. 

Feedstocks with dramatic differences in physical properties were selected for compression 
dewatering. Water was added to each feedstock to obtain a moisture content of 80% (wet basis, 
80% water, 20% solids). A modified hydraulic shop press was used to compress each feedstock 
using a piston / die. Various compressive stresses were tested to evaluate how much water could 
be mechanically removed. The results of this test are reported separately in Section 5.2 . 

In summary, all of the feedstock types tested were mechanically dewatered to less than 50% 
moisture content (wet basis) at 1,800 psi compressive stress. Increasing the compressive stress to 
4,000 psi only lowered the moisture content to less than 42%. Increasing further to 8,000 psi 
only lowered the moisture content to less than 38%. 

Researchers decided to target a compressive stress of 1,800 psi to mechanically reduce the 
feedstock moisture content to less than 50% when entering the gasifier. 
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5.3  Gasification System Fabrication and Cold Testing 

Fabrication of the complete trailer-mounted gasification system began in January 2013 and was 
completed in early May 2013 (Figure 5-1). Cold testing was conducted throughout the month of 
May, where numerous mechanical issues were identified and corrected. The scrubber (SC-105) 
was modified to incorporate a washed packed bed design developed by USMA Cadets. The 
USMA design used rolled stainless steel mesh as packing and vegetable oil as the wash liquid. 
Scrubber SC-105 was then filled with used cooking (vegetable) oil and fully tested at various gas 
flows up to the full design flow of 85 SCFM. Note: used cooking oil was replaced with used 
crankcase oil during hot testing in July 2013. 

The entire gasification system is hydraulically powered using a hydraulic gear pump that is 
driven by a separate mechanical power take off located on the front end of the diesel engine. All 
hydraulic driven equipment immediately stops rotating when the generator stops. 

 
Figure 5-1.  Gasifier Trailer during Fabrication. 

The hydraulic system was fully commissioned during cold testing. Motors are controlled using 
24 VDC dual coil hydraulic solenoid valves. Researchers found that the wrong hydraulic pump 
mount was provided on the engine block power take off, forcing the use of a gear pump that was 
50% smaller than design. Budget limitations forced the following approach: 

1. Positive displacement blower PDB-201 had to be electrically driven with a 3-phase variable 
speed drive. The blower was removed from scrubber SC-105 outlet and located on the 
ground about 75 ft from the gasifier trailer. 

2. The hydraulic ram feeder RF-102 had to be powered by a separate gasoline engine. 

Special hydraulic motors were purchased with high pressure seals that do not require case drains 
to relieve shaft seal pressure (when the system is designed with low hydraulic return pressure). 
All of the shaft seals began to leak within a few hours of cold testing, requiring the installation of 
separate case drains for all hydraulic motors and pumps. The seals were replaced on all of the 
hydraulic motors and pumps. The system was tested extensively after the installation of case 
drains and all seal failure problems were resolved before hot testing. 
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5.4  Feedstock Handling System 

The feedstock handling system was constructed using a repurposed 35 ton hydraulic log splitter. 
The design had numerous problems that occurred during hot testing, forcing various mechanical 
changes. All problems have been resolved and the feedstock handling system currently works 
reliably as originally designed. Note that the feed system is driven by a small, external gasoline 
engine. This was done for expedience while testing. In a production version, the compression 
ram would be powered from the main system hydraulic pump. 

The compression section was fabricated using a 6 x 6 x 24-in. stroke ram. Figure 5-2 shows the 
compression chamber and the end of the ram piston. Figure 5-3 shows the fabricated stainless 
steel feedstock hopper. Figure 5-4 shows the fabricated joint that is used to attach the hydraulic 
cylinder to the feedstock ram. A two-stage hydraulic pump (16:4 GPM) drives a 5-in. hydraulic 
cylinder. The ram is capable of pushing feedstock at a force of 70,000 lbs into the gasifier. 

 
Figure 5-2.  Six-in. Hydraulic Ram Piston and Compression Chamber. 
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Figure 5-3.  Feedstock Hopper. 

 
Figure 5-4.  Thirty-Five Ton Feedstock Ram. 

Originally, the ram was mounted at a 7-degree angle to allow feedstock water to freely drain by 
gravity as wet feedstock is compressed. This configuration required a 15-degree miter joint 
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(Figure 5-5), which became a significant problem during testing. Severe feedstock jamming 
occurred at the miter joint. This design was abandoned about a month into hot testing. The miter 
was eliminated and the feedstock system was mounted at the same inclination angle as the 
gasifier. Feedstock pushed directly straight up into the gasifier feed tube. 

 
Figure 5-5.  Miter Joint. 

5.5  Feedstock Dewatering 

A test was conducted in Sept. 2013 to determine if the ram feeder is able to dewater feedstock 
from 80% moisture content to less than 50% moisture content. A synthetic waste blend of 
dripping wet mixed paper and plastic at 80% was fed into the gasifier. Significant amounts of 
moisture was squeezed from the feedstock and drained. The moisture content was reduced to less 
than 50%. The system worked as designed and intended. Dewatering was also observed anytime 
when handling feedstock that has over 50% moisture content. Liquids freely drained from the 
compression chamber when processing dripping wet cafeteria waste. 

Subsequent testing will focus on the effectiveness of feedstock dewatering using super-
compression. Each feedstock will be tested using the ram feeder to determine moisture removal. 
Water will be captured and measured. Samples will be obtained and analyzed for moisture 
content by loss in weight. Data will be reported for each feedstock. 

5.6  Hot Testing of the IIFPRG 

Extensive hot testing commenced on 6 June 2013 and continued through 8 August 2013. 
Numerous technical problems occurred, preventing the system from operating at any level of 
steady state conditions. Each problem was addressed as it occurred. Numerous tests were 
attempted during this timeframe. Each test had a significant process or mechanical problem, 
preventing the system from ever reaching the steady state conditions necessary to obtain 
adequate data to meet project objectives. 

Data was recorded for the majority of runs during the hot testing period. All available resources 
were dedicated to troubleshooting problems and ensuring safe operating conditions for the 
researchers working on the equipment. 
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The main problems experienced during hot testing were: 

1. Rotary gasifier drive jamming and breakage 
2. Overfilling the gasifier with feedstock 
3. Nonflammable syngas at the flare 
4. Feedstock jamming in the feed pipe. 

5.6.1  Overfilling the Gasifier with Feedstock 

5.6.1.1  Resulting Problems 

The low inclination angle (22 degrees above horizontal) of the gasifier vessel did not allow 
unreacted feedstock to properly tumble downhill and adequately fill the reactor vessel. Excessive 
unreacted feedstock accumulated on the uphill end of the rotary vessel, consistently covering the 
gas exit point. The slightest amount of overfeeding caused the gas exit pipe to plug with 
unreacted feedstock, resulting in excessive vacuum within the downstream equipment. 
Blockages required the gasifier to be emptied and completely disassembled. Blockages of the 
syngas exit piping occurred almost every time the gasifier was operated. 

 
Figure 5-6.  Rotary Chain Drive. 

Excessive vacuum sucked the safety water seal located on the bottom of the cyclone into the 
scrubber vessel, creating a dangerous situation by allowing air to enter the system. The water seal 
was replaced with a blank flange to correct this safety issue. 

The gasifier required blind operation. Feedstock level within the gasifier vessel was impossible 
to determine. A magnetic material level sensor was developed to monitor feedstock level from 
the uphill end. This device was complicated, provided false indications, and promoted overfilling 
problems. 
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5.6.1.2  Attempted Corrective Action 

The location of the gas exit port was moved to the furthest top uphill location. Three different 
port geometries (Figure 5-7) were fabricated and tested to force gas removal at the far uphill 
corner of the gasifier at the lowest gas velocity possible at the entrance point. A helical lifter 
(Figure 5-8) was added to help push unreacted feedstock downhill in the cylindrical reactor 
vessel. The helical lifter plate caused excessively high torque and jamming problems. These 
modifications did little to correct the problems. 

   
Figure 5-7.  Various Syngas Exit Nozzle Geometries Tested. 

 
Figure 5-8.  Helical Lifter Uphill of Brick. 

5.6.2  Gas Burning Within the Gasifier Vessel 

5.6.2.1  Resulting Problems 

Air leakage into the reactor vessel caused a portion of the flammable gas generated to burn 
before exiting the reactor vessel. The flammability of the gas at the flare was weak or in most 
cases not flammable. Syngas samples were taken only when observing the highest levels of 
flammability in the combustion flare. 
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Air was observed to enter the reactor vessel through a rat-hole that formed at the top sector of the 
burning char bed between 10:00 and 2:00 o’clock positions. This “rat-hole” formed due to 
insufficient feedstock in the top portion of the rotary reactor that resulted from the low 22-degree 
inclination angle of the reactor vessel. Air was also observed to enter the reactor vessel and burn 
gas through the material feed pipe. 

5.6.2.2  Attempted Corrective Action 

Changing the inclination angle of the rotary vessel was a major modification and was not 
attempted during the summer hot testing period. Changing the rotational speed of the reactor 
vessel helped to control the rat-hole issue within the burning char bed. Speeds over 1 RPM 
quickly promoted the combustion of syngas within the gasifier vessel. The optimum speed was 
determined to be less than 0.5 RPM. 

Various attempts to form an adequate char bed at startup were tested, which included wood char, 
charcoal, wood pellets, and anthracite coal. The use of this feedstock addressed the problem 
during startup, but the rat-holes returned after the initial charge was consumed. Using these 
materials for starting was not deemed practical for military applications. Other attempts 
including reversing the rotary drive direction multiple times per minute, increasing the rotational 
speed to 6 rpm, and adding a helical lifter to help move feedstock downhill did little to correct 
the problem. 

5.6.3  Feedstock Jamming Within the Feed Pipe 

Problems: Feedstock jammed within the feed pipe preventing the flow of fresh feedstock into 
the reactor vessel when using 70,000 lbs of pushing force. This was an ongoing problem 
throughout the summer hot testing period. The feedstock handling system worked fine when the 
system was cold, but consistently plugged when the system became hot. 

The system was crashed stopped and opened to observe problems. Internals were inspected with 
a custom video camera. Large super-compressed briquettes (sausages) formed within the feed 
pipe and became rock hard with reactor heat. These briquettes created endless mechanical 
problems and did not readily gasify. 

Blockages formed at the discharge end of the feed pipe at the uphill end of the gasifier. This 
caused a wedging action that progressively compacted the material for the entire length of the 
feed pipe. Blockages were nearly impossible to remove mechanically. Special tools were 
developed to allow boring and drilling to remove blockages. Hard blockages were also caused by 
the rubber sleeved pinch valve. 

Attempted Corrective Action: Numerous tests were conducted on varying feedstock type, size, 
and preparation methods. Smaller amounts of feedstock per pushing cycle helped, but blockages 
remained a problem. A smaller ram and insert (5 x 5-in.) was fabricated to increase the pushing 
stress and to minimize compaction size. This change significantly helped, but blockages 
remained an ongoing problem. Both the ram and sleeve were modified numerous times with 
some positive effect. 
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A rubber sleeved pinch valve was installed to minimize air leakage through the material feed 
pipe. This rubber sleeve of this valve was partially burned as unreacted feedstock burned down 
the feed pipe overnight. The fire within the rubber sleeve caused the inside surface to become 
excessively rough. Feedstock continually jammed in the pinch valve regardless of the sleeve 
pressure, requiring the valve to be removed. 

5.7  Corrective Action to the IIFPRG System in 2013 

Significant ongoing problems occurred during early testing. Principal Investigator (Stephen 
Cosper) decided to stop all testing and execute a major corrective action plan to permanently 
resolve the ongoing problems. 

The modifications consisted of: 

1. Increase the inclination angle of the gasifier from 22 to 40 degrees (Figures 5-9 and 5-10). 
2. Replace entire rotary gasifier drive with a torque tube line shaft drive, slip clutch, and all new 

gearboxes. 
3. Modify the internals of the gasifier. 
4. Shorten the feed pipe and inject feedstock directly into the reaction zone. 
5. Install thermocouples at varying locations near the feedstock feed point to monitor the charge 

level within the gasifier. 
6. Connect diesel exhaust to heat rotary shell. Insulate gasifier vessel to minimize heat losses. 

 
Figure 5-9.  Feedstock Handling System at 22-Degree Inclination. 
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Figure 5-10.  Feedstock Handling System and Gasifier at 40-Degree Inclination. 

5.7.1  Increase the Inclination Angle of the Rotary Gasifier from 22 to 40 Degrees 

Researchers did full scale layouts of the rotary gasifier internals using AutoCAD to determine the 
optimum inclination. A minimum angle of 40 degrees was determined based on the desired char 
bed depth at the 12:00 position and the tumbling angle of repose. Increasing the angle above 45 
degrees would reduce or even stop the tumbling action. 

Hinges were added to the downhill end of the gasifier to allow the adjustment of the gasifier 
inclination angle. The angle was increased to 40 degrees, requiring reworking of the discharge 
piping and the feedstock handling system. Stabilizing jacks on the corners of the trailer allow 
further adjustment of the inclination angle from 36 to 44 degrees by tilting the entire trailer up to 
4 degrees. 

Increasing the angle resolved all problems with feedstock flow within the gasifier. The problem 
of “rat-hole” formation on the top segment of the burning char zone was resolved and feedstock 
freely tumbles downhill. 

5.7.2  Replace the Rotary Gasifier Drive 

The entire rotary gasifier drive and support platform was replaced with a line shaft drive. All 
chain drives were removed, eliminating the problems with excessive chain forces at high torque. 
The rotary gasifier was modified with a shaft drive to provide pure rotational torque free of 
dislodging forces (common to chain and gear drives). 

Three new gearboxes were used to provide a drive reduction of 8750:1. The new drive allows the 
gasifier rotational speed to be varied from 0.15 to 0.5 RPM. An automatic slip clutch was added 
to limit the rotational torque on the rotary gasifier to 1,400 ft-lbs. A safety shear pin was added at 
the gasifier connection. All drive train components are rated for the maximum allowable drive 
torque. This change resolved all rotational drive problems. The rotational speed of the gasifier 
can be varied by simply adjusting the hydraulic flow control valve to hydraulic motor M-1 
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(Figure 5-11). The torque limiting clutch was adjusted and tested to slip as designed without 
damaging components. 

 
Figure 5-11.  Hydraulic Rotational Direct Drive. 

5.7.3  Modify the Gasifier Internals 

The downhill end of the gasifier was cut off using a plasma torch to expose the fire brick. Mortar 
was not used, allowing the top brick fall down and creating a path for air to leak behind the brick 
and burn syngas within the gasifier vessel (Figure 5-12). Researchers felt there was no way to 
reliably resolve this problem and all brick was removed from the gasifier. The internals of the 
gasifier were modified using fabrications to replace the function of the brick. Various major 
internal modifications were made to the gasifier during September 2013 to remove all pinch 
points that could raise torque, causing problems with gasifier rotation. The gasifier was welded 
closed and the fixed downhill spring plate was modified to control the path of combustion air 
flow. These changes were a success. All subsequent testing from 19 September provided high 
and consistent gas flammability without any sign of gasifier jamming or high drive torque 
conditions. 

5.7.4  Shorten the Feed Pipe 

The entire feed pipe assembly was modified. The feed pipe was shortened by 75%, which 
significantly reduced the distance feedstock must be pushed by the ram feeder. The feed nozzle 
was modified to force feedstock to the bottom half of the rotating gasifier vessel. This change 
eliminated the formation of rock hard briquettes within the feed pipe. 

This change also resolved all feedstock blockage problems in the feedstock handling system and 
corrected the safety issue of air leakage into the gasifier with feedstock. Any air that leaks into 
the gasifier with the feedstock is consumed immediately by combustion. This change greatly 
increases the overall safety of the system. The use of nitrogen during startup was no longer 
required and the gasifier no longer puffs due to overpressure during operation. 
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Figure 5-12.  Problem of Dropping Brick. 

The design of the gas outlet pipe was also changed. All pinch points that could cause feedstock 
wedging were removed. Changes allowed feedstock to freely tumble without obstructions 
downhill within the gasifier. This change resolved all problems with high rotational torque that 
had been caused by feedstock jamming between the stationary pipe and rotating reactor vessel. 

5.7.5  Install Thermocouple Wells on the Feed Pipe to Determine Charge Depth 

Four thermocouple wells were added to the feed pipe monitor the level of feedstock charge at 
various points within the gasifier. These thermocouples provide a temperature profile to 
determine the level of feedstock charge within the gasifier. Fresh and drying feedstock drives the 
temperature to less than 230 °F. Thermocouples that read significantly less than the discharge 
temperature are covered by feedstock. Thermocouples that read similar to the discharge 
temperature are not covered with feedstock. This change allowed researchers to use 
instrumentation to determine the level of charge within the gasifier. All problems related to 
overfeeding the gasifier and plugging the syngas exit pipe with feedstock were resolved. 

5.7.6  Connect Diesel Exhaust to Provide Indirect Heat to Rotating Gasifier Shell 

The outer stationary gasifier shell was cut open to allow the use of a thermal imaging camera to 
evaluate the temperature profile on the gasifier shell (Figure 5-13). Lower than expected 
temperatures were observed. The cut-out was installed with hinges to allow the use of future 
thermal imaging. The door can be opened anytime during operation to obtain thermal images of 
the rotating shell. The entire gasifier was insulated with 2-in. of mineral wool insulation. The 
insulation was covered with stainless steel cladding (Figure 5-14). Piping was added to provide 
hot diesel exhaust to the outside of the rotary gasifier shell. Hot diesel exhaust enters the gasifier 
at 900 to 1000 °F and exits to atmosphere at about 500 °F (Figure 5-15). The conduction of heat 
indirectly through the gasifier shell provides substantial energy to dry wet feedstock. A 
significant performance improvement was observed with this change. A highly flammable gas 
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was produced within 15 minutes after lighting the gasifier. The gas flammability was consistent 
throughout the entire test. 

 
Figure 5-13.  Thermal Imaging Cut-Out on Stationary Outer Shell. 

 
Figure 5-14.  Gasifier Fully Insulated with Stainless Steel Cladding and 65-kW Generator, 

Exhaust Connected to Shell 

 
Figure 5-15.  Sixty-kW Generator Exhaust Connected to Gasifier. 
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5.8  Summary Operations after 16 September 2013 

The modifications were completed and testing continued from 16 September through 21 
November 2013. The system currently works as follows: 

1. The use of nitrogen during startup is no longer required. 
2. No safety issues or concerns have occurred. 
3. The gasifier starts on any feedstock. No special starting stock is required. 
4. The gasifier ignites with a hand torch (Figure 5-16). The torch flame is licked into the 

gasifier to ignite feedstock. A burning char bed naturally forms within 15 minutes. 
5. Flammable syngas is observed within 15 minutes of ignition. The flare ignites and sustains 

combustion at the flare. 
6. The combustion at the flare is consistent throughout the operation. The gas burns directly on 

the water, indicating sufficient heating value to operate an engine. 
7. No noticeable change in syngas flammability at the flare throughout operation. 
8. All feedstock handling problems have been resolved. The system has handled woodchips, , 

plastic, rubber, and cafeteria waste without any malfunction or technical problems. 
9. The rotary drive operates reliably and all jamming problems are resolved. 
10. All problems related to air leaking past the burning char zone (“rat-holes” and brick stability) 

and combusting syngas within the gasifier have been resolved. 
11. Optimum performance occurs at a gasifier rotational speed of one rotation in 3 minutes. 
12. The burning char bed consistently runs between 1,900 and 2,200 °F on the far downhill end 

of the gasifier. 
13. The gasifier was able to process any feedstock fed into flammable gas without any technical 

problems. Feedstocks tested include dripping wet cafeteria waste, rubber, office paper, 
cardboard, catalogs, plastic bags, packaging, and pellets, mixed wood chips with excessive 
shavings and fines. 

 
Figure 5-16.  Lighting Gasifier with Hand Torch. 

5.9  Permitting Issues 

Currently the IIFPRG is operated at SUNY Cobleskill under a research and development (R&D) 
permit with the New York State Department of Environmental Conservation (NYDEC). In a 
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contingency environment, technically there are no environmental regulations or permitting 
relevant. However, the research team acknowledges that for longer scale testing and 
demonstration purposes in the Continental United States (CONUS), the gasifier will need to fall 
under the appropriate regulatory regime. The difficulty arises because small scale WTE and 
gasification systems are rare. Consequently, there are no clear cut regulatory definitions or 
categories that apply. Further, because the IIFPRG is unique, there is literally no precedent. 
Added to that, each state (and each potential site) would have different criteria (e.g., pollutant). 

Therefore, to scope the environmental permitting likely to be required, the research team is 
taking the approach of figuring out what would be required to permit the gasifier for a 
demonstration in the state of New York, even though there are currently no plans to do so. 
Consultations with an NYDEC engineer on specific requirements are ongoing. 

A permitted site would require solid waste handling and air pollution permits, possibly 
wastewater discharge permits. The waste and water permits should be pro-forma exercise, but the 
air permit will likely be the more challenging. The primary emission point will be the diesel 
engine exhaust. 

An air permit in NY would incorporate NSPS rules for stationary internal combustion engines. A 
portable generator on a trailer becomes stationary if parked at the same location for more than 
12 months. CFR Title 40, Part 60, Subpart IIII, Standards of performance for stationary 
compression ignition (diesel) internal combustion engines (CI ICE), requires that any modified 
engine subject to this subpart must meet the emission standards applicable to the model year, 
maximum engine power, and displacement. Therefore, the gasifier modified engine it must still 
meet the same specifications as the initial manufacturer. 

As a point of reference, a commercial biomass gasifier in NY (154 MMBTU/hr turbine) was 
recently permitted. The emissions are regulated for PM, opacity, Cd, Pb, Hg, SO2, HCl, 
dioxin/furan, NOX, and CO. This is of course a very large stationary power generator. There 
were several emissions points, but the primary is the turbine output, which also is the same stack 
that exhausts the flare and startup boiler emissions. 
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6. CFD Modeling 

6.1  Methodology 

The goal of this work is to use CFD simulations as a tool that provides an insight into thermal 
and chemical conversion of waste as it travels through the gasifier and effect of hydrodynamics 
on these processes. Several species were considered as waste, wood chips at the beginning, and 
later on plastic (cafeteria waste). CFD analysis will be able to predict the syngas composition and 
temperature in rotating bed gasifier close to collected experimental data. The CFD model will 
help to understand the effect of operating parameters like pressure, temperature, flow rates, 
mixing, and waste content on syngas composition. Over the years, many such studies are 
published in the literature [1-8]. However they do not address large scale gasifiers, which require 
superior computational power due to the large amount of cells in the mesh. 

This work was able to mesh the gasifier with less than 1 million cells, which is enough to 
provide accurate results. One of the most important tasks in performing numerical simulations 
for gasification process is the evaluation of species concentration during devolatilization process. 
In this work, species were evaluated as a result of devolatilization, referred to as volatile break-
up, and developed using step by step conversion of the elements in volatile into the species 
concentrations. 

This approach conserves the mass of each of the elements as well as overall heat content in the 
solid fuel during this conversion. It was assumed that that the volatile material from the solid fuel 
consists of Carbon (C), Hydrogen (H), Oxygen (O), Nitrogen (N), and Sulfur (S). Other 
constituents (like Chlorine) exist in very small amount and therefore are neglected in this 
approach. Volatile matters from solid fuel are initially converted to a pseudo gas phase species, 
referred to as “volatile” using a devolatilization model. A gas phase volatile break-up reaction, 
R1 is added to convert this gaseous volatile to several other gas phase species. Species TAR is 
another pseudo gas phase species added to account for left over carbon from the volatiles, if any. 
Step by step approach is developed to evaluate the mass fractions of resultant species. 
Stoichiometric coefficients a, b, c, d, e, f, g, and h for the resultant species are calculated from 
the obtained mass fractions and molecular weights of these species. Using current approach, a 
SCHEME script is written to automatically calculate stoichiometric coefficients of volatile 
break-up reaction and setup the gasification simulation in ANSYS FLUENT (ANSYS. 2014). 

 Volatile  a CO + b H2S + c CH4 + d H2O + e H2 + f N2 + g TAR (R1) 

This script in the form of add-on module is referred to as “Gasification calculator.” Heating value 
of species, Volatile is obtained by first converting as-received heating value of cal to its lower 
heating value and then subtracting the lower heating value of fixed carbon (Char) from it. Latent 
heat of water vapor formed from moisture content and hydrogen is considered appropriately 
while converting as-received heating value of waste (wood) to its lower heating value. A three 
dimensional CFD solver ANSYS FLUENT 14.5 is used to solve a set of governing equations for 
the gas phase and the solid phase. RANS based mass, momentum, turbulence, energy and species 
conservation equations are solved in Eulerian reference frame for the transport of gas phase. 
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Solid-particles/droplets are tracked using Lagrangian reference frame referred to as Discrete 
Phase Model (DPM) [9]. 

The entire gasification process will be broken up on the following sub processes: 

• Inert heating of the fuel from initial temperature to the vaporization temperature 
• Release of moisture from the fuel 
• Devolatilization and tar cracking 
• Char combustion and gasification 
• Inert heating of ash. 

Inert heating will be taken care by inbuilt inert heating law. Moisture release will be taken care 
by wet combustion model. For devolatilization, FLUENT allows only one species as the 
devolatilizing species. However, in actual case different species are evolved during 
devolatilization. This can be taken care by defining a pseudo species as a devolatilizing species 
and then breaking up this species into required composition of species using a volumetric 
reaction (volatile break-up reaction). Different gas phase reactions (R2-R7) will be defined as 
volumetric reactions. Other heterogeneous reactions (R8-R11) taking place during char 
combustion and gasification will be defined as particle surface reactions once the multiple char 
reactions model is enabled. 

• CO combustion (R2) 
CO + 0.5 O2  CO2 

• Water-gas shift (R3) 
CO + H2O  CO2 + H2 

CO2 + H2  CO + H2O 
• H2 combustion (R4) 

H2 + 0.5 O2  H2O 
• CH4 combustion (R5) 

CH4 + 1.5 O2  CO2 + 2 H2O 
• CH4 reforming (R6) 

CH4 + H2O  CO + 3 H2 
CO + 3 H2  CH4 + H2O 

• Tar combustion (R7) 
TAR + CO  n CO2 

• Char oxidation (R8) 
C<S> + O2  CO2 

• CO2 gasification (R9) 
C<S> + CO2  2 CO 

• H2O gasification (R10) 
C<S> + H2O  CO + H2 

• H2 gasification (R11) 
C<S> + 2 H2  CH4 
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6.2  Model Setup 

The model is developed and ready to be applied on the right gasifier geometry (Figure 6-1)). This 
work built and meshed the geometry several times due to significant design changes (Figure 6-
2). This delayed the simulation analysis. Since the design is complex, it was not possible to use 
automatic meshing procedure, so gasifier had to be decomposed on parts with simple geometry 
that could be meshed manually to receive good quality mesh (orthogonal quality > 0.1) (Figure 
6-3). To ensure more accurate results, it was decided to use a 360-degree geometry despite the 
increase in the number of cells (Figure 6-4). The final design and corresponding mesh are shown 
on Figures 6-5 and 6-6. The small gap (0.08-in.) between rotating and nonrotating plates that 
allows entering small amount of air will also be incorporated in the model (Figure 6-7). To 
reduce time of calculations, the model did not include the external big pipe that surrounds the 
gasifier and keeps it heated. The heat flux is calculated separately and will be applied as 
boundary conditions on the walls. The feedstock is treated as porous material with 25% porosity. 
It will be introduced as feed inlet with injection rate of 0.018 kg/s. As results the model will 
provide contours of mass fractions of syngas main species and evaluate the temperature in 
different part of gasifier. 

 
Figure 6-1.  Geometry of the Initial Design Requirements. 
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Figure 6-2.  Mesh of the Initial Design Requirements. 

 
Figure 6-3.  Close up View of Meshed Geometry. 
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Figure 6-4.  Meshed Geometry of Other Design Requirements, 360 Degrees. 

 
Figure 6-5.  Geometry of the Last Design Requirements. 
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Figure 6-6.  Mesh of the Last Design Requirements. 

 
Figure 6-7.  Air Entrance Gap between Rotating and Nonrotating Plate. 
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6.3  Geometric and CFD Modeling 

Fluid dynamic modeling of the Reaction Chamber was initiated in FY13 to provide additional 
insight into the operating characteristics of the Rotary Kiln Gasifier under development at SUNY 
Cobleskill. CFD modeling of the primary reaction chamber initially used the ANSYS FLUENT 
software available at Picatinny Arsenal. A parallel effort using the Star-CCM+ software available 
at Benét Labs was initiated later in the year to take advantage of their computational resources. 
ANSYS FLUENT and Star-CCM+ are both well respected commercial software packages. 
Consistent geometric and thermochemical models were supplied to both CFD codes. 

Modeling activity at Benét Labs focused on three areas: 

• ProE solid model descriptions of the reaction chamber and the exhaust manifold surrounding it 
• CFD analysis of exhaust manifold thermal performance 
• CFD analysis of reaction chamber performance. 

Solid models generated at Benét Labs were transmitted to Picatinny Arsenal staff for use in their 
FLUENT model preparations. The following sections describe results from each of these areas. 

6.3.1   Geometric Model Development 

The ProE solid modeling effort provided a convenient means to track test hardware evolution 
and to provide hardware geometry to the CFD software. Test hardware development followed a 
largely empirical path, which resulted in the testing of several hardware configurations during 
the current fiscal year. All configurations were similar in concept, but very different in detail. 
Concept similarities included the following: 

• A central stationary piping system for waste supply and syngas extraction 
• A rotating reactor drum assembly surrounding the piping assembly and containing the waste 

material undergoing chemical reaction 
• A gap interface between the rotating drum and the stationary piping assembly to supply 

combustion air to the char bed at the lower end of the reactor chamber and between the rotor 
and the stator 

• A stationary exhaust shroud channeling diesel exhaust gas over the outer surface of the 
reactor and supplying heat to the interior of the reactor. 

Figure 6-8 shows these representative Reaction Chamber components and regions. Figures 6-9 – 
6-12 show the four principal configurations tested during FY13. 
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Figure 6-8.  Representative Reaction Chamber Regions. 

The May 2013 configuration (Figure 6-9) was operated with the reactor axis at an inclination 
angle of 22 degrees and the reactor drum rotating at various angular velocities. Several problems 
were encountered in this configuration. The long waste stream feed pipe often became impacted 
with compressed waste, which required system shutdown. Waste material in the reaction 
chamber developed a free surface that sometimes partially covered and plugged the syngas 
extraction pipe inlet leading to system shutdown. Increased drum angular velocity altered the 
free surface location to alleviate covering of the syngas pipe entrance, but also increased the 
potential for combustion air to burn through the char bed adjacent to the stationary piping, and 
provide a direct path for combustion air to reach and prematurely oxidize the syngas. 
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Figure 6-9.  May 2013 Configuration. 

The July 2013 configuration (Figure 6-10) added an extension to the syngas pipe entrance to 
move the syngas pipe was well above the expected waste material free surface. Testing quickly 
showed this modification did not provide successful operation, because the highly compacted 
material in the feed pipe filled and plugged the entire upper end of the reactor chamber, and did 
not distribute well onto the waste material free surface. Combustion air was still able to burn 
through the char bed adjacent to the stationary piping, and to generate a direct path for 
combustion air to reach and prematurely oxidize the syngas. Inadequate sealing in the lower end 
of the reaction chamber was also observed, which also permitted combustion air to flow through 
and around the porous fire brick adjacent to the outer edge of the char bed, and contribute to 
premature combustion of the syngas in the upper end of the reaction chamber. The additional 
testing associated with this configuration confirmed previously identified problems were not 
resolved, and led to isolation of problems associated with leakage around the fire brick 
insulation. Clearly additional changes were needed before successful reactor operation would 
become a reality. 

 
Figure 6-10.  July 2013 Configuration. 
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The September 2013 configuration (Figure 6-11) included changes that alleviated many of the 
problems identified in the previous configuration. The reduced length of the waste stream feed 
pipe resulted in less compaction of the waste material in the feed pipe, a lower free surface level 
in the chamber, and improved delivery of the waste material to the top of the char bed. The 
syngas extraction pipe was also revised to locate it close to the top of the reaction chamber. Both 
of these changes virtually eliminated the potential for waste material to plug the upper end of the 
reaction chamber and directly enter the syngas extraction piping. The fire brick adjacent to the 
char bed were replaced by a steel wall assembly filled with Fiberfrax ceramic fiber and welded to 
the reaction chamber outer wall, which eliminated the potential combustion air leakage. To 
maintain the integrity of the char bed and reduce the potential for premature combustion of the 
syngas, the chamber inclination was increased to 40 degrees, and the rotation rate was limited to 
0.5 rpm. Reactor performance was much improved, but still not acceptable. 

 
Figure 6-11.  September 2013 Configuration. 

The October configuration (Figure 6-12) eliminated the Fiberfrax insulation and most of the steel 
assembly containing it, which increased waste / char bed volume and allowed reaction chamber 
performance to approach system goals. The shortened feed pipe and increased bed axial cross-
section appears to allow the feed stream to directly enter and replenish the char bed and to nearly 
the eliminate premature combustion of the syngas. Planned CFD analysis was expected to yield 
further insight into mechanisms controlling system performance. Because chamber internal 
temperature measurements were lower than expected, CFD based heat exchanger analysis of the 
exhaust heating configuration was initiated in parallel with CFD modeling of the primary 
reaction chamber. 
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Figure 6-12.  October 2013 Configuration. 

Because of the several configuration changes, initial CFD analysis was limited to evaluating the 
performance of the exhaust gas heat exchanger associated with the September and October 2013 
configurations (Figure 6-13). CFD modeling of the primary reaction chamber for the October 
2013 configuration is currently underway in both FLUENT and Star-CCM+. 

 
Figure 6-13.  October 2013 Configuration with “Pin-Fin” Heat Transfer Surface Extensions. 

The lower than expected chamber temperatures measured during testing of the October 
configuration prompted evaluation of a “Pin-Fin” enhanced chamber wall configuration. 
Measured exhaust inlet and exit temperatures suggested the thermal efficiency of the current heat 
exchanger geometry could be significantly improved. The October configuration was analytically 
modified to include the “Pin-Fin” surface extensions shown in Figure 6-13. “Pin-Fins” could be 
readily applied to the current system with either an “external” or “through” pin configuration. 
Exhaust manifold thermal performance results for the “external” version are presented in the 
next section. 
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6.3.2  Exhaust Manifold CFD Analysis 

Two exhaust manifold models were completed to evaluate the thermal performance of the current 
configuration and a practical “Pin-Fin” configuration. From the outside, both models appeared as 
shown in Figure 6-14, and considered heat transfer in both the fluid and the exhaust shell. The 
reference model assumed the outer surface of the rotor adjacent to the exhaust gas was a uniform 
533 K, while the “Pin-Fin” enhanced model assumed the inner reactor wall was a uniform 500 K 
and considered heat transfer in both the reactor wall and the exhaust shell. Both models were 
supplied with 922K air entering a tangential inlet port at 0.09 kg/s and exiting a “nominally” 
vertical exhaust pipe at the upper end of the reactor, and neither model considered radiations 
effects. 

 
Figure 6-14.  Nominal Exhaust Manifold Geometry. 

6.3.2.1  Current Reactor Geometry 

In the reference model, the steady RANS conservation equations were solved in a coupled-
implicit manner on 375K cell mesh. The solution included the effects of flow turbulence, reactor 
wall rotation, and buoyancy. Figure 6-15 shows the resulting Rotor Heat Flux distribution, which 
was fairly uniform except in the vicinity of the tangential exhaust gas inlet. For the assumed 
533K rotor surface temperature, heat entered the rotor at the rate of 11.0 kW. The average heat 
transfer coefficient (H) was 18.9 W/m2/K, the corresponding surface area (S) was 2.5 m2, and 
the H*S product was 47.3 W/K. 
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Figure 6-15.  Rotor Surface Heat Flux Distribution. 

6.3.2.2  Pin-Fin Enhanced Reactor Geometry 

The “Pin-Fin” configuration model was solved in an equivalent manner on a much larger 2.285 
million cell mesh. The larger grid size was required to “nominally” resolve flow characteristics 
around the pin-fins. Figure 6-16 shows the resulting Rotor Heat Flux distribution, which was 
fairly uniform except in the vicinity of the tangential exhaust gas inlet. For the assumed 500K 
internal rotor surface temperature, heat entered the rotor at the rate of 12.8 kW. The average heat 
transfer coefficient (H) was 16.0 W/m2/K, the corresponding surface area (S) was 2.9 m2, and the 
H*S product was 46.5 W/K. The thermal performance of this configuration was slightly less than 
the reference configuration, and would not be considered a beneficial addition to the system. 
Alternate surface enhancements may yield significantly improved performance without incurring 
excessive exhaust side pressure drop. 



 

90 

 
Figure 6-16.  Rotor Surface Heat Flux Distribution with “Pin-Fins.” 

6.3.3  Reactor CFD Analysis 

CFD analysis of the reactor chamber started with a fluid-thermal analysis of the reaction 
chamber without the effects of chemistry and discrete particles. This permitted selection and 
evaluation of a candidate mesh without the complexity of the chemical and particle dynamics. 
The initial fluid-thermal analysis solved the steady RANS conservation equations on a 1.03 
million cell grid. The subsequent full model is expected to use the same grid, and include 
chemical and particle dynamics representative of the full system. Both steady and transient 
solutions are under consideration. The chemical and particle dynamics available in Star-CCM+ 
are similar to those available in ANSYS FLUENT, and will be selected for consistency between 
the two software packages. A brief discussion of relevant literature, chemical modeling, and 
particle dynamics has been provided in the section covering the Methodology and Model Setup 
of the ANSYS FLUENT model, and will not be repeated here. 

6.3.3.1  Initial Fluid-Thermal Analysis 

The initial model considered the fluid dynamics of chamber “air” coupled to the energy flows in 
the rotor and stator walls under boundary conditions representative of actual chamber operation. 
The inlet flow was set at 0.019 kg/s, the exit of the syngas extraction pipe was fixed to a static 
pressure of -1990 Pa relative to ambient, and the outer edge of the rotor-stator gap at the base of 
the reaction chamber was fixed to ambient conditions of 101325 Pa and 300K. A uniform 
convective boundary condition with a heat transfer coefficient of 300 W/m2/K and an exhaust 
temperature of 700 K was applied to the rotor surface in contact with the exhaust flowing 
through the exhaust shroud. Rotor and stator wall properties will be updated from Aluminum to 
Carbon Steel, and rotor convective boundary condition will be consistent with the above exhaust 
manifold analyses before execution of the full model. 
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Figures 6-17 to 6-20 show representative flow, pressure, and temperature distributions from this 
initial solution. The grid and solution parameter adjustments required to obtain this initial 
solution will be carried over to the full chamber solution. 

 
Figure 6-17.  Representative Flow Patterns – Vertical Cross-Section. 

 
Figure 6-18.  Representative Flow Patterns – Plan View. 
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Figure 6-19.  Representative Pressure Distributions without Chemical and Particle Dynamics. 

 
Figure 6-20.  Representative Temperature Distributions without Chemical and Particle Dynamics. 

6.3.3.2  Fluid-Thermal Analysis with Lagrangian Feed and Chemistry 

Model preparation for a more complete solution of the Gasifier Reaction Chamber dynamics 
included selected review of relevant literature, and exploration of the Star-CCM+ modeling 
capabilities to confirm suitability for the current problem. The required chemical and particle 
dynamics will be added to the initial fluid dynamic model from Section 3.1 to form the basis for 
comparison to test data and evaluation of alternate chamber configurations. 
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6.3.4  Conclusions 

Completed work has tracked evolution of the test hardware at SUNY Cobleskill, provided solid 
models for CFD activities at both Benét Labs and Picatinny Arsenal, has helped quantify thermal 
boundary conditions for the reaction chamber, and provided a basis for CFD evaluation of 
reaction chamber performance. 

6.4  Equipment Arrangement 

In addition to the thermodynamic modeling, staff at Benét Labs created detailed 3-D models of 
all parts of the gasifier system. The goal was to show that all the equipment could fit into 
standard shipping containers. TRICONs were selected because it is more likely that smaller 
camps would have the capability to move these, rather than an entire 20-ft container. 

Figure 6-21 and Figure 6-22 show the results of this effort. All of the gasifier system, including 
generator fits into three TRICONs, which can be hauled on the back of a HEMTT. The 
TRICONs can be mounted in a standard steel rack, that can be mechanically dismounted (rolled-
off the back) from the HEMTT. 

 
Figure 6-21.  Side view of gasifier equipment in TRICONs. 
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Figure 6-22.  Top View of Gasifier System in TRICONs. 
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7. Diesel Engine Efficiency Studies 

This chapter presents syngas efficiency testing on using commercial diesel engines with 60 kW 
generators, the common size for contingency power applications 

7.1  EPA Tier 2 and Tier 3 Engines 

Modern diesel engines replace mechanical governors with electronic fuel injection and electronic 
ECMs. Electronic governor controls maintain the engine speed at the exact synchronous speed to 
maintain 60 Hz electrical frequency. Electronic governors maintain precision frequency response 
over the entire operating range for electrical load. 

Zero percent electronic governor “droop” is not a desired feature when dual fueling. Mechanical 
governors operate at a 4% governor droop (1860 rpm no load and 1780 rpm full load) for 
generator drives. Observations indicate a loss in fuel savings due to the fact that the electronic 
controls over-inject liquid fuel, which force the engine to operate more like a diesel cycle than as 
a combination “Diesel-Otto.” The main observations are additional liquid fuel usage and heavy 
PM in the exhaust stream. 

Tier 2 and Tier 3 engines were tested as follows: 

1. Sixty-kW Generator with EPA Tier 2 John Deere 5030HF270 with electronic controlled fuel 
injection and Woodward electronic governor. 
a. No abnormal PM. 
b. Maximum liquid fuel savings measured was 65% on IIFPRG syngas. 
c. All tests conducted at >90% load. No noticeable loss in engine power when dual fueling. 

2. Sixty-five-kW Generator with EPA Tier 3 John Deere 4045TF285 with electronic controlled 
fuel injection and John Deere electronic ECM. 
a. Heavy PM observed at the slightest amount of dual fueling. 
b. Maximum liquid fuel savings measured was 37% on IIFPRG syngas. 
c. All tests were conducted at > 90% load. There was no noticeable loss in engine power 

when dual fueling. 

7.2  Feedstocks for EPA Tier 2 Engines Testing 

Researchers decided to stop testing the EPA Tier 3 engine due to excessive black smoke 
emissions. The EPA Tier 2 engine was tested for 60-second fuel usage “clip tests” using syngas 
created from the IIFPRG. Table 7-1 lists the feedstocks tested. 
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Table 7-1.  Clip Test Feedstocks. 

 
7.3  Test Configuration 

Figure 7-1 shows the equipment used to measure liquid fuel usage. Fuel consumption is 
determined using the change in fuel level in a clear sight glass over a 60-second test period. The 
density used for liquid diesel fuel is 7.1 pounds per US gallon. 

 
Figure 7-1.  Equipment Configuration for Clip Tests. 

Test Date Time Feedstock
Test 1 11/19/2013 13:49 Cooksburg Wood Chips
Test 2 11/19/2013 14:17 50% Cooksburg Chips / 50% Prentice Hall Cafeteria Waste
Test 3 11/20/2013 12:52 Cooksburg Wood Chips
Test 4 11/20/2013 13:52 70% Cooksburg Wood Chips, 30% HDPE by weight
Test 5 11/20/2013 13:54 70% Cooksburg Wood Chips, 30% HDPE by weight
Test 6 11/20/2013 15:15 50% Cooksburg Wood Chips, 50% Horse Manure by weight
Test 7 11/20/2013 15:34 50% Cooksburg Wood Chips, 50% Horse Manure by weight
Test 8 11/21/2013 12:10 50% Cooksburg Wood Chips, 50% Cafeteria Waste by weight
Test 9 11/21/2013 12:12 50% Cooksburg Wood Chips, 50% Cafeteria Waste by weight

Test 10 11/21/2013 14:45 50% Cooksburg Wood Chips, 50% Cafeteria Waste by weight

Diesel Clip Tests
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7.4  Baseline Factory Ratings 

Figure 7-2 shows the fuel consumption for the EPA Tier 2 John Deere 5030HF270 engine as 
shown on the engine manufacturer’s data sheet. Figure 7-3 shows the brake specific fuel 
consumption and Figure 7-4 shows the thermodynamic efficiency as calculated from the engine 
data sheet. 

 
Figure 7-2.  Fuel Consumption. 

 
Figure 7-3.  Brake Fuel Consumption. 
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Figure 7-4.  Thermodynamic Efficiency. 

7.5  Clip Test Procedure 

Clip tests are conducted as follows: 

1. Hand valves HV-207 and HV-211 are open. HV-208 and HV-210 are closed. The engine 
operates normally using fuel from main fuel tank MFT-218. 

2. Open HV-209. Fuel flows from aux. fuel tank AFT-217 and fills the sight glass. 
3. Close HV-209 when the sight glass is full. 
4. Open HV-208 and HV-210. Close HV-207 and HV-211. Fuel to run the engine flows from the 

fuel sight glass. 
5. Open HV-204 to allow syngas to flow into the engine. 
6. Mark the fuel level on the sight glass with a dry erase marker and start the 60-second timer. 
7. Mark the fuel level on the sight glass with a dry erase marker when the 60-second timer 

expires. 
8. Obtain exhaust emissions. 
9. Open HV-207 and HV-211 to allow diesel fuel to flow from main fuel tank MFT-218. 

7.6  Clip Test Results 

The data in Table 7-2 summarize the results from this set of tests. This shows that 60% 
reductions in liquid fuel usage (for a constant electric load) are achievable on IIFPRG syngas, in 
diesel engines similar to those in common tactical generator sets. While CO exhaust emissions 
increase slightly, NOX emissions are reduced by roughly 50%. The afterburner system should 
combust almost all CO from the exhaust. 

Figure 7-5 shows no loss in thermodynamic efficiency when dual fueling with an electronic 
governor, which is contrary to the mechanical governor findings. The data indicates the 
electronic governor may be injecting more liquid fuel than necessary to maintain precision 
frequency control. Another possibility is electronic fuel injection atomizes liquid fuel better by 
pulsing up to 100 times per injection cycle. This may help to compression ignite the gaseous 
fuel-air mixture more efficiently. 
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Table 7-2.  Clip Test Results. 

 

 
Figure 7-5.  Clip Test Efficiency and Fuel Savings. 

Test:  Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 Test 9 Test 10
Test Date:  11/19/2013 11/19/2013 11/20/2013 11/20/2013 11/20/2013 11/20/2013 11/20/2013 11/21/2013 11/21/2013 11/21/2013
Test Time: 13:49 14:17 12:52 13:52 13:54 15:15 15:34 12:10 12:12 14:45
Electrical Load: kW 50 50 50 50 50 50 50 50 50 50
Power Take Off Load: BHP 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5
Syngas Flow to Engine During Test: 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
Syngas Sample Number: SB111913-1345 SB111913-1417 SB112013-1245 SB112013-1400 SB112013-1400 SB112013-1515 SB112013-1515 SB112113-1217 SB112113-1217 SB112113-1455
Syngas Low Heating Value BTU/scf 122 134 135 176 176 145 145 119 119 109
Visual Opacity No Visible PM No Visible PM No Visible PM No Visible PM No Visible PM No Visible PM No Visible PM No Visible PM No Visible PM No Visible PM

Dual Fuel Test
Test Start Measurement: inch 26.75 33.375 40 40.5 27 35.75 37 36.5 30.25 23.625
Test End Measurement: inch 43.25 42.25 51.25 50.75 34.5 48.5 49.75 50.5 44 35.125
Test Duration: sec 90 60 60 60 60 60 60 60 60 60
Liquid Fueling Rate gal/hr 2.56 2.06 2.62 2.38 1.74 2.97 2.97 3.26 3.20 2.67
Liquid Fueling Rate lb/hr 18.16 14.65 18.58 16.92 12.38 21.05 21.05 23.12 22.70 18.99
Syngas Flow to Engine SCFM 36.5 36.5 28.9 20.3 27.0 22.0 27.8 26.5 26.9 24.6
Gaseous Fueling Rate BTU/hr 267505 293817 234441 214550 285013 191723 241563 189092 192325 160884
Liquid Fueling Rate BTU/hr 332734 268456 340297 310048 226864 385669 385669 423480 415918 347859
Total Gross Fueling Rate BTU/hr 600240 562273 574738 524598 511877 577392 627233 612573 608243 508743
Crankshaft Load BHP 88.7 88.7 88.7 88.7 88.7 88.7 88.7 88.7 88.7 88.7
Crankshaft Load BTU/hr 225654 225654 225654 225654 225654 225654 225654 225654 225654 225654
Liquid Diesel Fuel Savings 47.6% 56.2% 46.4% 51.0% 64.1% 37.0% 37.0% 31.7% 32.9% 43.9%
Dual Fuel Thermodynamic Efficiency 37.6% 40.1% 39.3% 43.0% 44.1% 39.1% 36.0% 36.8% 37.1% 44.4%

Baseline Fuel Consumption
Test Start Measurement: inch 12.75 34.5 38.25 26.375 26.375 29.5 29.5 27.5 27.5 27.5
Test End Measurement: inch 33.75 54.75 59.25 47.275 47.275 49.75 49.75 48 48 48
Test Duration: sec 60 60 60 60 60 60 60 60 60 60
Liquid Fueling Rate gal/hr 4.88 4.71 4.88 4.86 4.86 4.71 4.71 4.77 4.77 4.77
Liquid Fueling Rate lb/hr 34.67 33.44 34.67 34.51 34.51 33.44 33.44 33.85 33.85 33.85
Liquid Fueling Rate BTU/hr 635220 612534 635220 632195 632195 612534 612534 620096 620096 620096
Total Gross Fueling Rate BTU/hr 635220 612534 635220 632195 632195 612534 612534 620096 620096 620096
Crankshaft Load BHP 88.7 88.7 88.7 88.7 88.7 88.7 88.7 88.7 88.7 88.7
Crankshaft Load BTU/hr 225654 225654 225654 225654 225654 225654 225654 225654 225654 225654
Baseline Thermodynamic Efficiency 35.5% 36.8% 35.5% 35.7% 35.7% 36.8% 36.8% 36.4% 36.4% 36.4%

Dual Fuel Emissions
CO % Vol NA NA NA 0.16% 0.16% 0.41% 0.41% NA NA NA
O2 % Vol NA NA NA 10.83% 10.83% 11.00% 11.00% NA NA NA
CO2 % Vol NA NA NA 8.70% 8.70% 7.90% 7.90% NA NA NA
NOx PPM NA NA NA 300 300 213 213 NA NA NA

Baseline Emissions
CO % Vol NA NA NA 0.04% 0.04% 0.04% 0.04% NA NA NA
O2 % Vol NA NA NA 12.90% 12.90% 12.90% 12.90% NA NA NA
CO2 % Vol NA NA NA 6.30% 6.30% 6.30% 6.30% NA NA NA
NOx PPM NA NA NA 493 493 493 493 NA NA NA
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7.7  Conclusions 

The diesel engine performance, when dual fueled on nitrogen diluted methane, is similar to 
operating on ultra-low energy syngas. Weak gaseous mixtures, that are not flammable in air, still 
provide liquid fuel savings in a diesel engine. 

Diesel engines can operate with little or no power loss, even when dual fueled at high gaseous 
fueling rates using very weak syngas. Liquid fuel savings of 83% have been measured on 135 
BTU/scf LHV syngas with less than 1.5% moisture content. Reducing the dewpoint of weak 
syngas greatly increases liquid fuel savings by reducing the thermal load (due to moisture) on the 
engine. 

The engine governor automatically adjusts the liquid fuel injection rate to maintain crankshaft 
speed at the target 60 Hz synchronous speed. The engine automatically increases speed when 
feeding gaseous fuel. The governor automatically reduces the liquid fuel injection rate to provide 
a liquid fuel savings. Gaseous fueling can vary at any flow rate, without concern for air to fuel 
ratio, by mixing the syngas directly with the engine intake airflow. 

Over-fueling is observed by engine speed instability. The governor momentarily stops the 
injection of liquid fuel to reduce engine speed. Compression ignition stops, causing the engine 
speed to decrease rapidly. The governor senses the loss of engine speed and starts liquid fuel 
injection again. The engine speed “hunts” until the gaseous fueling rate is reduced. 

The optimum fueling point is determined by engine speed at any electrical load. Gaseous fuel is 
fed into the engine until the crankshaft speed reaches 98% of the no load governor speed. The 
control of air to fuel ratio is not required. This type of gas metering control will not work on 
engines with electronic governors using precision frequency regulation. 

Gaseous fuel with significant nitrogen content reduces NOx emissions. Ultra-low energy syngas 
with a LHV between 100 and 160 BTU/scf provides the lowest NOx emissions. Reducing engine 
load also reduces NOx emissions. 

Dual fueling a diesel engine increases carbon monoxide emissions. A significant loss of 
thermodynamic efficiency was also observed with mechanical governors. Researchers feel this is 
the result of the diesel thermodynamic cycle transitioning towards an Otto thermodynamic cycle 
as the gaseous fueling rate increases. 

A significant loss of thermodynamic efficiency was not observed on electronically governed 
engines. These engines did not provide liquid fuel savings comparable to mechanically governed 
engines. Excessive PM (diesel soot) was observed in EPA Tier 3 engines. These observations 
indicate the electronic governor control with precision frequency regulation is over-fueling the 
engine with liquid fuel to maintain the precise synchronous speed. Reprogramming electronic 
controls to provide a traditional 4% governor droop may correct these problems. 

After all of the gasification experiments, the diesel engine used to burn syngas was disassembled 
and thoroughly inspected. The engine was in very good condition, with small amounts of wear 
that could be attributed to syngas operation. Appendix D gives details of this inspection. 
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8. Dewatering Waste via Mechanical Compression 

8.1  Mechanical Compression to Reduce Moisture Content 

One of the chief challenges of processing unsorted Municipal Solid Waste (MSW) is the 
inconsistent and often high moisture content. Commercial mass-burn incineration plants rely on 
homogenization of vast quantities of incoming waste, excess oxygen, and sometimes 
supplemental fuels to overcome wet wastes. Some small scale gasification systems attempt to dry 
incoming waste by diverting a portion of produced thermal energy. 

The current objective of the testing being done on biomass products is to test several theories and 
ideas concerning mechanical dewatering and moisture content percentage reduction. The 
objective is to first complete small scale testing to find out if using just mechanical and hydraulic 
methods the moisture content percentage on a wet basis scale can be reduced to a moisture 
percentage level that will allow for those materials to be burned cleanly and efficiently for heat, 
power and fuel generation and use. After testing has confirmed that the moisture percentage can 
be reduced by mechanical means alone or other methods must be used in conjunction with 
mechanical dewatering a prototype machine will be designed and built for use in testing the 
mechanical dewatering process. During the testing phase the amount of product being 
compressed and extruded as well as the integrity of the pressed products shape as well as density 
and moisture content shall all be tested and observed. Modifications will be done during and 
after testing to fix any problems or malfunctions that are observed during the building and testing 
phase of the prototype machine. 

This report is to examine the results of tests on several biomass materials using a mechanical 
method to press out water and to reduce the amount of moisture content percentage within the 
materials themselves. These test results are the preliminary findings from the testing of paper at 
80 and 50% moisture and switchgrass tested at 80% moisture content. The test were done to see 
what the results were after mechanically dewatering the samples and if the percentage of 
moisture removed from the biomass type being tested was within the allowable moisture 
percentage range to allow for it to be burned/combusted without the need for adding a drying 
element to the prototype that will be built in the near future. 

8.2  Mechanical Dewatering Tests Procedure 

I Determine as-Received Moisture Content of Feedstock Sample 

1. Obtain an approximate 5 gallon (clean bucket) sample of as-received wet feedstock. 
2. Remove a sample of about 100 grams from the center of the bucket. 
3. Record the tare weight of the small foil drying pan. 
4. Place the 100g wet sample in the small foil drying pan and spread the sample out evenly. 
5. Record the total combined gross weight of the foil drying pan and the 100 gram as-received 

wet sample. 
6. Calculate the net sample weight (subtract the gross weight from the tare weight). 
7. Place the foil sample pan in the drying oven at 115 °C (239 °F) for at least 1 hour. 
8. Remove the foil sample pan from the oven and measure the total gross weight. 
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9. Determine the net weight of the dried sample by subtracting the gross weight from the tare 
weight. 

10. Calculate the percentage moisture (wet basis) of the as-received feedstock samples. 

I Sample Preparation 

1. Remove about 200 grams and place in one or two large foil pans (keep material depth less 
than 1-in.). 

2. Place the large foil pans in the drying oven at 115 °C (239 °F) for at least 12 hours. Mix the 
sample by hand numerous times during the drying period. 

3. Remove the large foil pans from the drying oven. 
4. Remove a sample of about 100 grams from each large foil pan. 
5. Record the tare weight of each small foil drying pan. 
6. Place the 100g wet sample in the small foil drying pan and spread the sample out evenly (do 

this twice if there are two samples). 
7. Record the total combined gross weight of the foil drying pan and the 100 gram dried sample. 
8. Calculate the net sample weight (subtract the gross weight from the tare weight). 
9. Place the foil sample pan in the drying oven at 115 °C (239 °F) for at least 1 hour. 
10. Remove the foil sample pan from the oven and measure the total gross weight. 
11. Determine the net weight of the dried sample by subtracting the gross weight from the tare 

weight. 
12. Calculate the percentage moisture (wet basis) of the dried feedstock samples. 
13. The samples must be less than 3% moisture before proceeding. 
14. Measure the tare weight of a large foil pan. 
15. Using the large foil pan, measure out approximately 200 grams of dried (< 3% moisture) 

feedstock sample (200 g + tare weight of the large foil pan). 
16. Measure out 800 grams of tap water. 
17. Hand mix the 800 grams of water with the 200 gram feedstock sample in the large foil pan. 
18. As a check, 
19. Measure the gross pan weight. 
20. Determine the wet net weight (gross – pan tare). 
21. The wet net weight should be approximately 1000 grams. 

II Ram Dewatering Test Procedure 

1. Measure the tare weight of the compression tube. 
2. Hand fill the compression tube with wet feedstock (at 80% moisture). 
3. Measure the gross weight of the filled compression tube. 
4. Compress the tube to the target hydraulic pressure for 10 seconds. 
5. Release and retract the hydraulic jack. 
6. Measure the gross weight of the compressed sample cylinder. 
7. Remove the pressed sample from the compression cylinder using the shaft punch. 
8. Measure the tare weight of the foil sample pan. 
9. Measure the gross weight of the foil sample pan and pressed sample. 
10. Place sample in oven at 115 °C (239 °F) for 3 hours. 
11. Measure the gross weight of the dried sample. 
12. Calculate the percentage moisture in the as pressed condition. 
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8.3  Results of Compressions Tests 

Table 8-1 lists (and Figure 8-1 shows) the percent moisture content that was in each paper 
sample after it had been mechanically dewatered at the compression indicated. If the moisture 
content percentage is above 25% moisture content wet then the material cannot be used as a fuel 
sources as it has too high a moisture content to allow for easy combustion. The numbers of each 
sample test at 80% and at 50% rule the current use of just compressing and dewatering the 
samples out. The data shows that across the test samples and at both 80% and 50 % moisture 
levels the moisture percentage show a steady decrease as the psi levels used in the compaction of 
each test are increased. With the increase in psi pressure the amount of water is all but removed 
at the higher levels and the material is just being compacted into a much denser form. With each 
sample test of paper the percentage numbers of each test for each sample varied between 1 to 5% 
in either direction of the percentage scale of all tests 1 through 5 across three different paper 
sample with several wide spread variations in percentage data that are explainable by the amount 
of initial moisture in the paper that was used in the test pipe, how hard packed the amount of 
material was in the test pipe and the kind of paper used. In the 80% moisture sample white office 
paper was used, which was thicker than the shredded magazine paper used for the 50 % moisture 
test, which would allow for more moisture absorption in the thicker paper but more moisture to 
be squeezed out from the thinner paper and allow for more compaction at the same pressure. 
Figure 8-2 shows compresses paper slugs after dewatering, then drying. From left to right, this 
shows test pressures from 1000 to 12000 psi. 

The testing for switchgrass was the same as the testing done on the samples of paper. There were 
three tests done on the sample as was done for the paper test, but only the 80 % moisture content 
testing was done and the 50% moisture content testing was not done. The initial moisture content 
of the switchgrass as it was received was calculated at 11.1 % moisture content. During the 80% 
moisture content tests, the amount of water was 800g water to 200g of dry switchgrass sample to 
make about an 80% moisture content mixture to use for testing. For the test the switchgrass was 
cut into much smaller pieces before water was added to it, to allow for the same amount of 
material to take up less space than the uncut material was currently taking up in the tin pans. 
After compressing the switchgrass sample compressed at 12000 had about the same moisture 
content percentages as the paper samples did after being compressed at the sample psi pressure. 
These results would indicate that switchgrass that was extremely wet when compressed at a high 
compression psi than tested at could be dewatered enough to allow for the materials to be used as 
fuel (Table 8-2 and Figure 8-3). 
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Table 8-1.  Paper Dewatering Data. 

 

 
Figure 8-1.  Compression Dewatering of Paper Samples. 



 

105 

 
Figure 8-2.  Compressed Paper Test Slugs. 

Table 8-2.  Switch Grass Samples for Compression. 

 

 
Figure 8-3.  Results of Switch Grass Compression Test. 
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When paper was used the amount of moisture percentage in the remaining dried sample was still 
too high even in with the psi being between 8,000 to 12,000 when the test was performed it was 
found that the moisture content was still too high at around 28% moisture content. These results 
also occurred with the switchgrass tests with the moisture content of the lowest sample after 
dewatering was 34.5 % moisture content. 

After the materials had been dewatered and pressed at the psi test point the slugs that were 
created were dried in an oven for several hours to remove moisture and to see how well the slugs 
of the material being tested at that particular moisture content held up when heated. The paper at 
the 80% test held its shape well, both when it was wet and had been pressed and also when the 
samples had been exposed to 115 °C (239 °F) heat for 3 to 4 hours to dry them and to see if 
prolonged drying would reduce the moisture down to 25% or lower. At lower compression psi 
levels the paper slug was bigger in size and could be broken apart more easily and had a higher 
moisture content percentage after drying. The higher the compression, the denser the paper slugs, 
which made breaking them apart much more difficult. The denser paper pellets moisture content 
was around 26% when compressed to 12,000 compress stress psi or just above the desired 25% 
moisture content of materials. 

With compressing of switchgrass samples the switchgrass held its shape well after it had been 
compressed while each sample was still wet and had not been dried for several hours. After 
drying the switchgrass slugs pressed at the first 4 psi test pressures broke when picked up and 
handled, while the switchgrass sample pressed at 12,000 psi compress stress pressure barely 
maintained its shape when picked up, but the round shape of the switchgrass slug could still be 
made out. 

With the data showing that even when switchgrass and paper were pressed at a high psi pressure 
that the amount of moisture pressed out was not lowered enough in terms of moisture percentage 
in the sample to allow for the materials to be used for burning as a fuel source. Paper at 50% 
moisture content was able to be dewatered down to the point of having 26% moisture content 
and that result was created by pressing the paper at 12,000 stress pressure psi limit on the bottle 
jack gauge. Switch grass had a relatively low initial moisture content percentage as received than 
paper. 

8.4  Equipment and Procedures 

Several different types of equipment were used during testing and each had a specific function 
during the testing procedure. The main piece of equipment used was a bottle jack that had a rated 
12 ton load limit capacity and was manufactured by the Central Hydraulic Company. The bottle 
jack rested on two metal flat weights that then rested on a shop press frame made by the same 
company that made the bottle jack. The second piece of equipment that was used during testing 
was an oven that was used to dry samples. The oven was manufactured by Thermo Scientific 
with the type being the Precision model. An electronic scale with a 3,100g capacity was used for 
measuring all samples weight, the weight of the metal pipes both empty and full of test samples 
as well as the test samples that have been compressed before drying and the samples weights 
after drying. Twelve small tin pans were used to hold the compressed sample slugs to allow them 
to be weighed and then put into the oven with each sample being identifiable by the numbers on 
each of the pans. Six metal pipe sections were used for the forming of the samples and to hold 
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the sample in place while they were compressed under different psi loads by the bottle jack. Two 
five- gallon buckets were used to collect the necessary samples of switchgrass and horse manure 
while shredded paper material was collected from the local paper recycling box as well as the 
shredder itself. Two large foil tins or pans depending on what material was being tested were 
used during finding out the moisture content as collected of the current material type. 

Several methods and analytical tools were used in the collection of the data acquired from testing 
the moisture content percentage on paper both at 50% and 80% moisture content as well as 
moisture content on switchgrass at 80% and as-received samples of horse manure. The test done 
to determine the as-received moisture content used the wet basis formula to figure out the 
moisture percentage from the test material. Once the percentage moisture content was found of 
the initial material test sample of which a 100g sample from the material being test was taken 
weighed to get the weight of the sample wet and then dried in an oven for 1 hour to get a dry 
weight. After this first test was done on each material sample, each material was tested the same 
way. A 200g sample of paper and 200g sample of switchgrass were mixed with 800g of water to 
create 80% moisture content sample mixture for testing both types of material samples and 100g 
of paper and 100g of water were mixed to create the 50% moisture sample. Six pipes were filled 
with the test material packed down to about a ¼ -in. below the rim surface of the pipe. Each 
individual pipe was weighed empty to get the tare of the pipe and then with a sample in it to get 
the gross weight of the sample and pipe. Each sample then had the moisture mechanically 
pressed out of it by use of a piston and bottle jack setup on the jack press stand. After each 
sample was dewatered the weight of the sample still in the individual test pipe was taken. The 
sample was taken out of the pipe and put in a numbered tin pan that had been weighed to get its 
tare weight. The wet compressed sample was weighed in the pan and the weight of the pan and 
sample was recorded. The sample was placed in an oven and dried for several hours at 115 °C 
(239 °F). After drying the sample were weighed again to get a dry weight. The gross weight of 
the dry sample in the pan minus the tare weight was subtracted from the gross weight of the wet 
sample in the pan minus the tare weight of the pan. This procedure was done for each of the three 
sample batches and was done for each of the five compression stress test psi compression levels 
to get the required data results. 

8.5  Conclusions 

Paper after testing samples of 80 % moisture content as well as testing of sample composed of a 
50% moisture content proved to be the easiest in terms of reducing moisture content around the 
25% or under moisture content percentages needed for burning. The highest that paper was 
compressed at was 12000 compression stress psi pressure and the average moisture content at a 
50 % moisture content was 29%. This should mean that any paper products that are to be pressed 
should be as dry as possible and by doubling the amount of psi pressure used to compress the 
paper the amount of moisture should be reduced to the point of the moisture percentage being 
25% or under. When the tests at 80% and 50% were done different kinds of paper was used. At 
80% it was plain shredded office paper, which held and absorbed a lot of moisture and 
compacted nicely and maintained shaped even after drying and at 50% it was printed thin 
magazine paper and this absorbed water as well be also allowed for more water to be pressed out 
of it and that the pressed sample was compressed to an even thinner size. It is recommended that, 
when compressing paper-based products, the maximum amount of pressure (psi) be used to 
allow for the greatest amount of moisture to be pressed out. This should result in the lowest 
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possible moisture percentage and also creates a very dense very dry slug that holds its shape and 
is great for burning for fuel. In terms of design if by just compressing the materials at a higher 
psi pressure does not work to bring the moisture content of the materials down to an acceptable 
moisture content percentage level then a drying device of some form may have to be 
incorporated into the design plan as well as a some type of grinder for reducing the particle size 
of the material as its going into the machine to be compressed. 

Viewing the graphs and data tables of each of the materials tested and compressed at different 
moisture content levels and what the graphs show of the data pattern that developed there can be 
several conclusions made. One that the idea of using mechanical means to dewater materials 
down to a level of moisture content percentage that allows for full combustion and burning can 
be done. That a much higher psi pressure has to be used in compressing materials to allows for 
such a level or moisture content percentage to be reached. Materials such as animal waste may 
not be suitable for compression by mechanical means at high psi pressure. That the results from 
these tests on paper, switchgrass and manure can only be used as a baseline for gauging test data 
results as there may be many kinds of material that may be compressed and dewatered that have 
much higher or lower as-received moisture contents then the materials tested and hold their 
shapes and structural integrity better. 
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9. Conclusions and Implications for Future Research/Implementation 

9.1  Conclusions from this Project 

The prototype gasification system performed well, in terms of accepting unsorted, realistic waste 
mixtures, and converting the waste to exportable power. The reactor and system design described 
in sections 2 and 3 have proven gasification of mixed (unsorted) solid wastes without the need 
for pre-processing (the requirement for intensive pre-processing in other systems based on 
downdraft gasification has proven problematic). Additionally, our team demonstrated that our 
overall system approach destroys waste and produces net-positive electric output. Our new 
reactor design is a novel gasifier type that meets its purpose. 

When we began this project, we did not know what composition of syngas to expect. Most 
literature describes syngas from downdraft systems, which contain mostly C1 compounds. Our 
reactor is a modified version of an updraft gasifier. Experimentally, we found our syngas to be 
much higher in energy than could be accounted for by H2, CO, and CH4, etc. Then analytically, 
we found that the syngas was very similar to commercial liquid fuels (Appendix E). This 
updraft-like reactor, plus the oil reflux (below) contribute to the favorable overall energy 
balance. 

The oil quench tank described in section 3.5 turned out to be very important to the overall 
process for a number of reasons. First, it performed its main job of removing tars from the 
syngas very well. Second, it very effectively, sharply reduced the temperature of the syngas 
coming out of the reactor, while maintaining itself at a constant temperature. We believe this is 
due to the entrained, emulsified water that enters the quencher as steam. As long as water is 
present, it keeps the temperature of the quencher below the boiling point of water. Third, 
refluxing the accumulating tars and pyro oils back into the gasifier greatly increased the energy 
content of the syngas (section 4.5.2  

9.2  Additional Research Needed 

There are several areas of engineering work left before moving towards a long term 
demonstration at a military site. These include integrating a shredder and automatic waste feed 
system; establishing redundant PLC logic controls for extra safety; and of course, putting the 
whole system into shipping containers. 

The above items require work, but that work is well understood, using commercial technology. 
The one significant engineering problem that remains, is determine the most efficient way to 
introduce syngas into a diesel engine. Appendix C below, gives a detailed discussion of the 
benefits of using a diesel engine for this application. In short, diesel is more flexible in terms of 
syngas quality and quantity it will accept; and diesels are the dominant engine type in theater. 
However, the method of introducing the syngas, used in the project, is problematic. We 
introduced syngas into the engine air intake via the turbocharger, so the engine uses less liquid 
fuel because of the energy value in the syngas. This works up to a point, but by doing so, you 
displace air with the syngas. Therefore the engine becomes starved for oxygen at high rates of 
syngas feed, which causes the engine to run “rich” and produce soot. You want to maximize the 
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syngas feed because that means you are maximizing liquid fuel savings, and waste destruction 
throughput. 

To solve this problem may require working with an engine manufacturer to figure out correct gas 
flow rates and turbo size and pressure to assure that adequate oxygen gets to the engine so it can 
run cleanly and efficiently (Appendix C). 

9.3  Suggested Implementation 

The author has participated in the Joint Defense Waste-to-Energy work group (JDW2E), which is 
hosted by the Navy. This working group is aware of this technology, and it is hoped that this 
report will generate interest among multiple services. The Air Force Research Lab’s periodic 
WTE workshops have also been brief on this technology. 

The prototype system developed under this project was a full scale, proof of concept. It is 
suitable for short term demonstrations, and SUNY Cobleskill has sought funds for upgrades to 
make the system more mobile and automated; better for short demonstrations in multiple types of 
venues.  

To move this technology towards DoD contingency operations, the next logical steps would be to 
construct a new version in a 20-ft container, or three TRICONs, that incorporates all technical 
lessons-learned from this project, and an automated waste feed system. This version would be 
suitable for long term military testing at a location such as the Contingency Basing Integration 
Technology Evaluation Center at Fort Leonard Wood, MO – also the home of the Engineer 
School. There, the gasifier could be run and observed by soldiers in training; soldier waste 
disposal would be somewhat realistic; and the power output could be monitored and integrated 
into the camp micro-grid. There’s another test center at Tyndall Air Force Base (AFB), which has 
hosted WTE demonstrations and a containerized system, could easily be moved there for Air 
Force exposure.  

Once we are in a position for long term demonstration, it will be time to engage with PM-E2S2 
to work on a formal technology transfer agreement.  
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Appendices 
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Stephen.D.Cosper@usace.army.mil  

Project Manager 

Dr. Paul Amodeo SUNY Cobleskill Center for 
Environmental Science and 
Technology 

518-255-5384 
AmodeoPA@cobleskill.edu 

PI for technology 
development 
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Appendix B: Supporting Data Derived from Syngas Analysis Reports 

The following pages shows initial GC work and calorific data for syngas samples during a series 
of IIFPRG trials in November 2013, processing a variety of feedstocks. Table B-1 summarizes 
this data by feedstock. For the measured HHV, the syngas was passed through a calorimeter and 
therefore includes all gases present, i.e., those not capture in the initial GC data which only 
looked for C1 species. Subsequent GC work (Appendix E) measures the full extent of organics. 

Table B-1.  GC Data Summary. 

Feedstock into IIFPRG Vol. % H2 Vol. % O2 Vol. % N2 Vol. % CH4 Vol. % CO Vol. % CO2 
Measured 

HHV (BTU/SCF) 

70% woodchips, 30% 
rubber by weight 5.7 2.1 62.3 1.2 21.5 7.2 99.5 
50% Cafeteria waste 
(wet food, liquids, 
plastic wrappers, 
packaging); 50% wood 
chips 5.8 1.7 59.0 1.5 23.9 8.2 111.5 
Woodchips 6.8 2.1 60.2 1.8 22.3 9.0 104.1 
70% woodchips, 30% 
HDPE 5.4 1.9 60.8 1.8 20.1 7.6 100.5 
Pine chips 6.0 2.6 61.6 1.7 17.3 10.8 92.5 
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Appendix C: Engine Based Electrical Generating Systems, 
Diesel vs. Spark Engines 

(Note that this section was submitted previously in response to a specific question at the October 
2013 IPR) 

Various methods exist to generate electricity from a gasification system operating on waste. 
Internal combustion (I/C) engines (spark ignition and diesel) are the simplest methods to convert 
gaseous fuel into mechanical work to drive a generator. Other methods include steam turbines, 
reciprocating steam engines, organic Rankine, Brayton gas turbines, and Stirling external 
combustion engines. Simplicity, power density, safety, emissions, and cost are the major 
considerations that make I/C engines the most attractive. 

The primary problem with operating an I/C engine-driven generator on syngas is crankshaft 
speed control as the electrical load and syngas energy values vary. The intent of this document is 
to describe the differences between diesel and spark ignition engine-driven generators fueled by 
ultra-low energy waste derived syngas. 

Diesel engine-driven generators offer significant advantages for military applications. Diesel 
generators operate smoothly with acceptable frequency and voltage regulation as the syngas 
energy value and electrical load varies. The main advantage of diesel engines is that they do not 
use intake air throttle control to regulate engine speed. Engine speed is controlled by a governor 
that meters the amount of liquid fuel injected into each cylinder. Significant amounts of excess 
oxygen exist in the exhaust stream and the engine is not sensitive to lean air to fuel ratios. The 
engine operates seamlessly with drastic variations in syngas energy levels with no adjustment of 
combustion air. 

The greatest disadvantage of diesel driven generators is liquid fuel usage. The engine must use 
some liquid diesel fuel to initiate compression ignition of the gaseous fuel mixture and for 
crankshaft speed control. 

Otto spark ignition internal combustion engines can operate on 100% gaseous fuel and do not 
require dual fueling to operate. This offers a significant advantage over a diesel since the engine 
can operate solely on waste derived gaseous fuel, eliminating the need for ongoing use of 
expensive fossil fuels. The avoidance of co-fueling with fossil fuels can economically justify 
applying this technology for use at municipalities within the United States. 

The main disadvantage of spark ignition engines is the intake air flow must be throttled to 
control engine speed. Maintaining the proper fueling rate and air to fuel ratio is essential with 
dramatic airflow changes. The air to fuel ratio must be maintained slightly richer than 
stoichiometric combustion. Proper control of engine speed and air to fuel ratio is nearly 
impossible to regulate as the electrical load and syngas energy content vary simultaneously. 

Numerous concepts have been researched and developed by other entities to address this problem 
with spark ignition engines. These concepts use multiple regulators and electronically actuated 
flow control valves that must respond with precision accuracy to ensure the engine is adequately 
fueled to maintain synchronous speed and mechanical power at the critical air to fuel ratio. 
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Adequate metering of air and fuel gas must occur at varying flows as the throttle adjusts to 
maintain crankshaft speed. Most engines that are designed to operate on gaseous fuel require 
extensive controls when the energy value is 40% to 60% of natural gas. Waste derived syngas 
has an energy content that is 10% to 15% of natural gas, making reliable fueling for electrical 
power generation difficult or nearly impossible. 

Another problem with ultra-low energy syngas is low air to fuel ratios, which are around 1:1 by 
volume. The flow of combustion air is offset by gaseous fuel. Low energy fuel requires a high 
flow rate to meet the power demands of the engine. The engine can actually become starved for 
adequate combustion air under heavy load conditions, causing lugging or even a crash stop. 

C.1  Diesel Engines for Military Applications 

The military has expelled significant effort to standardize on one fuel for all battlefield 
applications. JP-8 is a multipurpose fuel blend that is able to power both diesel and jet engines. 
This allows the military to deliver only one fuel to meet the energy needs of contingency bases 
(CB). Diesel engine-driven generators fueled by JP-8 are almost exclusively used to generate 
electricity on FOBs. 

The project team decided to pursue the use of diesel generators for this WTE application. The 
single battlefield fuel policy is an important factor, but diesel gensets offer greater flexibility than 
spark engines in that they can effectively generate power under multiple scenarios (Table C-1). A 
standard spark engine can only effectively generate power when the syngas fed to it is of good, 
consistent quality (a new operating concept is presented in Section C.8 ). 

Table C-1.  Diesel vs. Spark Operating Conditions. 

Operating Condition Of WTE System 

Diesel Genset 
Operation (Dual-Fuel 

With JP8) 
Spark Genset 

Operation 
used only as a generator, with no 
waste processing 

Yes no 

bootstrap WTE system Yes no 
highly variable waste feed, syngas 
quality 

Yes no 

steady state WTE operations Yes yes 
C.2  Waste Derived Syngas 

Military applications require simplicity and reliability. The WTE system developed by SUNY 
Cobleskill uses a robust and simple approach to thermally convert wastes into a gaseous fuel. 
Unfortunately, mixed wastes have two problems; excessive moisture and low energy content. 
Gasifying low energy wastes with excessive moisture results in ultra-low energy synthetic gas 
(syngas). The energy content of this gas is 10% to 15% of natural gas. 

Nitrogen dilution is the main reason why the energy value of the syngas is weak. Waste derived 
syngas can be over 50% nitrogen. The majority of nitrogen is from air entering the gasifier to 
provide oxygen to combust char (flaming pyrolysis). The energy content of the syngas can easily 
be doubled by using pure oxygen, instead of air, for char combustion. However, the project team 
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believes that the use of oxygen is out of the question for contingency operations. Therefore the 
focus of research has been the most effective use possible of an internal combustion engine 
operating on ultra-low energy, unenhanced syngas. 

C.3  Energy Level of Waste Derived Syngas 

The LHV of the syngas must be considered when determining fueling requirements for engines. 
HHV is not used since water vapor is not condensed in the exhaust stream. The LHV of waste 
derived syngas varies between 90 and 180 BTU per standard cubic foot (BTU/SCF). The energy 
varies based on the feedstock. Low energy dripping wet feedstock results in low energy syngas. 
The intent is to homogenize feedstock to obtain an average energy content (HHV) of about 7500 
BTU/lb. Depending on the FC content, this feedstock would generate a syngas with a LHV of 
120 to 160 BTU/SCF. 

Syngas with an energy content of 90 to 100 BTU/SCF is quasi flammable. Significant flame 
separation occurs as the energy value decreases. The flame blows itself out when the auto-
ignition temperature cannot be maintained. A dual fueled engine can still operate with fossil fuel 
savings even if the syngas cannot sustain combustion in air. 

C.4  Dual Fueling of Diesel Engine-Driven Generators 

Diesel engines require very minor modifications to the air system to operate dual fueled on 
syngas and liquid diesel fuel. The only modification necessary is piping to introduce gaseous fuel 
into the airstream entering the engine. Figure C-1 shows the simplest configuration to feed 
syngas fuel into a diesel engine. 

 
Figure C-1.  Syngas Fuel Feed System into a Naturally Aspirated Diesel Engine. 
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A variable speed positive displacement blower is used to meter the feed of syngas to the engine 
at slightly positive pressure. The blower aspirates the gasifier system and engine vacuum is not 
used to avoid the significant loss of engine power. A flow orifice measures the flow of syngas. 
Gaseous fuel is fed into the intake air stream and enters the engine. The engine normally operates 
with significant amounts of excess oxygen in the exhaust stream, allowing any gaseous fuel to 
immediately combust. 

The engine speed immediately increases when adding gaseous fuel. The engine governor 
monitors crankshaft speed and decreases the liquid fuel injection rate to maintain synchronous 
speed. The result is an immediate reduction in liquid fuel consumption. The flow of syngas can 
be further increased to offset liquid fuel usage. Limitations are insufficient excess air in the 
exhaust stream and pre-detonation (pre-ignition or excessive pinging) due to excessive gaseous 
fuel content exploding too quickly. 

The flow of syngas is controlled at any load based on engine speed. Increasing the flow of 
syngas increases the engine speed on mechanically governed engines. The desired engine speed 
is the maximum governor speed at the fully unloaded condition. In most cases, this is 1860 rpm 
for a 4-pole generator. The flow of syngas is increased until the engine operates at the maximum 
allowable speed that results in the maximum liquid fuel savings. The engine can operate at any 
load using this method. Operating a diesel engine with the maximum syngas feed rate at full 
rated load results in 80% liquid fuel savings. 

Increasing the syngas flow above the maximum allowable will cause the governor to 
momentarily stop the flow of liquid fuel into the engine. The engine speed drops and the 
governor starts the flow of injection again. This results in a surging of engine speed and is an 
indication of over-fueling the engine with syngas. Reducing the flow of syngas immediately 
corrects surging. Fueling is normally controlled to 99.5% of the maximum speed or 1854 RPM 
to avoid surging. The engine automatically transitions from dual-fuel mode to 100% liquid fuel 
by stopping the flow of syngas into the intake air. Only a slight variation in engine performance 
is observed when making these transitions. 

Modifying an engine to use less than 20% liquid fuel injection rate at full load is possible. SUNY 
Cobleskill has demonstrated operating mechanically injected diesels dual fueled with over 96% 
reduction in liquid fuel usage. Although this is possible, numerous technical problems arise. The 
greatest problem being pre-ignition and detonation that eventually causes internal engine 
damage. Fuel savings in excess of 80% are possible using electronic engine controls, but further 
research would be required, including the need for altering engine electronic control systems. 

Turbo charging increases the mass flow and compressive pressure within the engine. For every 
atmosphere of boost pressure, the flow doubles (if intercooled to the original temperature before 
injecting into the engine). A 3.0 liter naturally aspirated engine will have a suction air flow of 95 
cubic feet per minute at standard conditions (SCFM). Applying a turbo charger to boost the air 
pressure in the intake manifold to 14.7 psi gauge will result in an isentropic discharge 
temperature of 186 °F. If an intercooler is not used to cool the air, the flow into the engine 
increases to 156 SCFM. If an intercooler cools the air to 100 °F before entering the engine, the 
flow further increases to 180 SCFM. Intercooling increases the density of the air, which 
increases the aspiration rate. 
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The cylinder pressure at top dead center also varies with the turbo pressure. An engine that has a 
compression ratio of 18:1 will have maximum cylinder pressure of 250 psi naturally aspirated. 
Turbo charging the intake manifold on the same engine to 14.7 psi gauge will increase the 
cylinder pressure to 515 psi, resulting in a significant power increase. The main purpose of a 
turbo charger is to get significantly more power out of a smaller engine. Turbo charging also 
helps to regulate emissions on modern engines. 

Ultra-low energy syngas has a specific gravity of 0.9 to 0.95 with thermodynamic properties 
similar to air (ratio of specific heats). Feeding syngas into a turbo charged engine has negligible 
effect on the aspiration, other than displacing air. 

A turbo charger normally operates at a rotational speed of 70,000 to 90,000 rpm. The syngas 
must be free of condensable tars and particulates to prevent accumulation on the turbine blades 
of the compressor. Any accumulation will cause the turbine to operate out of balance, causing 
vibration, bearing damage, and eventual failure. A naturally aspirated engine* is desirable over 
turbo charged engines due to this concern. Figure C-2 shows the gas feed controls for a turbo 
charged diesel engine. 

 
Figure C-2.  Feeding Syngas into a Turbo Charged Diesel Engine. 

Diesel engines operate with almost no power loss (less than 10%) when dual fueled on ultra-low 
energy syngas using this method. The governor maintains engine power by varying the liquid 
fueling rate to maintain the required crankshaft speeds. The engine must operate with excess 
oxygen in the exhaust stream to maintain power. Excessively weak syngas will displace 

                                                 
* Unfortunately, naturally aspirated diesel engines are not readily available commercially, as manufacturers move 
towards universal turbo-charging to obtain higher power with smaller displacement. 



 

169 

combustion air and could cause the engine to crash stop due to the lack of adequate oxygen. An 
oxygen sensor is normally used in the exhaust to avoid over-fueling with syngas. 

C.5  Comparing Diesel and Otto Spark Ignition Engines 

Diesel engines are commonly preferred for generator applications over Otto I/C spark ignition 
engines mostly due to the ability of the engine to increase torque while maintaining shaft speed 
under sudden increases in load. Diesel engines operate under an entirely different 
thermodynamic cycle than do I/C spark ignition engines. Diesel engines operate at constant 
pressure (isobaric) for a significant portion of the stroke as the piston travels from top dead 
center to bottom dead center in the cylinder. This allows the greatest amount of torque to be 
placed onto the crankshaft by applying full force at the mid-stroke position. 

The thermodynamic efficiency of most modern diesel engines varies from 30 to 43%. Otto I/C 
spark ignition engines vary from 15 to 28%. The thermodynamic cycle of the Otto engine varies 
dramatically from a diesel. Ignition in an Otto engine results in a severe pressure spike that 
rapidly decreases as the piston travels from top dead center to bottom dead center. This provides 
significantly less torque at the mid-stroke position. 

Test data indicates a loss of thermodynamic efficiency when operating diesel engines dual-fuel 
on syngas. The hypothesis conclusion is the engine transitions from a diesel to an Otto when 
increasing the fueling rate of syngas. Dual fueling may result in a quasi “Otto-diesel” cycle. The 
gross thermodynamic efficiency of a Yanmar 4TNV88 naturally aspirated diesel engine drops 
from 38% to 26% when operating on 83% gaseous syngas and 17% liquid fuel. 

C.6  Otto Spark Ignition Engines 

Numerous parameters must be considered when applying spark ignition engines. Octane number 
is the resistance to pre-ignition used for gasoline engines. Traditionally, high octane fuels 
explode at a slower rate, allowing the use of high compression engines and the advancement of 
spark ignition. This increases power output without pre-ignition or detonation. 

Pre-ignition and detonation are abnormal forms of combustion within the cylinder. Pre-ignition is 
when the mixture explodes in the cylinder before the spark plug fires. Detonation is unexpected 
accelerated combustion after the spark plug fires. The result of these problems is knocking, 
which eventually causes severe internal engine damage. 

Octane is not a representative reference for gaseous fuels. The gas engine industry has adopted 
the methane number system as a means to equate a fuels resistance to pre-ignition and 
detonation. The methane number scale equates the value of 100 with methane and 0 (zero) with 
hydrogen. Hydrogen is a very fast burning gas prone to pre-ignition and detonation. Mixtures of 
gases fall between. 

The main design issues to avoid pre-ignition and detonation are the following: 

• compression ratio 
• ignition timing 
• air temperature entering the cylinder 
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• engine power de-rating. 

The engine timing must be adjusted to avoid pre-ignition and detonation. This adjustment is 
normally made based on methane number. Modern engines use sensors and electronic engine 
controls to vary the ignition timing to avoid these problems. Advancing ignition timing increases 
engine power and retarding ignition timing reduces engine power. A gas with a low methane 
number (with appreciable hydrogen content) will require the retarding the ignition timing, 
resulting in a power loss. 

The second parameter of concern is Relative Power Capacity (RPC). RPC is used to determine 
the power loss of an engine due to fueling energy loss. RPC is the ratio of specific LHV of the 
fuel-air mixture (SLHV) of the fuel gas compared to natural gas. SLHV is the energy content of 
the fuel gas divided by the total flow into the engine (units are BTU/SCF). The ratio is a direct 
representative of power loss. 

As discussed previously, maintaining crankshaft speed is nearly impossible when using intake 
throttling when fueling the engine on 100% ultra-low energy syngas. Figure C-3 shows the 
minimum gas controls that are necessary to feed syngas into an internal combustion spark 
ignition engine. Although, this arrangement is possible, fast response of gas controls to meet 
changes is power demand is highly questionable, even using the most modern electronic 
controls. A main gas energy (BTU adjustment) valve is required to change the flow of gas based 
on the LHV. The changes of gas flow and combustion air are dramatic for ultra-low energy 
syngas. A combustion based gas analyzer would be required to determine the LHV of the gas on 
a continual basis to maintain proper fuel metering. Gas controls also requires extensive use of 
pressure regulation devices for precision metering. In theory, the use of multiple pressure 
regulators is an acceptable means for gas regulation, but in practice, regulators have numerous 
mechanical problems when operating on syngas and have been found to be unreliable. 

The presence of hydrogen within the syngas mixture presents numerous problems with operating 
spark ignition engines. Most of the gaseous fuel engines operating on natural gas, landfill gas, 
and digester gas are high compression diesel engines modified to operate as Otto spark ignition 
engines. High hydrogen content in the syngas mixture will lower the methane number and may 
prevent a traditional high compression gas engine from operating properly on syngas. 

C.7  Power Loss of Otto Spark Ignition Engines 

Unlike diesel engines, Otto spark ignition engines experience a significant power loss when 
operating on ultra-low energy syngas. The main power loss is from RPC. Ultra-low energy syngas 
requires a high flow of both fuel gas and air to enter the engine to develop power. Power loss results 
from the SLHV being too dilute. Partial power gains are possible by turbo or super charging. 
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Figure C-3.  Minimum Controls to Feed Ultra-Low Energy Syngas into and I/C Spark 

Ignition. Engine 

The second main cause for power loss is pre-ignition and detonation (methane number). Engines 
must operate at retarded ignition timing and at lower compression ratios. 

C.8  Hybrid Otto – Diesel Spark Ignition Engines 

The hybrid Otto-Diesel spark ignition engine was developed by SUNY Cobleskill* to address the 
problems of operating an Otto spark ignition engine on ultra-low energy syngas. The advantages 
of both engines were combined. The primary focus was to modify the Otto spark ignition engine 
to handle gaseous fuel mixing and air control identical to a diesel. 

The SUNY engine is designed to operate without a governor. Crankshaft speed is electrically 
controlled by the natural induction properties of the generator. The flammability limit of syngas 
is approximately 4.5% to 75%, allowing a wide range of air to fuel ratios where the engine will 
run. 

The induction generator acts as a motor and spins the engine when grid power is applied. Syngas 
is fed into the intake air, ignition occurs, and the engine runs over a wide range of air to fuel 
ratios. The amount of syngas flow increases, allowing the engine to put mechanical power into 
                                                 
* Note that this work is not being pursued under SERDP funding, but is discussed here to fully address the topic. 
This technology may be pursued for military application at a later date under a separate program. 
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the electric motor. The induction motor transitions into a generator when the crankshaft exceeds 
the synchronous speed. Electrical power is pushed backwards from the generator onto the local 
grid for baseline use. The amount of power generated varies with the energy content and flow of 
the syngas fuel provided to the air intake. The engine continues to operate as long as the air to 
fuel ratio is within the wide range of flammability limits of the syngas. Research has determined 
this would be a very efficient method for electrical generation using ultra-low energy waste 
derived syngas. 

The mixture of air and gaseous fuel enter the engine un-throttled. The flow of gaseous fuel is 
metered into the engine based on the engine speed. The flow of syngas increases until the engine 
reaches the speed that provides the maximum power output of the generator (synchronous speed 
plus the slip or the rated full load amps of the motor). The second limitation is sufficient excess 
air must exist for complete combustion. The limitation is to operate the engine similar to a diesel, 
with at least 3% excess oxygen in the exhaust stream. Figure C-4 shows the configuration 
required for the SUNY generating system. 

 
Figure C-4.  Hybrid Diesel-Otto Generating System for Ultra-Low Energy Syngas. 

The design approach is as follows: 

1. Use a naturally aspirated engine to avoid turbo problems operating on syngas. 
2. Use a standard gasoline engine with a low compression ratio (7:1 to 8.5:1) to avoid pre-

ignition and detonation problems operating on syngas with a low methane number. 
3. Oversize the engine (with a gasoline power rating 2.2 times) larger than the generator to 

accommodate for power loss and to minimize NOx formation. 
4. Operate the engine at 3600 rpm to maximize power output. 
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This generation method is perfect for micro-grid applications. The application of smart grid 
technologies can enable precision load matching to regulate the syngas production of the WTE 
system to meet the baseline generation needs of the micro-grid. Battery / inverter based 
alternative energy systems can be tied directly to the induction generator for syncing power. This 
arrangement allows the SUNY generation system to meet the power demands and 
simultaneously back feed through the inverter to charge the battery bank. 

A 2.2 kW hybrid Otto-Diesel generator was developed by SUNY Cobleskill and tested for over 
200 hours on downdraft syngas by an intern. The results of operating this generator on various 
fuel gases are available in a separate report. 

C.9  Generating Electricity 

Most applications require alternating current (AC) electrical power. Power is generated at either 
50 or 60 Hz. Most power in the Americas is 60 Hz. 50 Hz is prevalent in some foreign countries. 
Common generating voltages for 60 Hz applications are 480 VAC for 3-phase applications under 
250 kW. Residential applications use smaller generators that operate on single phase 120/240 
VAC power. 

C.9.1.  Alternating Current 

Alternating current that changes polarity at a rate of 60 times per second (60 Hz) is required in 
the United States. Generators must operate at constant synchronous speed to provide frequency 
control based on the windings of the generator head as follows: 

• Two Pole – 3600 rpm 
• Four Pole – 1800 rpm 
• Six Pole – 1200 rpm. 

Most generator engines have a precision governor that regulates the engine speed within 2% of 
the required synchronous speed of the generator. For example, a four pole generator with a 
traditional mechanical governor will operate at 1860 rpm at no load and 1785 rpm at full load. 
The frequency varies from 62 Hz at no load to 59.5 Hz at full load. 

Modern generators use electronic governor control. The electronic engine control module (ECM) 
uses with proportional integral derivative (PID) logic to regulate the engine speed at exactly at 
the synchronous speed. Frequency control can be within 0.1 Hz at varying electrical loads. 

C.9.2.  Inductive and Resistive AC Loads 

The type of load must be considered when applying a generator. Inductive loads are applications 
where the electricity is used to drive magnetic devices, such as electric motors. Resistive loads 
are applications where the electricity is used for lighting or resistive heating. 

Inductive loads create numerous electrical issues. Electric motors take a significant amount of 
inrush current to start, especially if the motor is connected to a high inertial load. The generator 
must be able to maintain synchronous speed when starting electric motors. Normal inrush current 
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can be over six times the full load operating current when direct starting across the line. The 
inrush current can be reduced using more complex switchgear or soft starters. 

If the engine cannot provide enough power to maintain synchronous speed when starting an 
inductive load, the frequency and voltage will also drop with the generator speed, causing the 
electric motor to draw significantly more current. The result could turn into a runaway situation 
where the generator engine may not be able to create sufficient shaft power, causing the engine 
to lug or crash stall before electrical safety equipment disconnects the load. 

Unlike inductive loads, resistive loads have minimal or no inrush current when starting. The 
starting inrush current is normally equal to the operating current. A properly sized generator can 
easily maintain synchronous speeds when energizing resistive loads. 

A severe voltage spike may occur if the electrical load suddenly disconnects when the engine is 
lugging under the synchronous speed. Significant electrical damage may occur to wiring, busses, 
switchgear, and sensitive electronics when the generator is momentarily operating more than 3% 
over or under the synchronous speed. 

C.9.3.  Selecting Generators 

The generator size is selected based on the sum of inductive and resistive loads. Common 
practice is to operate a generator at 20% to 30% load to provide sufficient reserve to start 
inductive loads. 

Load control must be considered to ensure the generator has enough reserve power to start 
inductive loads. Most generators are sized for 3 to 6 times more capacity than the largest 
inductive load. For example, a 45 kW generator will provide ample power to start an air 
conditioner compressor with a 10 HP motor across the line if no other loads are connected. The 
generator will run at 17% load once the compressor is running. Resistive loads can be added 
after the inductive load is running. Load management is necessary for equipment that starts and 
stops automatically. Soft starters or variable frequency drives will allow the use of a smaller 
generator, but these devices are sensitive to generator power variations due to poor speed control. 

C.9.4.  Grid Power 

Grid power provides an essentially infinite amount of energy to start inductive loads. The flow of 
electricity is limited only by transformer, wire, and switchgear capacities. Grid power provides a 
significant advantage over rotary generators by providing infinite resources to maintain 
frequency control at exactly 60 Hz when drawing heavy inrush current after connecting an 
inductive load. 

C.9.5.  Direct Current Power Generation 

Generating direct current (DC) provides numerous advantages when operating a generator on 
syngas. The main advantage is dramatic engine speed variations do not matter when using a 
rectified field excited alternator. This type of system normally requires a battery bank and a DC 
to AC solid state inverter. This equipment is complex and is not well suited for military 
applications due to extensive use of solid state circuitry that is sensitive to static and dirty power. 
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Direct power generating systems are ideally suited for joint alternative energy systems (wind, 
solar, etc.) that normally operate on DC power. An internal combustion engine-driven DC 
generator can be used to provide baseline power and quick battery charging. 

The overall feasibility of a DC power grid for contingency operations could be the subject of a 
future study. 

C.10  Summary and Conclusions 

Diesel generators are the most simple and reliable method to generate power from waste derived 
syngas, making them the obvious choice for military applications. Unfortunately, liquid fuel is 
required to operate a diesel generator on syngas, albeit at much lower usage rate for a given 
electrical output. Given the robust and flexible diesel engine generators, the present project team 
recommends, and will continue to develop a diesel WTE solution. 

Otto spark ignition engines offer the ability to operate on 100% syngas without the need for 
secondary pilot fuels. Unfortunately, operating a spark ignition engine with a traditional gaseous 
fuel delivery system on ultra-low energy syngas is difficult and complex. Significant electrical 
damage will occur if the engine speed is not kept within 3%. A momentary over-speed or under-
speed condition will cause power spikes that can severely damage electrical equipment. 

The SUNY generating concept uses a hybrid Diesel – Otto engine directly coupled to an 
induction generator to address the issues with operating a spark ignition engine on ultra-low 
energy syngas. The generator operates nearly identical to a diesel driven unit without the need 
for a secondary fuel. This system does require an existing power network, and cannot operate 
independently. 



 

176 

Appendix D: Patent Application 

The research team is pursuing intellectual property rights for the IIFPRG technology. The 
intention is that the DoD would have complete rights to develop and deploy this system, while 
the SUNY Research Foundation could pursue commercial or municipal markets. This section 
contains the Record of Invention forms, filed through the Research, Development, and 
Engineering Command (RDECOM). 
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