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Executive Summary 
The goal of this project was to develop an entirely new transformative process for alternate ironmaking 
based on the direct gaseous reduction of iron oxide concentrate in a flash reduction process, with the 
ultimate objective of significantly lowering energy consumption and reducing environmental emissions, 
especially CO2 emissions, versus the conventional blast furnace ironmaking route. 

The Novel Flash Ironmaking Technology (FIT) developed in this project uses natural gas and generates 
hot reducing gas mixture of hydrogen and carbon monoxide, together with water vapor and carbon 
dioxide. The developed technology is to be applied to the production of iron as a feed to the subsequent 
steelmaking process, competing with other alternate ironmaking processes and eventually possibly 
replacing the blast furnace. The process could also be a part of a continuous direct steelmaking process. 

The scope of this project included the design, installation, and commissioning of the Large Scale Bench 
Reactor (LSBR), testing and fine tuning the LSBR, performing computational fluid dynamics (CFD) 
modeling of the LSBR, and determining the next step for FIT development. 

The LSBR was designed to fit in the existing laboratory.  The commissioning of the LSBR was successful 
and the project advanced to the second phase – testing.  The testing phase of the project proved the FIT 
was achievable.  The goal of 95% metallization was exceeded by reducing the iron ore fines to a full 
100% metallization.  The project advanced to the third phase where additional testing was performed in 
order to determine the optimum operating conditions.  A pilot plant was designed to perform additional 
tests to validate FIT at the next appropriate scale up size.  

FIT is competing with alternate ironmaking processes that have plants in operation that are sized for 
approximately 1,600,000 tonnes/year.  The LSBR was sized for 43 tonnes/year, but it was never 
operated in a manner to achieve that level of production.  In order to scale the process to a level 
comparable with other similar technologies, there will be at least one intermediary size plant.  The next 
stage of FIT is a pilot plant that was designed to produce 3,000 tonnes/year.  This size was selected 
because it was large enough to gather sufficient information, and small enough to cost effectively 
modify components and adjust operating profiles.  The technology is not ready for commercialization at 
this level.  The next step in FIT is to establish a project team interested in constructing the 3,000 
tonnes/year pilot plant.  The pilot plant testing will answer additional questions on the viability of the 
technology and further determine the path towards commercialization. 
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Introduction 
The work performed during this project was to develop a high intensity process to produce iron from 
iron ore.  The primary method for producing iron includes coke ovens, iron ore pelletization, and a blast 
furnace.  The Flash Ironmaking Technology would eliminate the need for iron ore pelletizing and coke 
ovens.  Eliminating these processes would provide significant energy savings from the current method of 
steel production. 

The FIT process feeds iron ore concentrate through a flash furnace at temperatures around 1300°C with 
a residence time of 2 to 10 seconds.  The iron ore concentrate can successfully be reduced to 95-100% 
metallization.  The temperature in the furnace is kept below the melting point of the iron ore 
concentrate to avoid sticking and fusion of the particles. 

This project focused on the overall goal of creating an entirely new transformational process for 
alternate ironmaking based on the direct gaseous reduction of iron oxide concentrates in a flash 
reduction process.  The ultimate objective is to significantly increase energy productivity and reduce 
environmental emissions.  This project furthered the process development of Flash Ironmaking 
Technology.  A kinetic feasibility project took place from 2005-2007 and a proof of concept at lab scale 
project ran from 2008-2011.  This project scaled up the technology for process validation. 

The FIT is targeted towards the steel industry.  It would be beneficial for a steel producer to install this 
process at their steelmaking facility.  Another option for the location of the technology would be at the 
iron ore mines.  This option would require more logistics to package and transport the finished product.  
The energy analysis for FIT shows greater than 35% energy savings per tonne compared to the 
established a blast furnace technology and it also offers fewer emissions. 

 The experiments to date along with CFD modeling and analysis have shown the FIT is a technology 
worth pursuing.  The next stage in the technology is a pilot plant to further prove the technology with a 
new reactor design and larger scale material handling. 
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Background 
One of the core technical problems facing the U.S. steel industry today is to develop a new technology 
to produce steel from iron ore. An ideal process would replace the blast furnace and coke oven; would 
use domestic iron ores especially concentrates which the US has in abundance; and would greatly 
reduce energy requirements. It should also be a high intensity process requiring much less capital 
investment than the blast furnace/coke oven combination, and must be capable of producing 5,000 – 
10,000 tonnes of metal per day so that it can support existing steel mills. 

The project goal is to develop an entirely new transformational process for alternate ironmaking based 
on the direct gaseous reduction of iron oxide concentrates in a flash reduction process, with the 
ultimate objective of significantly increasing energy productivity and reducing environmental emissions, 
especially CO2 emissions, versus the conventional blast furnace ironmaking route. The Novel Flash 
Ironmaking Process uses gaseous reducing agents, such as natural gas, hydrogen, other syngas, or a 
combination thereof. The proposed technology is to be applied to the production of iron as a feed to the 
steelmaking process, eventually replacing the blast furnace and other alternate ironmaking processes. 
The process can also be a part of a continuous direct steelmaking process. 

This project had three phases:  1. Design, installation, and commissioning of the LSBR.  2.  Testing and 
validation.  3.  Determining optimum operating conditions and pilot plant design.  The two primary 
contributors to this project were Dr. H. Y. Sohn of the University of Utah and the project team at Berry 
Metal Company.   

Dr. Sohn is considered a world expert on gas-solid reaction analysis.  He developed the idea to reduce 
iron ore fines using hydrogen.  He faced some opposition on this idea, but was able to find errors in his 
opponents’ analysis.  One of Dr. Sohn’s students had become the head of research and development at 
a steel producing company.  Dr. Sohn spoke with him about the possibility of this technology and shortly 
after the development of Flash Ironmaking Technology began. 

Dr. Sohn and his staff at the University of Utah were primarily responsible for the testing and validation 
of the technology.  They also worked on determining optimum operating parameters, computational 
fluid dynamics, and contributed to pilot plant design. 

Berry Metal Company (BMC) is a leading provider of furnace technology for steelmaking and 
ironmaking.  Their goal is to provide customers the latest technology to improve efficiency, lower 
operating costs, and increase throughput in the steelmaking and ironmaking process.  Over seven 
decades in business, BMC has earned a strong reputation for continuous development, quality products, 
dependable deliveries, and knowledgeable repair services. 

BMC was primarily responsible for the design, installation, and commissioning of the LSBR.  BMC offered 
technical support for the testing phase of the project.  BMC was the lead for the pilot plant design and 
performed computational fluid dynamics modeling. 
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Results and Discussion 
The primary objective of this project was to achieve greater than 95% metallization of iron ore fines.  
The project testing was successful as results of 100% metallization were achieved.  This project achieved 
everything that it was supposed to and will prove to be an integral phase in the progression of Flash 
Ironmaking Technology. 

Extensive discussion of the testing and modeling work can be found in Appendix A.  Additional modeling 
work with regards to the next step in FIT can be found in Appendix B. 

 Benefits Assessment 
When compared with similar technologies FIT offers equivalent or less energy usage in the production 
phase of iron.  The most efficient DRI plants such as Midrex or HYL are around 10.8 GJ/tonne while a 
typical blast furnace uses 16.3 GJ/tonne.  The energy analysis with conservatively high calculations for a 
FIT 500,000 tonnes/year plant resulted in 10.8 GJ/tonne.  FIT also offers savings in the steelmaking 
process as it contains less gangue than the other processes and will not require as much energy in the 
steel refining process and it does not require pelletization.  FIT can also offer better environmental 
emissions as hydrogen for reducing the ore can be generated in a number of carbon free emission 
processes. 

 Commercialization 
Flash Ironmaking Technology began in a drop tube reactor and then progressed to a bench reactor.  For 
this project, the FIT testing was performed in the Large Scale Bench Reactor which was capable of 43 
tonnes/year but never run to that capacity.  The project team evaluated the next logical size of the FIT 
process and determined a pilot plant capable of 3,000 tonnes/year.  At this stage in the technology, it is 
too early for commercialization.  Depending on the outcome of the pilot plant testing, FIT could move to 
a demonstration plant size.  A description on the decision process for the next stage of FIT can be found 
in Appendix B. 

 Accomplishments 
The major accomplishment of this project was proving the process of reducing iron ore fines in a flash 
furnace and determining this process would be less energy intensive than other similar technologies 
along with providing environmental benefits.  The project resulted in many publications, multiple 
graduate student theses, and a patent application.  A list of publications can be found in Appendix A. 
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Conclusions 
This project was an important and integral step in the advancement of Flash Ironmaking Technology.  
Over the six year project the team learned a lot including material selection, temperature selection, feed 
rate, gas mixture and flow.  The project team learned the difference between reactor shapes and design 
which resulted in the decision for the next reactor to be built long and skinny with a first in first out type 
product flow.  The project team also learned about product loss and has built into the next phase a 
cyclone separator to practically eliminate product loss.  Many of the lessons learned and how they 
factored into decisions for the pilot plant can be found in Appendix B. Recommendation 
The recommendation is to continue advancing Flash Ironmaking Technology by constructing and testing 
a 3,000 tonnes/year plant.   Appendices 
Appendix A – University of Utah Final Project Report 

Appendix B – Berry Metal Company Pilot Plant Preliminary Design Final Report 
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INTRODUCTION  
The project goal is to develop an entirely new transformational process for alternate ironmaking based 
on the direct gaseous reduction of iron oxide concentrates in a flash reduction process, with the 
ultimate objective of significantly increasing energy productivity and reducing environmental emissions, 
especially CO2 emissions, versus the conventional blast furnace ironmaking route. The Novel Flash 
Ironmaking Process uses gaseous reducing agents, such as natural gas, hydrogen, other syngas, or a 
combination thereof. 

The proposed technology is to be applied to the production of iron as a feedstock to the steelmaking 
process.  The technology is particularly suited to EAF steelmakers by providing low-cost access to 
metallic iron. Metallic iron acts as a scrap supplement to dilute tramp elements (such as Cu, Ni, Sn) that 
cannot otherwise be processed out, enabling economical production of higher grades of steel and/or 
expansion of products. The highly metallized, low-acidic gangue iron produced can be traditionally 
charged or injected into the EAF furnace reducing raw material cost and increasing yield. 

The Novel Flash Ironmaking Process eliminates the iron ore pelletizing and indurating steps removing 
the need for coke and coke ovens. It also overcomes issues with traditional direct reduction 
technologies by offering a lower-CAPEX (up to 10x less per ton), site-specific, and scalable alternative-
iron solution to meet individual mill demands. This technology is especially appealing to stand alone 
specialty plants with geographic limitations on access to DRI or Pig Iron as the technology is suited to be 
located on-site thus eliminating additional barge/rail costs for merchant metallic substitutes.  The 
technology also has the ability to use oxide fines (by-product of other ironmaking processes) as sole or 
blended feedstock and use byproducts and waste heat to minimize production cost. 

The Novel Flash Ironmaking Process has the potential to offset and eventually replacing the blast 
furnace and other alternate ironmaking processes. The process can also be a part of a continuous direct 
steelmaking process.  

 

BACKGROUND 
One of the core technical problems facing the U.S. steel industry today is to develop a new technology 
to produce steel from iron ore. An ideal process would replace the blast furnace and coke oven; would 
use domestic iron ores especially concentrates which the US has in abundance; and would greatly 
reduce energy requirements. It should also be a high intensity process requiring much less capital 
investment than the blast furnace/coke oven combination, and must be capable of producing 5,000 – 
10,000 tons of metal per day so that it can support existing steel mills. 

The fundamental question regarding the feasibility of adapting the flash furnace to ironmaking concerns 
the speed of reaction, i.e. can iron oxide concentrates be completely reduced in the few seconds of 
residence time typically available in a flash furnace. Research performed under the AISI/DOE Technology 
Roadmap Program (DE-FC36-97ID13554) at the University of Utah using iron ore concentrates (~30 μm 
size) show that 90 – 99% reduction can be achieved within 2 – 7 seconds of residence time at 
temperatures of 1300°C or higher. This was verified by additional laboratory-scale testing. Thus, the 
question on whether the reduction rate of concentrate particles is fast enough for a flash reduction 
process was resolved conclusively in the affirmative. 

The studies also established that because of the high temperature and lack of contact between the iron 
ore particles in flash furnaces, sticking and fusion of the particles is eliminated. Sticking is a crucial 
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problem that has beset other alternative ironmaking processes and eliminated them as a replacement 
for the blast furnace.  

Additional large-scale laboratory tests supported by AISI under the CO2 Breakthrough Program (2008-
2011) included successful operation of an oxy-fuel burner as a supply source of both heat and reducing 
agent in an industrial operation. Detailed material and energy balances showed that Flash Ironmaking 
Technology can use any of the three possible reductants/fuels or combination thereof. A natural gas 
fired flash smelter will generate only 39% of the carbon dioxide of a blast furnace. CO2 emissions using 
coal and hydrogen are 69% and 4%, respectively. The Flash Ironmaking Process also eliminates the iron 
ore pelletizing and indurating steps and, of course, eliminates the need for coke and coke ovens. 

Once fully developed, the technology is to be applied to the production of iron as a feed to the 
steelmaking process, eventually replacing the blast furnace and other alternative ironmaking processes. 
The process can also be a part of a continuous direct steelmaking process. 

 

 

  



8 

 

GENERAL ENGINEERING 
 APPROACH 
  PURPOSE OF PILOT PLANT 

The pilot plant is the 1st look at a continuous process. It has significantly higher capital and 
operating costs than the lab scale reactors. It is used to test technologies that will be used on a 
larger scale. It is used to develop automation and controls for the larger scale. It is used to 
optimize operation and to gather data for economically scaling up to minimize capital and 
operating cost for commercial scale. 

The purposes of the pilot plant are defined as: 

a. Scaling factors 

b. Reaction Kinetics 

c. Chemical Equilibrium  

d. Equipment material properties  

e. Computational Fluid Dynamics  

f. Thermodynamics  

g. Equipment selection 

h. Material handling  

i. Yield 

j. Reliability of equipment for larger scale 

 

  GOALS OF PILOT PLANT 

The goals of the pilot plant are defined as:  

a. Final product properties in bulk and variation by lot 

b. Product yield 

c. Efficiency of system  

d. Residence time 

e. Particle size vs residence time and variability in final product vs residence time 

f. Gas and utility usage 

g. Additional chemical species formed in product and off-gas 

h. Determine instrumentation critical to the process and for scaling 

i. Process optimization (Sensitivity of various parameters to product yield and quality) 

j. Gas and particle flow patterns, Identify dead spots and by-passes 

k. Temperature profile of Reactor 

l. Equipment material properties – Evaluate how they hold up to the heat 
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m. Equipment material properties – Evaluate susceptibility to corrosion 

n. Powder injection efficiencies or deficiencies  

o. Material handling issues  

p. Effects of recirculation of hydrogen 

q. Use of energy reduction and recovery strategies 

r. Test finished product to determine the need for gas cover 

s. Finished product degradation as powder in pile, as bricks, as powder sealed in bags 

t. Refine control system requirements 

u. Determine CO2 emissions savings 

 

SCALING PROCESS 

BENCH SCALE 

The Bench Scale was a small drop tube furnace used by the University of Utah to perform early 
testing. It was a proof of concept batch type of process that used just a few hundred grams per 
batch. The main reactor uses the drop tube for a design basis. 

  LABORATORY SCALE AND LARGE-SCALE BENCH REACTOR (LSBR) 

The Laboratory Scale was a short fat batch type reactor capable of 5 kg/hour. Testing was 
performed by the University of Utah and lessons learned from this testing were incorporated 
into the main reactor. 

  

  SIZING 

The size of the pilot plant needs to be large enough to gather sufficient information to meet the 
goals and purpose, but small enough to be able to cost effectively modify components as 
needed and change the operating profiles to find operating efficiencies. In order to determine 
the appropriate size of the pilot plant, research was conducted to determine the sizes of other 
pilot plants and the success of those programs per the table below: 
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Company or Program Pilot Plant Size in tpy Demonstration Plant size - tpy 

Midrex DRI  80,000 

HYL DRI 18,250* 25,000 

ITmk3 3,000* 25,000 

Fastmet 1,400 16,000 

Circored 175**  

SIIL  30,000 

Jindal 15,000  

Kawasaki SR 3,650  

HIsmelt 12,000/100,000 800,000 

*Did not meet design expectations 

**Lab scale 

  The team considered 3 pilot plant sizes 

• Modify the current LSBR to 86 tpy, (current capability if it was 24/7 is 43 tpy) 

• Pilot Plant 5,000 to 10,000 tpy 

• Demonstration Plant 50,000 to 100,000 tpy 

Going straight to the demonstration plant was ruled out after reviewing the Circored experience. 
Circored went from lab scale of 175 tpy straight to commercial 800,000 tpy and failed due to lack of 
knowledge that would have been gained from a pilot plant. Pros and cons for the other two size plants 
were evaluated below. 

     

Plant size 86 tpy – redesign the existing reactor to be a continuous operation 

              Pros 

1. Re-purpose some components  

2. Off the shelf components  

3. (Local) industrial test 

4. Quick modification of process experiments 

5. Reduced manpower Est. 11-13 

6. Simplified Permit process 
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Cons 

1. Limited Production Capacity 

2. Known design issues with existing reactor 

3. Cannot gather all the data required 

4. May not show operating issues 

 

Plant size 5,000 to 10,000 tpy – use lessons learned from the LSBR to optimize a continuous design 
operation 

  Pros 

1. Can gather all of the data required  

2. Modular design established for Reactor                                                    

3. Sufficient product to run industrial test 

4. Limited total discharge permit 

5. Most of equipment procurable from industrial suppliers 
Cons 

1. Slower to run experimental options 

2. Formal Permit process 

3. Est. Manpower 25-30 

 

The team started down the path of 10,000 tpy but at the project meeting it was felt that 10,000 tpy was 
too much of a jump than the 5 to 10 X rule of thumb. The rule of thumb shows that failure rates increase 
dramatically when a new process or equipment is larger than 5 to 10 times the largest successfully 
operating process or equipment. If the current reactor were operated 24/7 it would produce 44 tpy. The 
next size by rule of thumb would be 440 tpy. BMC evaluated how much smaller the current system 
could be sized to still meet the goals and purposes of the pilot plant previously defined. One of the 
concepts that needs to be proven with this plant is the ‘particle curtain’ discussed in detail later. It is 
intended to use two parallel particle curtains in a rectangular shaft to maintain even heating of the 
particles. For a 10,000 tpy reactor these particle curtains would be 3.3 meters long. When shortened to 
reduce the scale it was felt that 1 meter long particle curtains were as short as could be operated 
without the operation being skewed with end effects on the curtain. Two parallel one-meter long 
particle curtains scale to use 3,000 tpy. Another rule of thumb exists for sizing continuous operation vs. 
batch feed. A .1 kg/sec should be batch operation and .1 kg/sec or above should switch to continuous 
operation. The .1 kg/sec feed rate scales to be 3,000 tpy. The size of the pilot plant will be 3,000 tpy. 

The proposed site for the pilot plant is Natural Resource Research Institute (NRRI) Laboratory in 
Coleraine Minnesota. The site is located near the Minnesota iron range and positioned to receive 
material from several different mines. The laboratory’s mission is to transition ideas and concepts from 
academia to industry. They have several pilot plants on site including an iron reducing pilot plant and 
they have staff with significant knowledge in the iron making processes. They also have skilled labor to 
operate a pilot plant during the testing phase.  
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OVERVIEW OF FLASH IRON  
CHEMISTRY & PHASE DIAGRAMS  

      There are two main processes to reduce iron oxide 

 

Reduction by hydrogen 

1.  3Fe2O3   + H2 = 2Fe3O4 +  H2O 

2.   Fe3O4 + H2  = 3FeO   +  H2O 

3.   Fe.947O+ H2  = .947Fe  +  H2O 

 

Reduction by carbon monoxide 

1. 3Fe2O3 + CO = 2Fe3O4 + CO2 

2.   Fe3O4 + CO = 3FeO      + CO2 

3.   Fe.947O +CO = .947Fe   + CO2 

 
At the proposed operating temperatures (1150 to 1350°C) using CO is much slower than hydrogen and 
very limited by equilibrium. The graph below shows this. 

 

 

 
 

The main reactor for this pilot plant will use 100% hydrogen as CO uses more energy in heating, is not 
very effective at operating temperature, reacts too slowly to be useful and can cause carbon deposition 
in the reactor. 

An iron phase diagram below shows the melting point of FeO to be 1380°C. FeO in a liquid form will 
react with the refractory and/or it will stick to anything in comes in contact with. Once this material is 
anchored, the thermal growth differential creates micro spalls creating additional imperfections and 
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acceleration of the mechanical wear of the refractory. It has been decided this project will stay below 
the melting point of the material to prevent this. 1325°C has been picked as the highest operating 
temperature that the reactor will operate although it will be designed to withstand 1400°C.  

Iron Oxide Phase Diagram 
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 GENERAL BASIS OF DESIGN 
 General philosophy guiding the design of the overall system is as follows: 

• The magnetite concentrate is a very fine powder and when it is dry it becomes airborne easily. 
The concentrate is kept wet as far into the process as practical to prevent airborne yield loss 
before it enters the reactor. 

• Minimize acid gangue content of magnetite concentrate. The concentrate that is readily 
available is generally not DR-Grade (low acid gangue). The main purpose of the pilot plant is to 
prove out greater than 95% metallization when scaled up however, proving the process 
material that has low acid gangue is an important marketing topic for commercialization.  

• When the concentrate is dried, the maximum moisture content is to be less than 1% to prevent 
powder plugging.  

• The target moisture into the reactor is less than 0.5% to reduce H2O ingress into the reactor. 
Want to minimize H2O as it slows and limits the reduction reaction. High moisture content 
requires more hydrogen to overcome the equilibrium point and therefore more energy is used 
to heat the process. 

• Iron particles can fuse together above 600°C. Particles should be airborne in a dilute flow 
whenever they are above 600°C. 

• Particle preheat temperature should be limited to less than 600°C to prevent particle 
agglomeration. Hydrogen is present in the preheater which can cause iron oxide to reduce to 
iron. 

• Particles should be cooled below 600°C while airborne to prevent agglomeration. 
• Target cooling particles below 400°C to prevent reoxidation. Reoxidation 400°C to 600°C will 

take 10’s of minutes. 
• Recycle unused hydrogen. 
• Finished iron product should be protected from exposure to water vapor or oxygen in 

atmosphere to prevent reoxidation or fire.  
• When the powder is falling in the reactor, want to control the particle path to prevent particle 

contact with the walls as the particles might stick. 
• This project is targeting to drop the particles in a curtain to prevent contact with walls. Particle 

curtain is dilute flow to prevent collisions and to prevent gas entrainment that can cause 
vortexes eddy distorting the flow. 

• Gas is laminar flow in the reactor to prevent vortexes that will distort the particle curtain. 
Minimize flow distortion in the reactor. 

• Maintain particles Stokes number Stk<<1 so the particles follow the streamlines. 
• Minimize or avoid Karman Street Vortex in the reactor. 
• Optimization - minimize hydrogen to reduce energy consumption. 
• Optimization – maximize particle density in curtain to increase throughput. May need to 

increase hydrogen flow and / or hydrogen pressure for reactions to occur. 
• Optimization – minimize operating temperature while still reacting within residence time to 

reduce energy consumption. 
• Optimization – minimize heat required to maintain reaction. The reaction is endothermic and 

the temperature can drop several hundred degrees during the reaction which may slow or stop 
the reaction. 

• The baseline mass flow into the reactor is .0925 kg/s of dry concentrate with .007 kg/sec of 
hydrogen.  
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• The inject particles should form a particle curtain for even heating and processing.  
• Maximum particle temperature should not exceed 1350°C because gangue materials will start 

to melt. This melted outer layer slows the reaction and reduces metallization. 
• Minimize carbon introduced into reactor. CO is very inefficient at the high temperatures, at 

1325°C need 10 times excess CO due to low equilibrium. As the excess CO cools, some reacts as 
2CO = C + CO2 which can create carbon deposits downstream. Also unable to recycle and reuse 
the CO if it has been converted.  

• Minimize yield loss when separating the finished iron particles from the exhaust gas. LSBR 
experiments had very high yield loss in the exhaust.  

• Convert natural gas to hydrogen via steam methane reformer with water shift reactor. At the 
operating temperature in situ reforming uses more energy than external reforming. 
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STANDARDS AND SPECIFICATIONS – MASTER LIST 
All product specifications, assemblies and installations are to comply with current recognized published 
standards and best practices as a minimum standard. The following is a list of typical standards. The 
IBC/Minnesota State Building Code and Standards supersede where products and installation are 
covered under the code. ASTM, ANSI, NFPA, UL, and FM compliance are to be specified when they 
exceed other standards.  

AAMA – Association of Architectural Metals Manufacturers  

AAMA – American Architectural Manufacturers Association  

AABC – Associated Air Balance Council  

ACA – American Correctional Association  

ACI – American Concrete Institute  

ACI 350, Code Requirements for Environmental Engineering Structures, Latest Edition. 

ACI 318, Building Code Requirements for Structural Concrete, Latest Edition. 

ACI 530, Building Code Requirements for Masonry Structures, Latest Edition. 

AISC – American Institute of Steel Construction  

AISI – American Iron and Steel Institute  

ALSC – American Lumber Society  

AMCA – Air Movement Control Association  

ANSI – American National Standards Institute  

ANSI/TIA/EIA – Electronic Industries Association/Telecommunications Industry Association (EIA/TIA)  

 Commercial Building Standard for Telecommunication Pathways and Spaces (No. 568) 

ANSI/ISA 18.2 Management of Alarm Systems for the Process Industries 

APA – American Plywood Association  

API – American Petroleum Institute  

ARI – Air Conditioning and Refrigeration Institute  

ASHRAE – American Society of Heating, Refrigeration and Air Conditioning Engineering  

ASCE – American Society of Civil Engineers 7‐10, Minimum Design Loads for Buildings and Other 
Structures. 
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ASME – American Society of Mechanical Engineers (Standards)  

ASME B16.5 Pipe Flanges and Flanged Fittings 

ASME B31.3 Process Piping 

ASME B31.12 Hydrogen Piping and Pipelines 

ASME Boiler and Pressure Vessel Code Section IX 

ASME B31.8 Gas Transmission and Distribution Piping Systems – Natural Gas Service 

ASSE – American Society of Safety Engineers  

ASTM – American Society of Testing Materials  

AWI – American Woodworkers Institute  

AWS – American Welding Society  

AWWA – American Water Works Association  

CISPI – Cast Iron Soil Pipe Institute  

EIA – Electronics Industries Association  

ETL – Electrical Testing Laboratory  

ETL – Electro Technical Laboratory  

FCC – Federal Communications Commission (EMI -Electromagnetic Interference emission Standards)  

FCI – Fluid Controls Institute  

FM – Factory Mutual 7  

FS – Federal Specification / Military Specification / DOD- Department of Defense Specification  

GA – Gypsum Association  

GANA – Glass Association of North America  

HI – Hydraulic Institute  

IBC – International Building Code 

ICEA – Insulated Cable Engineers Association 

IEC 61131-3 Standard PLC Function Block Programming 
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IEEE – Institute of Electrical and Electronic Engineers  

IES – Illuminating Engineering Society 

IES – Institute for Environment and Sustainability  

IFC – International Fire Code 

IPCEA – Insulated Power Cable Engineers Association  

ISA – Instrument Society of America  

ISO – International Standards Organization  

MNDOT – Minnesota Department of Transportation (Standard Specifications for Construction)  

ML&PB – Minnesota Lathing & Plaster Bureau  

MSS – Manufacturers Standardization Society  

NAAMM – National Association of Architectural Metal Manufacturers: NAAMM Standard SW-1  

NAIMA – North American Insulation Manufacturers Association  

NCMA – National Concrete Masonry Association: NCMA-TEK  

NCPWB – National Certified Pipe Welding Bureau  

NEBB – National Environmental Balancing Bureau  

NEC – Nation Electric Code (NEC, NFPA-70) 

NECA – National Electrical Contractors Association  

NEMA – National Electrical Manufacturers Association  

NICET – National Institute for Certification in Engineering Technologies  

NFPA – National Fire Protection Association  

NFPA 101 Life Safety Code  

NFPA 70E Standard for Electrical Safety in the Workplace  

NFPA 497 Recommended Practice for the Classification of Flammable Liquids, Gases or Vapors and 
of Hazardous (Classified) Locations for Electrical Installations in Chemical Process Areas 

NFPA 499 Recommended Practice for the Classification of Combustible Dusts and of Hazardous 
(Classified) Locations for Electrical Installations in Chemical Process Areas 
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NPCA – National Paint and Coatings Association  

NRCA – National Roofing Contractors Association: Roofing and Waterproofing Manual  

NRTL – Nationally Recognized Testing Laboratory Listing and Labeling  

OSHA – Occupational Safety and Health Administration 

PCI – Precast/Prestressed Concrete Institute  

PDI – Plumbing and Drainage Institute  

SDI – Steel Deck Institute  

SDI – Steel Door Institute  

SJI – Steel Joist Institute  

SMACNA – Sheet Metal and Air Conditioning Contractors' National Association: SMACNA 
Architectural Sheet Metal Manual 

SSPC – Steel Structures Painting Council (The Society for Protective Coatings)  

SSPMA – Sump and Sewage Pipe Manufacturers Association  

TEMA – Tubular Exchanger Manufacturers Association  

TCA – Tile Contractors Association UL- Underwriters Laboratory  

UL – Underwriters Laboratory 

USASI – United States of America Standards Institute Warnock-Hersey 

Minnesota State Fire Code 2007, Chapter 7511 

Minnesota State Mechanical and Fuel Gas Code 2015, Chapter 1346 

Minnesota State Accessibility Code 2015, Chapter 1341 

Minnesota Building Code, 2016, Chapter 1305 

Minnesota State Building Conservation Code, 2015, Chapter 1311 

Minnesota State Plumbing Code 2015, Chapter 4715 

 

 

 

 



20 

 

PROCESS ENGINEERING 
PROCESS DESIGN CRITERIA 
General 

Equipment and machinery shall be provided so that the plant can operate for at least two years without 
major overhaul or inspection. 

 

Nominal Indoor Environmental Conditions 

Atmospheric Pressure 14.696 psia 

Temperature 50°F 

Relative Humidity 70% 

Seismic Zone 0 

 

Nominal Outdoor Environmental Conditions 

Atmospheric Pressure 14.696 psia 

Temperature 85°F/-20°F 

Relative Humidity 70% 

Wind Load Nominal 93 mph 

Wind Load Ultimate 120 mph 

Seismic Zone 0 

Ground Snow 60  psf 

Roof Snow 42 psf 

Roof Live Load 20 psf 

 

Design Temperature 

The design temperature is typically 25°F above the operating temperature and shall not be lower than 
the maximum operating temperature. Design temperature for the Particle Preheater, Main Reactor, 
Ruffle Fin Panel Cooler and Cyclone Separator shall be at least 50°F above the nominal operating 
temperature. Design minimum temperature shall be specified if the minimum operating temperature is 
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below 35°F. The minimum design temperature shall be at least 9°F less than minimum operating 
temperature. The HAZOP analysis performed in Detail Design will set final the Design Temperature. 

Design Pressure 

Malfunction and equipment failure shall be protected by safety relief devices or be designed for 
explosion proof. Maximum deflagration pressure for hydrogen is 10 bar. The design pressure is typically 
30 psi or 10% (whichever is greater) above maximum operating pressure. The HAZOP analysis performed 
in Detail Design will set the final Design Pressure. 

Flanges and Gaskets 

All hydrogen flanges shall be a minimum of Class 300 size and gaskets for hydrogen service shall be 
Flexitallic. 

Equipment on the Discharge of a Pump 

Equipment which may have to bear the shut-off pressure of a pump shall have a design pressure equal 
to or higher than the shut-off pressure.  

Thin-walled Tanks and Vessels 

Atmospheric thin-walled tanks and vessels shall have a design pressure equal to the highest pressure 
imposed upon discharge of the pressure relief device. 

Corrosion Allowance 

Materials of construction and corrosion allowance for all equipment and machinery shall be for a design 
life of 20 years. 

However, minimum corrosion allowance shall be for carbon steel (including .5 Mo alloy steels): 

• Pressure vessels and other applicable equipment  0.125” 
• Storage tanks       0.062” 
• Piping        0.062” 
• Removable parts or internals in contact with operating fluid 0.030” 
• For stainless steel/titanium/aluminum    0.000” 
• Carbon steel with epoxy resin coating    0.125” 

Heat Exchangers 

In general heat exchangers shall be designed to 110% of their operating duty. 

Columns & overhead coolers shall be designed to 120% of their operating duty. 

Large heat exchangers shall be split into two or more shells for easy operation and maintenance. 

Pumps 

Normally pumps shall be designed to 110% of their maximum required flow rate in worst case of 
operation. 

The shut-off pressure shall be estimated according to the following criteria whichever is higher: 

• Differential head at rated flow x 120% + LH (level high) suction static head + max operating pressure 
suction side. 

• Differential head of pump at rated flow + LHH (level high high) suction static head + design pressure 
suction side x 120% 
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No overdesign shall be applied to the rated pressure. 

Compressors 

In general, compressors shall be designed to a minimum of 110% of their maximum required flow.  

Pressure Relief Valves 

Pressure relief valves shall be supplied with locked open isolating valves. 

The set pressure of pressure relief valve shall be equal to or less than the design pressure. 

Vent and Drain 

All vessels will have a vent and drain. 

The piping system will have a vent at all highest locations. 

The piping system will have a drain at all lowest locations. 

Hand hole or Inspection Hole 

Preferable size 8”. 

Minimum size 6”. 

Storage and Bulk Handling Equipment 

General Requirements & Safety Measures - The system shall be designed for personnel and 
environmental safety, minimization of spillage, prevention of material degradation in handling and 
storage, simplicity in operation and maintenance, safety during operation and failure. 

Bulk Storage 

• Easy to store and empty 
• Material is protected from environmental effects 
• Capacity is enough for smooth operation of plant for a justifiable agreed time 
• Storage method will reduce the potential for explosion and ideally nullify the chance 
• The storage medium is accessible and maintenance can be carried out inside when necessary 
• Material entry and exit will not cause clogging in normal operating conditions. Valves such as 

ball and plug type should be avoided, the preference is gate type or butterfly valves. 

Metallic bins and silos when used shall be made of graded steel to avoid erosion as well as internal and 
external corrosion. 

Stored material level shall be continuously monitored through a well-established level measurement 
method to avoid overflow or running out of stock. 

When vessels are used for storing, the construction shall be designed stiff enough to avoid vibration 
during filling and emptying. 

Static charge accumulation shall be prevented on the storage mediums. 

Storage bins and hoppers shall be designed to operate in mass flow mode to avoid ratholing/piping, 
slow flow, arching/bridging, incomplete emptying, segregation and caking. 

The bulk material filling and emptying to and from the storage medium shall preferably be carried out 
through a transfer system such as an apron, belt, air slide, enclosed screw, drag chain, etc. conveyor 
systems. 
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The material flow shall be such that no spillage occurs during transfer. 

Limit switches of preferably proximity type shall be employed on the transfer link. 

The rotating components shall be well guarded, for protection of the mechanism and staff. 

Material and construction of the transfer system components shall have previous successful service 
history. 

A local starter panel with all central gear should be provided with a view to the transport system for 
local operation. 

Automatic weighing and packing – Where end product weighing and packing occur the weighing type 
shall be electronic. 

Provisions shall be made for local viewing as well as remote transfer of the weigh scale readouts as a 
compatible signal to the plant. 

The weighing and packing system shall be interconnected with the transfer chain so that failure of either 
one will automatically stop the other. 

The weighing and packing loop shall be a clog free design so that material will flow easily. Any 
abnormalities in material flow should be detected and alarmed. In severe cases this should be able to 
stop the transfer chain and the weighing and packing loop.   

 

 BLOCK FLOW DIAGRAM 
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Process Flow Diagram 
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PLANT PROCESS AREAS 

Pilot Plant Process Area Codes (PPA) 

010 Conveyor Feed Hopper 

020 Elevator 

030 Dryer Hopper 

040 Rotary Dryer  

050 Dryer Outlet Hopper 

060 Reactor Feed Lock Hopper 

070 Powder Heating & Reactor Feed Hopper 

080 Reactor Induction/Resistance Heating 

090 Reactor Cooler 

100 Cyclone Separator 

110 Bagger/Palletizer 

120 Condenser 

130 Hydrogen Recovery Skid 

140 Waste Water Treatment 

150 Air Compressor Handling Skid 

160 Chiller 

170 Nitrogen Purge Station 

180 Cyclone Separator Lock Hopper 

190 Steam Methane Reformer 

200 Hydrogen Storage 

210 Boiler Feed Water Treatment Skid 

220 Utility Air 

230 Safety Control System/Fire Suppression 

240 Cooling Water Pump Skid 

250 Motor Control Center 

260 Feed Gas Compressor Skid 

270 Hydrogen Preheater 

280 Gas Sampling System 
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MATERIAL AND ENERGY BALANCE 
  MATERIAL 

The Flash Iron Process is a Direct Reduced Iron (DRI) process. It is utilized to dilute the residual elements contained 
in scrap and as a scrap replacement. For the pilot plant it is intended to process DR Grade wet magnetite 
concentrate in the 5 to 50 micron size range into DRI. The finished product may be bagged, used as a powder 
injected directly into a furnace, or it may be processed into HBI (Hot Bricked Iron) or CBI (Cold Bricked Iron) for 
ease of shipping and handling. The goal is to convert the iron ore to > 95% metallization.  

DR Grade Pellet or Concentrate Quality 

The direct reduction process is the removal of oxygen from the iron ore without reaching the melting point. Most 
of the impurities that are in the ore remain in the final product except the concentration is increased due to the 
removal of oxygen. One exception to this is 60% to 70% of Sulphur is removed in a hydrogen reduction 
atmosphere, the S becomes H2S and is removed from the product. The impurities that are in the DRI affect the 
economics of the EAF or BOF melting process.  

Required Chemical Properties  

The Fe total iron content is to be >67% with minimal gangue, moisture, and other residual elements  

SiO2, Al2O3 and TiO2 are considered to be acid gangue. The industry prefers to have <2% acid content but will 
accept <3%. 

CaO and MgO are basic oxides. Basic oxides <3% displace purchased flux in steel making  

 

Typical Merchant DR Pellet Chemical Properties 

Chemistry % AMMC 

BBS 

Samarco LKAB 

KPRS 

VALE 

Tubarao 

VALE 

Oman 

IOC 

Standard
Acid  

IOC 

Low 
Silica 

CAP 

Chile 

Fe 67.70 67.90 67.90 67.75 67.75 68.00 67.00 67.33 

SiO2 1.60 1.23 0.75 1.40 1.04 1.20  1.40 

Al2O3 0.40 0.49 0.16 0.55 0.55 0.45 .3 0.23 

TiO2 0.15 0.04 0.16 - - 0.04  0.10 

Mn 0.03 0.04 0.06 0.10 - 0.12  - 

P 0.010 0.053 0.025 0.035 0.030 0.007 .007 0.033 

S 0.002 0.002 0.002 0.007 0.003 0.003  0.005 

V 0.005 0.003 0.110 - - <0.01  - 

Cu 0.0002 0.003 0.001 - - <0.001  - 

Pb 0.001 0.05 - - - <0.002  - 

Zn 0.0015 0.002 0.004 - - <0.002  - 

Cr 0.018 0.05 0.002 - - 0.012  - 
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For the Flash Iron Pilot Plant project the economics demand acquiring ore within trucking distance of the 
plant. The North American mines that currently produce DR Grade Pellets are below. It is expected that 
truckloads of wet DR Grade concentrate will be able to be acquired from these sources although wet 
concentrate is not currently marketed. 

• Cliffs Northshore – 2.6 mtpy. Future will be captive.  
• ArcelorMittal Mines Canada – capacity 10.2 mtpy 
• Rio Tinto Iron Ore (IOC) – capacity 12.5 mtpy 
• Ambershaw Metallics Canada – start up 
• Chippewa Capital Prtns. formerly Essar Minnesota – 2.4 mtpy. Not expected back online until 

2020 

To increase potential suppliers it may be possible to acquire wet BF Grade concentrate ore from the 
following suppliers and final process it at the Flash Iron Plant by grinding / performing a Reverse 
Flotation. 

• U. S. Steel MinTac 
• U. S. Steel KeeTac 
• ArcelorMittal Minorca 
• Hibbing Taconite 
• United Taconite 

The world DRI pellet market is still limited and it is reported sintering ore fines are currently in 
oversupply. Other available material is DRI byproduct fines that are created when shipping and handling 
DRI. There is significant yield loss in the industry when handling DRI and the ore fines that are generated 
are currently a waste byproduct. The flash ironmaking process should be able to process these fines as 
an economical solution to recover yield loss. The major costs involved for reprocessing these fines is 
shipping and grinding to size before processing.  

Typical Chemistry of DRI 

% Midrex DRI Hyl HBI Iron Carbide Pig Iron Flash Iron 

Total Fe 90-94 91-93 87 91.0-95.7 95.8 

Metallic Fe 83-89 83-88 2.5 91.0-95.7 92.0 

Fe3C   69.8   

FeO/Fe3O4 6-14 6-13 20.2  3.8 

% Metallization 88-96 92-95  100 96 

Silica (SiO2) 1.5-2.5 1.5-2.5   2.5 

Silicon (Si)   1.5 0.3-3.0  

Alumina (Al2O3) 0.4-1.5 0.4-1.5 1.0  0.18 

Mn    0.4-1.0  

P 0.02-0.09 0.02-0.05 0.033 0.08-0.5 0.014 

S 0.005-0.03 0.002-0.02 <0.01 Max 0.04 0.009 

CaO 1.5 0.3-1.8   0.37 
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MgO 0.45 0.5-1.8   0.18 

Carbon 1-2.5 1.2-2.2  3.5-4.5 0.33 

The table above compares commercial DRI final chemistry to Flash Iron. The Flash Iron chemistry is 
taken from a single sample and is dependent on the gangue content from the mine it is acquired from. 
From the single sample it appears the Flash Iron Process produces material with chemistry equivalent or 
better than the other DRI processes. From the table it can be seen percent metallization for Flash Iron is 
expected to be greater than 95% and metallic Fe 92% which is equal to or better than Midrex DRI or Hyl 
HBI. The FeO content of the Flash Iron material is also lower than Midrex, HYL or Iron Carbide. The SiO2 
is at the high end of Midrex and Hyl but the Al2O3 is well below them. CaO, MgO and C are all less than 
Midrex and HYL, slightly higher percentages are preferred.  

  

ECONOMICS OF DRI 

Flash Iron Powder and to a much lesser extent HBI are subject to oxidation. Shipping the raw ore fines is 
fairly easy and inexpensive.  Shipping iron fines and HBI can be done but requires special regulations and 
controls. The Flash Iron Powder must be stored indoors to prevent moisture ingress that can cause 
oxidation or fire and it must be protected from air to prevent oxidation.   

The chemical composition of the DRI determines important factors as yield, slag weight, energy 
consumption, carbon and raw material feeding rates, and oxygen usage. 

The metallization percentage is important to know so the steelmaker can determine the quantity of 
FeO. Carbon is added or injected to final reduce the remaining FeO to Fe through the chemical reaction 

 FeO + C = Fe + CO 

Approximately 1% C is required to balance out 6% FeO. 

Gangue content in DRI is an often cited reason by steelmakers reluctance to use it in the EAF or BOF. 
Gangue consists of both acidic and basic components. The biggest concern with gangue materials is that 
they require additional lime and dolomitic lime additions in order to maintain a specific target basicity in 
the slag. The additional flux adds cost of material, consumes energy within the process, and increase 
yield loss. Failure to add sufficient basic oxides results in poor foaming and excessive refractory erosion.  

It is a goal to reduce the SiO2 percentage in the Flash Iron process. This can easily be done by using ore 
imported from one of the companies in the previous table with SiO2 content averaging 1%. It may also 
be possible to reduce the SiO2 by Reverse Flotation at the Flash Iron Plant before processing. The 
economic balance between cost of the ore, penalty of higher SiO2 and sale price of higher grade steel 
can be done to determine the most optimized process. 
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  PILOT PLANT MATERIAL & ENERGY BALANCE DIAGRAM 

The loss from SMR is to be determined. 
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COMMERCIAL SCALE PLANT MATERIAL & ENERGY BALANCE DIAGRAM 

The difference between pilot plant and commercial scale plant is the SMR system. In the commercial scale system, SMR efficiency of 80% is 
assumed, energy input is included in the CH4 mass. 
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PROCESS STUDY - CFD ANALYSIS 
LAB SCALE MODEL 

PURPOSE OF EXPERIMENT 

The lab scale model mimics the drop tube experiment conducted by University of Utah. The goal of this 
experiment is to validate the capability of simulating a flash iron making process in Ansys Fluent, and to tune 
parameters such as pre-exponential number, so that the model predicts similar residence time and reduction 
rate as experiment. Industrial scale model relies on these parameters for better predicting results. 

PHYSICAL MODEL AND MESH INFORMATION 

The lab scale model was constructed based on dimensions of the experimental test stand in University of Utah.  

 

The model simulates the section after the alumina honeycomb where hydrogen and iron ore particles are 
heated to temperature. The reaction tube is 193cm long, with a 5.6cm I.D., ~80cm heating zone and 1 meter 
measured reaction zone.  The particle inlet diameter is 1.2mm. Particles are purged by high pressure nitrogen in 
the reaction tube. A high temperature mixture of hydrogen and nitrogen gases enter the reaction tube around 
the particle inlet tube.  

 

In Ansys, the reaction tube model is constructed as half of the panel cross section, and in the physical model, it 
would be set as axial symmetric to simulate the whole model to save time and computer resource. 

Cooling Zone 

Isothermal Zone ~0.8m 

Reaction Zone ~1.0m 

Total Length 1.93m 
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The reaction tube wall is set to have an inflation layer to allow better boundary heat transfer simulation. To 
ensure good meshing, the growth rate should be no higher than 1.2. The maximum inflation layer is set to 10 for 
better transitioning.  

 

There are 7820 nodes and 7355 elements in the model. In addition to elements and nodes, there are 3 other 
important factors in Ansys to control good meshing quality: Skewness, Aspect Ratio and Orthogonal Quality. The 
best practice is to limit these parameters as well as the parameters of our model. These are listed below for 
comparison: 

Aspect Ratio: < 50 

 

Skewness: 0-0.25 (excellent), 0.25-0.50 (very good), 0.50-0.80 (good), 0.80-0.94 (acceptable), 0.95-0.97 (bad), 
0.98-1.00 (unacceptable). 

 

 

Orthogonal quality: 0-0.001 (unacceptable), 0.001-0.14 (bad), 0.15-0.20 (acceptable), 0.20-0.69 (good), 0.70-
0.95 (very good), 0.95-1.00 (excellent) 

Axial symmetric axis Particle Inlet 

Gas Inlet 
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All meshing parameters are falling in the excellent range, indicating good meshing quality of model. 

DATA OF COMPONENTS PROPERTY 

All thermal dynamic properties of Hydrogen and Nitrogen are obtained from the database of Calhoun. In Fluent, 
thermal conductivity is set to use piece-wise polynomial function and viscosity is set to use polynomial function. 
Solid particle heat capacity is obtained from NIST database. 

Hydrogen and Nitrogen heat capacity, viscosity and thermal conductivity are temperature dependent and in a 
form of: y = �� + �� × T + �� × T� + �� × T� + �� × T� + �� × T�   

Values of the constant A are presented in the following table: 

Component Properties Temperature 
Range [K] A1 A2 A3 A4 A5 A6 

H2 

Cp 490°-1365° 14920.082 -1.997 2.541e-3 -4.759e-07   

K 
500°-1500° 0.108 2.212e-4 2.264e-7 -1.743e-10 4.649e-14  

1500°-2000° -0.281 1.097e-3 -5.273e-7 1.240e-10   

viscosity 500°-2000° 2.729e-6 2.322e-8 -7.629e-12 2.926e-15 -5.289e-19  

N2 

Cp 590°-1365° 1405.508 -2.190 4.785e-3 -4.540e-6 2.085e-9 -3.790e-13 

K 
100°-1500° -1.523e-3 1.189e-4 -1.209e-7 1.156e-10 -6.365e-14 1.472e-17 

1500°-3500° 0.728 -1.5432e-3 1.354e-6 -5.516e-10 1.0845e-13 -8.268e-18 

viscosity 80°-2200° 0.026e-6 7.534e-8 -6.516e-11 4.350e-14 -1.562e-17 2.250e-21 

Fe Cp 

973°-1042° -11532 12.505     

1042°-1100° 13495 -11.513     

1100°-1800° 8392.7 -15 0.0096 -2e-6   

Fe3O4 Cp 900°-3000° 867      

Properties of water vapor are obtained from Refprop. 
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Viscosity and thermal conductivity of water vapor in Fluent is set to use linear function. For viscosity, take 2 
point: 473°K -> 16.2E-6, 1573°K -> 58.3-6. For thermal conductivity: 473°K -> 0.0334, 1573°K -> 0.1772. Cp values 
are Fluent defaults due to only slight changes in temperature range.  

 

The Enthalpy and Entropy of iron and magnetite at 25°C are obtained from NIST: 

 Molecular Weight[kg/kmol] Enthalpy [J/kmol] Entropy [J/kmol-K] 

Fe3O4 231.5 -1.12E+09 145200 

Fe 55.845 0 27310 

 

FLUENT SIMULATION MODEL SETUP 

General Setup: 

• Gravity is activated 

• Pressure-based steady model 

• Axial symmetric Model 

Model Setting: 

The following model modes are set for this simulation: 

• Energy  -> On 

This allows the energy calculation to compute, including convection, conduction and reaction heat 

• Viscous -> Realizable k-e, Standard Wall Fn 

Turbulence model according to University of Utah 

• Radiation -> Discrete Ordinates 

Discrete Ordinates radiation model is most appropriate for particle radiation, which is our main purpose. 

• Species -> Species Transport Reaction 

Setup for the reaction. In Reaction, check Volumetric and Particle Surface. In Turbulence-Chemistry 
Iteration, check Finite-Rate/No TCI. 

The Mixture Properties are also defined here. Detail provided in the Mixture Setting Section. 

• Discrete Phase -> On 

Particle parameters are set in this mode. First, Check ‘Interaction with Continuous Phase’ option (2-way 
coupling). Set Iteration interval between 50 -100 (recommended by ANSYS technicians) 

In Physical Models, check the Particle Radiation Iteration option to allow radiation from graphite wall to 
particles. 

In Numerics -> Coupled Heat-Mass Solution, check Combusting. If UDF is used for particle surface 
reaction, this option should be un-checked. 
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Parameter Setting: 

The purpose of this simulation is to verify the residence time and reaction of the model to confirm with the 
experimental data. The testing parameters input into the model are from the published data by experiments 
conducted by University of Utah. 

Reaction 
Temperature 

H2 Flow 
Rate N2 Flow Rate N2 Feeder Flow 

Rate Particle Flow Particle Size Residence Time Reduction Rate 

C L/min L/min L/min g/min micron s % 

1187° 

1.000 0.80 0.3 0.150 22.5 4.96 82.2 

2.000 2.00 0.3 0.250 22.5 2.71 69.5 

0.600 0.80 0.3 0.090 22.5 5.97 79.8 

1.000 1.50 0.3 0.130 22.5 3.89 69.1 

2.500 4.30 0.3 0.320 22.5 1.69 32.8 

0.400 0.40 0.3 0.050 35 5.90 84.3 

0.800 1.20 0.3 0.130 35 3.86 75.5 

2.300 3.90 0.3 0.250 35 1.68 46.4 

0.300 0.20 0.3 0.030 49 4.67 68.3 

0.500 0.60 0.3 0.060 49 3.76 56.7 

2.200 3.70 0.3 0.280 49 1.55 34.6 

0.500 1.30 0.3 0.050 22.5 4.98 63.9 

2.000 6.20 0.3 0.280 22.5 1.42 20.5 

1236° 

1.100 1.70 0.3 0.110 22.5 3.95 91.9 

3.000 5.20 0.3 0.240 22.5 1.56 60.2 

0.300 0.70 0.3 0.030 22.5 8.33 92.8 

0.500 1.30 0.3 0.070 22.5 5.52 87.0 

1.000 3.00 0.3 0.150 22.5 2.99 68.8 

2.300 7.20 0.3 0.300 22.5 1.37 37.1 

0.300 0.70 0.3 0.040 35 6.25 91.7 

0.500 1.30 0.3 0.050 35 4.52 63.5 

2.000 6.20 0.3 0.280 35 1.47 32.0 

0.300 0.70 0.3 0.030 49 4.48 70.2 
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Reaction 
Temperature 

H2 Flow 
Rate N2 Flow Rate N2 Feeder Flow 

Rate Particle Flow Particle Size Residence Time Reduction Rate 

C L/min L/min L/min g/min micron s % 

0.700 2.00 0.3 0.080 49 2.89 57.9 

0.300 2.00 0.3 0.050 22.5 4.72 54.1 

0.500 3.50 0.3 0.090 22.5 2.99 40.1 

1.000 7.20 0.3 0.190 22.5 1.56 23.5 

1284° 

1.000 1.50 0.3 0.140 22.5 3.87 96.8 

2.700 4.70 0.3 0.220 22.5 1.55 85.6 

0.500 1.30 0.3 0.080 22.5 4.98 93.6 

1.000 3.00 0.3 0.140 22.5 2.69 76.6 

2.000 6.20 0.3 0.260 22.5 1.40 61.9 

0.900 2.60 0.3 0.120 35 2.63 72.4 

2.200 6.90 0.3 0.230 35 1.21 45.2 

0.800 2.30 0.3 0.120 49 2.42 70.9 

2.000 6.20 0.3 0.270 49 1.21 45.9 

0.300 1.70 0.3 0.050 22.5 4.66 75.7 

0.500 3.50 0.3 0.060 22.5 2.69 61.1 

1.000 7.20 0.3 0.100 22.5 1.40 32.5 

1324° 

1.100 3.30 0.3 0.160 22.5 2.63 89.5 

2.200 6.90 0.3 0.240 22.5 1.36 67.8 

0.900 2.60 0.3 0.140 35 2.82 95.9 

2.000 6.20 0.3 0.300 35 1.41 74.0 

0.300 0.70 0.3 0.040 49 4.51 97.0 

0.700 2.00 0.3 0.090 49 2.85 85.0 

2.000 6.20 0.3 0.320 49 1.30 52.9 

0.300 2.00 0.3 0.040 22.5 4.55 87.0 

0.500 3.10 0.3 0.090 22.5 3.16 71.4 
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Pre-exponential factor provided by University of Utah is 1.23E+07 [1/atm-s] (121.4 [1/Pa-s]). Fluent requires a 
unit of factor [kg/m2-PaN-Kbeta-s]. According to University of Utah, the temperature factor beta is 0 and pressure 
factor N is 1, therefore the unit reduces to [kg/m2-Pa-s]. The extra [kg/m2] indicates the surface area of 1 kg 
particle.  Density of Fe3O4 is 5170 kg/m3, 1kg Fe3O4 has approximately 8.62E+09 particle, and total area is about 
33.2 [m2/kg], so by multiplying it by Utah’s data, the pre-exponential factor for Fluent is 3.66. This is our baseline 
to start the simulation and this parameter would be the main parameter to be tuned in this simulation. 
The activation energy provided by University of Utah is 1.96E+08 J/kmol. 

Particle Setting: 

Particle setting is in the Discrete Phase -> Injections. 
Particle type is set to Combusting to allow chemical reaction. In Materials, there will be a new group named 
Combusting Particle. Vaporization Temperature should be set to a low value to allow reaction activation. 
Combustible Fraction is set to 100% assuming pure magnetite particles. The Combustion Model should set to 
multiple-surface-reactions. Set Injection Type to be surface so the particles are released from the wall surface of 
Particle Inlet. 
In Physical Models, the Drag Law is set to be Stokes-Cunningham, to ensure the model follows Stokes Law of 
particle falling. 
In Multiple Reactions, set the ratio of Magnetite to 1 and Iron to 0 initializing the falling particle property. 

Mixtures Setting: 

• Species:  
Water, hydrogen and nitrogen as selected species. Magnetite and iron as selected Solid Species. 
Nitrogen is necessary in the mixture group even though it’s not in part of the reaction, because Ansys 
reaction model requires more than 2 species (excluding solid species) to enable the particle combustion 
model. 

• Reaction: 
The Reaction Type should set to be Particle Surface since the reaction happens on the surface of the 
particles. 

• Mechanism: 
Reaction Type of all reactions set to be Particle Surface 

• Density: 
Incompressible-ideal-gas 

• Cp: 
Mixing-law 

• Thermal Conductivity 
Mass-weighted-mixing-law 

• Viscosity: 
Mass-weighted-mixing-law 

• Mass Diffusivity: 
Kinetic-theory 

• Thermal Diffusion Coefficient: 
Kinetic-theory  



38 

 

SIMULATION RESULT AND ANALYSIS 
FLOW PATTERN AND THERMAL BEHAVIOR 

The experiment shows the particles injected in the center will stay in their central path, after hitting terminal 
velocity and will continue falling to the bottom of the reactor. This is important because if the particles are 
spraying out we would have particles sticking to the reactor wall and accumulate. The simulation results are in 
agreement with experiment that the particles stay near the center axis. They quickly hit the terminal velocity 
and keep at that velocity while falling. 

 

The velocity is higher at the centerline because the 2 way coupling in the simulation system is on, meaning that 
not only is gas dragging the particles but, the particles are also dragging the gas. This results in higher velocity at 
the center where particles are more present than the surroundings. 

  

Gas is heated up before entering the reaction area, while particles enter at a low temperature. This result shows 
that particles get heated up by hot gas immediately after entering the area. With 0.8 m of heater length, the 
temperature is kept for about 1 m, after that it drops due to the cooling jacket around the reaction tube (which 
is simulated as cool surface). The temperature profile of the gas is shown as below: 

 

 

Particles stay around centerline 

Direction of Flow 

Gas temperature profile 

High gas velocity on centerline 



39 

 

CHEMICAL REACTION 

The below figure shows one of the cases simulated according to data provided by University of Utah. We can see 
that magnetite particles react and become iron particles to a certain extent, and water is generated in the same 
process. 

 

COMPARISON BETWEEN SIMULATED RESULTS AND EXPERIMENT DATA 

Once the parameters are fine-tuned with the above setup, BMC discovered that with a particle size less than 
35µm, the best pre-exponential number is 3.0 and with particle size of 49µm, the pre-exponential number is 
1.75. These numbers are different from what is obtained by University of Utah. Considering all the Assumptions 
University of Utah made and the uncertainty in experiment, BMC would think both numbers are of the same 
magnitude of the number provided by University of Utah. Therefore, they are good estimated parameters to be 
imported by the industrial scale model. To be more conservative, BMC choose to use 1.75 as the final input for 
the industrial scale model, which will result in a lower reduction rate than 3.0.  

The following graph shows the relationship between simulated data and actual data acquired from the 
experiments. We see very good liner relationship between both residence time and reduction rate data, with R 
value close to 1.0. The results show that the experiment results have good agreement with the experiment 
results with the inputs described above. These parameters obtained from the lab scale model can be applied to 
the big industrial scale model to help the actual reactor design. 

Fe3O4 

Fe 

H2O 

Direction of Flow 

Direction of Flow 
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INDUSTRIAL SCALE PILOT MODEL 
PHYSICAL MODEL AND MESH INFORMATION 

The heating portion of the reactor is 5ft long where induction heating coil will heat up the graphite susceptor. 
The susceptor heats up refractory wall by radiation. Both susceptor and refractory wall heat up the gas and 
particle in the 5ft long portion by convection and radiation. After being heat up to the temperature, gas and 
particles enter the reaction zone about 28ft in length, where good insulation is assumed so wall condition is set 
to be adiabatic. After the reaction zone, there is a cooling zone with length about 16ft, with cooling panel to cool 

gas and particles 

 

Two (2) models are constructed for the industrial scale pilot reactor. The 2D model includes a heating portion 
and reaction portion to simulate the heat transfer and chemical reactions. To ensure considerations of all flow 
directions, the particle falling simulation is conducted by 3D modeling, with the same setting of 2D, except the 
reaction is turned off to save time and space.  

In 3D model, since the reaction is not simulated, the reaction section is shorted to save computational resource. 

 

Particle inlet Gas inlet 

Heating Graphite 
Heating 
Section 

Reaction 
Section 

Refractory 

Gas 
Inlet 

Particle Inlet 

Mixing 
Section 

Heating 
Section 

Reaction 
Section 

Cooling 
Section 
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The 3D model has 7411535 nodes and 5162476 elements. Skewness, Aspect Ratio and Orthogonal Quality of the 
model are listed below: 

Aspect Ratio: < 50 

 

Skewness: 0-0.25 (excellent), 0.25-0.50 (very good), 0.50-0.80 (good), 0.80-0.94 (acceptable), 0.95-0.97 (bad), 
0.98-1.00 (unacceptable). 

 

Orthogonal quality: 0-0.001 (unacceptable), 0.001-0.14 (bad), 0.15-0.20 (acceptable), 0.20-0.69 (good), 0.70-
0.95 (very good), 0.95-1.00 (excellent) 

 

Aspect ratio is less than 27, which is good. Most cell are fallen into under 0.8 range for skewness, and most cell 
are fallen into more than 0.2 range for orthogonal quality, which indicate good mesh quality of 3D model. 

In the 2D model, the end effect is not considered, where additional graphite will add in more heat. Ignoring the 
end effect is a more conservative method. Reactor walls are set to have an inflation layer to allow better heat 
transfer simulation. To ensure good meshing, the best practice of growth rate should be no higher than 1.2. The 
inflation maximum layer is set to 10 to have good transition.  
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The 2D model has 100776 nodes and 98880 elements. Skewness, Aspect Ratio and Orthogonal Quality of the 
model are listed below: 

Aspect Ratio: < 50 

 

Skewness: 0-0.25 (excellent), 0.25-0.50 (very good), 0.50-0.80 (good), 0.80-0.94 (acceptable), 0.95-0.97 (bad), 
0.98-1.00 (unacceptable). 

 
Orthogonal quality: 0-0.001 (unacceptable), 0.001-0.14 (bad), 0.15-0.20 (acceptable), 0.20-0.69 (good), 0.70-
0.95 (very good), 0.95-1.00 (excellent) 
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Overall, the meshing quality of the model is excellent. 

SIMULATION SETUP 

Base Case Parameter Setting: 

The 2-D model in Fluent is assuming 1-meter thickness, and our simulation is only simulating half of the 
symmetric reactor, with model set to be symmetric to include the other half. The 3-D model  

The base case condition parameters are as follow: 

Particle Mass: 0.047 kg/s (half of actual mass flow rate for half model) 

Gas Mass: 0.0035 kg/s (assuming 100% Hydrogen) (half of actual mass flow rate for half model) 

Heating Wall Temperature: 1424° [C] (Temperature set to heat particle to 1325°C) 

Particle Diameter: 35 um 

Activation Energy: 1.96E+08  

Pre-exponential Factor: 1.75  

Particle setting: 

Same setting as Lab Scale Model. 

Mixtures setting: 

Same setting as Lab Scale Model. 
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RESULTS FOR 3D MODEL 

1. Particle Path 

For particle path study, we verified that particles follow the path of the gas without being in large 
turbulence that will blow the particles to walls, susceptor and cooler panels. 

  

Simulation indicates that particles stay in their path and will not touch the panels. 

  
The above results indicate that particle curtain is pushing inwards when entering the reactor by the faster fluid. 
The influence is small compare to the length of curtain, and will be even more trivial when curtain is long.  

 

2. Flow Distribution 

Gas flow was not distributed evenly across the section plate before, based on the simulation result, we 
adjust the space between graphite and wall. After adjusting the space between refractory box and 
graphite, the flow is almost evenly distributed in the space. 
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3. Temperature Profile 

Fluid gets heated up to temperature while flowing through the heated graphite part. From the model 
we observed high temperature gas raising up to the mixing room, but most fluid flows down to the 
heating section. 

 

 

RESULT FOR 2D MODEL 

The 2D model focuses on the chemical reactions to ensure enough heat and time is provided to achieve the 95% 
metallization goal. Apart from the base case, several other cases are investigated to discover the potential of 
increasing capacity or production rate of the system. The conditions and results are listed below: 

 

Particle Starting 
Temperature [C] Wall Temperature [C] Reaction Time 95% 

reduction[s] 
Total Time in 
Reactor [s] 

Total Energy 
[GJ/ton] 

1225 1325° 6 9.0 10.47 

1275 1375° 4.5 9.4 10.73 

1325 1600° (double) 5.8 5.8 10.81 

1325 1425° (baseline) 3 10.0 10.81 

There is variety in the total time in reactor, that’s because in some cases there are back flow from the outlet that 
occupies some space in reactor, pushing the downward flow to the center, so the speed of downward stream 
increases. 

The simulation shows that under our baseline condition, the reaction would be instant, so we can increase 
flowrate to achieve higher production rate or decrease the heating temperature to save energy usage per ton 
iron making. A comparison of baseline and double flow and particle flowrate cases are shown below. In the 
baseline case, the reaction reaches 95% before midpoint, while in the double flow case, the reaction reaches 
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95% at bottom of the reactor. As temperature decreases, it takes more time and longer distance to reach 95% 
metallization. 

 

 

The simulation results show that the current design can achieve the baseline goal with extra capacity. We may 
be able to operate at lower temperature or higher flow rate with current design. 

 

RISK ASSESSMENT OF CALCULATION UNCERTAINTIES 

• Data from Phase II has some inconsistency and the CFD was calibrated to this data. 

• Formulas from Phase II were developed with large excess hydrogen - 800% to 2,000%. The pilot plant will 
operate with 100% excess hydrogen which is pushing the limit of the range for which it was tested. 

• Most of Phase II runs consisted of a hydrogen/nitrogen mixture. The pilot plant will be 100% hydrogen 
which is pushing the limit of the tested range. 

• Ansys Fluent Bug 1 - The endothermic reaction pulls heat from the system. We calculate by hand the 
temperature from reaction should drop by 200°C, Fluent results only show a temperature drop of 10°C. The 
heat removal is not being applied to the cells correctly. Ansys has acknowledged and recorded the bug and 
will work to fix it for next release. These incorrect cell temperatures affect: 

o Density of gas – colder gas increases density slowing the particle velocity increasing residence time 

o Viscosity of gas – colder gas decreases viscosity increasing the particle velocity decreasing residence 
time 

o Reaction rate – colder gas will slow the reaction  

6,000 tpy @ 1325C 

3,000 tpy @ 1275C 

Baseline 3,000 tpy @ 1325C 

3,000 tpy @ 1225C 
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• The report for the heating block heat flux is reporting unrealistically high heat transfer to the particles and 
gas. This appears to be related to the reported temperature bug with Ansys. 

• Ansys Fluent Bug 2 - crashed when simulating particles with different sizes. In actual situation, particles 
have size ranges from 5um to 50um, it’s possible that small particles melting while the larger one not 
getting to desirable temperature. 

• Ansys Fluent Bug/Limitation 3 – Fluent provides unrealistic particle velocity results with 2-way coupling 
between particle and gas for the model under certain boundary conditions. 

o In one-way coupling, the gas affects particle temperature and flow patterns but particle does not affect 
the gas. This is normally used for dilute flow, less than 10% volume particles to gas, to reduce 
computational time.  

o In two-way coupling, the gas affects the particle and the particle affects the gas. This is used for heavy 
particle flow where the particles entrain and drag the gas.  

o As the endothermic chemical reaction is very large the two-way coupling is required to drop the 
temperature and change the flow of the gas. When the two-way coupling was turned on with a fixed 
wall temperature boundary condition the particle velocities increased by a factor of 3. This large 
velocity also created an unrealistic vortex in the gas flow. 

o Ansys acknowledged the results were unrealistic and first recorded the anomaly as a bug. It went to 
the Developers to fix but they declared this as an oddball case (they limit dilute flow by mass ratio 
particles to gas) and rather than make a significant change to the software declared it as a Software 
Limitation. 

o We were able to get good results by using adiabatic walls instead of fixed temperature. 

  

RISK REDUCTION OF CALCULATION UNCERTAINTIES 

• Possible results of missed calculations 

o Do not get the 95% metallization 

o Do not get to 3,000 tpy 

o Need more energy 

• We have set the baseline to react to 95% metallization in 3 seconds with total time in the reactor of 10 
seconds – significant margin 

• If 95% metallization is not achieved the additional main reactor section heaters will be turned on. These 
heaters have 4 control sections. 

• If still do not achieve the 95% metallization in 10 seconds we will reduce the particle mass flow rate. This 
increases the percent of excess hydrogen which increases reaction rate. With the slower particle mass flow 
rate we will not meet the 3,000 tpy rate. 

• If 95% metallization is achieved with baseline - will increase particle and gas flow rate to reduce margin. The 
increase in hydrogen increases the velocity reducing residence time in the reactor. 

• If 95% metallization is achieved – will reduce hydrogen flow to determine how much excess hydrogen is 
required. 
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• If 95% metallization is achieved – will increase particle flow rate and hydrogen to determine limit of particle 
loading density. 
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 Piping Legend Detail 

Service Legend Size Installation Material Joint Type Pressure [psig] Remarks 

Natural Gas NG 2.5 BUR EXP CST F 260   

Nitrogen N2 <= 1 EXP SST F 100   

Cooling Water CW <=3 EXP SST CST F 50   

Hydrogen H2 <= 24 EXP SST F 260   

Air AIR <= 8 EXP SST F 15   

Steam STM 1 EXP SST CST F 15   

Condensate CND <=1 EXP PVC F 205   

Boiler Feed Water BFW 0.75 EXP SST CST F 260   

Flue Gas FLG 8 EXP CS F TBD   

Vent VENT 0.75 EXP CST F 0   

Waste Water WW 1 EXP PVC F 5   

Process Water PW 1 EXP PVC F 35   

Deaerator 
Overflow DR 1 EXP CS F TBD   

Iron Ore IRO TBD EXP SST F TBD 
pressure high enough 
to prevent blow back 
of ore by hydrogen 

Iron with Exhaust 
Gas IRX 4 EXP SST F 15   

Exhaust Gas EXG <=4 EXP SST F 15   

Waste Gas WG <=3 EXP CS F 5   

Sodium Hydroxide SOH TBD EXP SST F TBD   
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PROCESS FLUIDS LIST 
   

Process Fluids List 

NG Natural Gas 

N2 Nitrogen 

CW Cooling Water 

H2 Hydrogen 

AIR Cooling/Heating Air 

STM Steam 

CND Condensate 

BFW Boiler Feed Water 

FLG Flue Gas 

VENT Pressure Relief Safety Vent 

WW Waste Water 

PW Process Water 

DR Deaerator Overflow 

IRO Iron Ore 

IRX Iron with Exhaust Gas 

IRN Iron with Nitrogen Blanket Gas 

EXG Exhaust Gas 

WG Waster Gas 

SOH Sodium Hydroxide 
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UTILITY CONSUMPTION LIST 
The pilot plant utility consumption is listed in the table below. 

Utility Usage  

Natural Gas 1940 scfh 

Electric 350 kW 

Water - makeup 6 gpm 

Nitrogen purge 6000 scfd 

Nitrogen  350 scfh 

CO2 .1 scfh 

50% NaOH .05 gph 

 

EMISSIONS AND EFFLUENT SUMMARY 
The pilot plant emissions are listed in the table below.  

Pollutant Generated 

SO2 .88 lb./hr. 

CO2 336 lb./hr. 

CO .07 lb./hr. 

NOx .11 lb./hr. 

VOC .03 lb./hr. 

Particulates .02 lb./hr. 

H2S .08 lb./hr. 

H3PO4 .01 lb./hr. 

Acid water neutralized with 50% 
NaOH 

224 lb./hr. 
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HEALTH, SAFETY, & ENVIRONMENT (HSE) 
 CODES AND STANDARDS 

§  Minnesota State Fire Code 2007, Chapter 7511 

§ International Fire Code 

§ NFPA 497 Recommended Practice for the Classification of Flammable Liquids, Gases or Vapors and 
of Hazardous (Classified) Locations for Electrical Installations in Chemical Process Areas 

§ NFPA 499 Recommended Practice for the Classification of Combustible Dusts and of Hazardous 
(Classified) Locations for Electrical Installations in Chemical Process Areas 

SAFETY DESIGN  
The three buildings will be protected per the Minnesota Fire Code. The Process Building will have 
equipment that contains combustible material - hydrogen, natural gas and iron powder. NFPA classifies 
hazardous locations as: 

Class I – the material present is a flammable gas or vapor 

Class II – the material present is a combustible dust 

The Classes are further subdivided into Divisions 

Division 1 – the combustible material is present normally or frequently 

Division 2 – the combustible material is present as a result of infrequent failure of equipment or 
containers 

The combustible material is further broken down into groups 

Hydrogen – Group B with an auto ignition temperature of 520°C 

Natural Gas – Group D with an auto ignition temperature of 630°C 

Iron Powder – Group E with an auto ignition temperature of 290°C 

 Process Building 

Is an “H-2” Occupancy with a Type II-B Construction 60’ x 114’ x 28’ high (6,900 sq. Ft). The building will 
be covered with an automatic wet pipe sprinkler system hydraulically calculated to provide a density of 
.3 gpm over the entire area utilizing 286°F, K=8.0 sprinklers spaced a maximum of 10.0 square feet. It 
will have an automatic sprinkler riser with a double check valve, shut-off valves, supervisory switches, 
water flow switch, 2” main drain with two pressure gauges and 2 ½" x 2 ½" x 4” fire department 
connection complete with 4” swing check valve. The building will have a minimum of two 20# surface 
mounted multi-purpose dry chemical fire extinguisher with UL rating of 20A:80B:C. 

Equipment containing hydrogen with flanges, valves and seals is spread throughout the building. Natural 
gas lines are limited to the steam methane reformer area. Iron powder that can be airborne is limited to 
the bagging station. The most explosive rating of the two gases is hydrogen so the entire building will be 
rated to a Class I Division 2 Group B classification. The Iron Powder has the lowest ignition temperature 
but the hazard is limited to a 20 ft. radius around the bagging machine. This will require a local hazard 
zone of Class II Division 1 Group E within the building. The building air will be turned over a minimum of 
6 times per hour to achieve adequate ventilation per the NFPA. The control room, restrooms and 
MCC/power electronics room will be ventilated per NFPA requirements. 
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Any openings in the roof will be classified Class I Division 2 Group B for a 15 ft. radius. No openings are 
currently planned in the roof. 

Finished Product Building 

Is an “H-3” occupancy with a Type II-B construction 40’ x 60’ x 20’ high (2,400 sq. Ft.). The building will 
be covered with an automatic dry pipe sprinkler system hydraulically calculated at a density of .6 gpm 
over the entire area utilizing 286°F, K=16.8 brass upright sprinklers spaced at 100 square feet. It will 
have an automatic dry pipe sprinkler riser complete with a double check valve assembly, 6” dry pipe 
valve with 2” main drain, two pressure gauges, water flow pressure switch, high/low air switch, air 
compressor and fire department connection. As the building is unheated there will be a 4’ x 5’ heated 
room for dry pipe sprinkler riser complete with a 3’-0 man door, light and 5 kW heater. The building will 
have a minimum of two 20# surface mounted multi-purpose dry chemical fire extinguishers with UL 
rating of 20A:80B:C.The finish product will be contained in paper/plastic sealed bags. Per the NFPA 
guidelines, iron powder stored in bags does not need to be classified. Therefore, the Finished Product 
building will be unclassified. 

Raw Ore Building 

Is an “S-2” occupancy, type II-B 60’ x 60’ x 28’ high (3600 sq. ft.). Automatic sprinklers are not required 
for this building. The building will have a minimum of two 20# surface mounted multi-purpose dry 
chemical fire extinguisher with UL rating of 20A:80B:C. 

Iron ore is not combustible therefore the Raw Ore Storage building will not be classified as a hazardous 
location.  

Outside of Buildings 

The hydrogen storage tank and main reactor will be located outside the buildings. The storage tank, 
main reactor and a 15 ft radius around them will be designated a Class I Division 2 Group B location. 

 

OCCUPANCY LIFE SAFETY SUMMARY 
A preliminary review of building codes revealed the following: 

1. The large quantity of finished iron storage (> 25 ton) requires a “detached building”. 

2. The Process Area requires significant ventilation. If the raw ore is in the same building, this area 
must be ventilated also. Will drive utility costs up especially in the winter. 

3. Above 7000 SF an H-2 building must be Type II-A or Type I-B. Type II-A may be pre-manufactured 
metal with complete fire proofing all exposed surfaces. Type I-B may be CMU or concrete walls and 
roofing members. 

After reviewing the building code, it was decided there would be three separate buildings: 

1. Process Building 

2. Raw Ore Storage Building 

3. Finished Material Storage Building 
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Occupancy category and construction requirements of the building are limited by the materials being 
stored and used or produced in the process.  It is understood that the building must contain the materials 
at the approximate quantities as noted in the table below: 

Material Process Quantity Hazard Class Required 
Occupancy 

Hydrogen Gas Input  Flammable Gas H-2 

Natural Gas Input Delivered @ 20psi Flammable Gas H-2 

Raw Ore Input  Non-Hazardous S-2 

Liquid Nitrogen Input  Cryogenic Inert * 

Liquid CO2 Input  Cryogenic Inert * 

Iron Powder Product ~ 200 ton Storage Class II Unstable (Reactive) H-3 

Hydrogen Sulfide 
(H2S) Gas 

Byproduct 0.058 kg/hr Toxic Gas * 

Hydrogen Phosphate 
(H3PO4) Gas/Liquid  

Byproduct 0.105 kg/hr Toxic Gas * 

* Quantities do not exceed Allowable Quantity per Control Area (Table 307.1(2)) and do not require Hazardous H 
occupancy.  Control area requirements apply. 

 

 FIRE WATER DEMAND CALCULATION 
City water supply with a minimum static pressure of 65 psi, 60 psi residual with 1,200 gpm flowing at 
connection to the automatic sprinkler riser. 

Process Building requires .3 gpm over the entire area of 6,900 square feet = 2,052 gpm. 

Product warehouse requires .6 gpm over the entire area of 2,400 square feet = 1,440 gpm. 

 FLARE STUDY 
According to NASA guideline Safety Standard for Hydrogen and Hydrogen Systems, for hydrogen vent 
rates greater than 0.5 lb. /sec, flaring may be considered. Large quantities of unused hydrogen that can't 
be handled by the vent system should be flared at a remote location. This is not an issue for smaller 
commercial systems. For small system with vent rate below 0.5 lb. /sec, roof vent located 16 ft. above 
roof can be used. In our system, the maximum hydrogen generation rate is 0.009 lb. /sec (6000 scfh), 
the vent rate is much lower than the criteria, so a flaring system is not required. 
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HAZARDOUS AREA CLASSIFICATION DRAWINGS 
Per NFPA 497 Figure 3-8.27 the process building will be classified Class I Division 2 Group B for 
flammable gases shown below. The outdoor hydrogen storage tank and main reactor will also be 
classified as Class I Division 2 group B for a 15 ft. surrounding radius around them shown below. A 20 ft. 
radius surrounding the bagging machine will be classified as Class II Division 1 Group E per NFPA 499 
Figure 6.10(e) for combustible dust. 
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Per NFPA 497 Figure 3-8.27 the process building will be classified Class I Division 2 Group B for 
flammable gases 

The bagging machine may have a small amount of dust escape and become airborne during use. Per 
NFPA 499 Figure 6.10(b) the bagging machine and a 20 ft. radius will be additionally classified as Class II 
Division 1 Group E. 

Per NFPA 499 Figure 6.10(e) the bags of finished iron powder stored in the Finished Product Building are 
not required to be classified.  

 

 PYROLYTIC TENDENCIES OF FLASH IRON 
All metallic iron including DRI has a natural tendency to re-oxidize on contact with air and/or moisture. 
This is an exothermic reaction, which in bulk scenarios can lead to a risk of self-heating and fires if the 
DRI is not properly stored and inerted.  This is especially important in maritime transport.  The 
International Maritime Organization's International Maritime Solid Bulk Cargoes Code classifies DRI as 
“Group B” (cargo with chemical hazard) and class “MHB” (material hazardous only in bulk). DRI pellets or 
process fines that have a large percentage of metallization are required to have an inert gas blanket, 
hydrogen gas detectors, temperature monitoring equipment and fire protection systems.  

 

The flash iron process is performed at a high enough temperature that individual particles have enough 
energy to close down the pores created from oxygen removal. Therefore, the individual particles are far 
less susceptible to catching fire from rapid oxidation. The University of Utah performed research on 
small samples of powder and determined they are not pyrophoric. A large sample will have significant 
surface area and the extent oxygen or water will react with them is unknown. Testing with both water 
and oxygen will be performed once a significant sample size is manufactured. The finished product will 
be protected with a nitrogen blanket before it is removed from the bagging machine and it will be 
stored in bags that are plastic to prevent oxygen and moisture ingress and paper to protect the plastic.   
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MECHANICAL ENGINEERING 
CODES AND STANDARDS 
Mechanical system design will conform to the applicable U.S. codes and standards. The codes and 
standards of the following organizations will govern: 

• American National Standards Institute (ANSI) 

• American Society of Mechanical Engineers (ASME) 

• American Welding Society (AWS) 

• National Fire Protection Association (NFPA) 

• Occupational Safety and Health Administration (OSHA) 

• Minnesota State Mechanical and Fuel Gas Code 2015, Chapter 1346 

• American Society of Heating, Refrigeration and air-conditioning Engineers (ASHRAE) 

• Steel Joist Institute (SJI) 

 

MECHANICAL BASIS OF DESIGN  
  EQUIPMENT SELECTION 

Process equipment will be selected for the chosen plant process to meet the performance 
requirements of that process. Input from customer personnel, general contractor, site 
engineering firm and NRRI will be solicited throughout the design for preferred manufacturers 
or equipment vendors. Final process equipment selections will be made based on equipment 
performance requirements, reliability, cost, efficiency, experience, and the customers 
preferences. The process mechanical engineer(s) will be responsible for compiling the 
equipment specifications. 

   The major equipment and layout were developed to a preliminary design stage.   

Reactor support and bucket elevator - The deflection of steel structural members shall not 
exceed that permitted by AISC 360, AISI S100, ASCE 8, SJI CJ-1.0, SJI JG-1.1, SJI K-1.1 
or SJI LH/DLH-1.1, as applicable. 

  EQUIPMENT LAYOUT AND ACCESS 

• Typically, one type of equipment will be chosen as the basis of design. This make or model is 
referred to as the “design standard.” Layout should be based on this selection. Where other 
manufacturer’s products are also suitable, the layout should be checked to ensure that the 
arrangement does not preclude the use of these alternatives. 

• Required space for equipment removal/replacement/maintenance will be provided in the 
layout on the drawings. 

• Mount equipment and panels on equipment pads to protect them from wash down and 
flooding. 
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• The minimum clearance on sides around rotating equipment over 10 horsepower (hp) 
should be 4 feet. 

• Leave at least 4 feet of clearance between the outermost extremities of adjacent pieces of 
equipment or between a wall and a piece of equipment. 

• Clearance in front of any other equipment face or panel requiring maintenance to be 4 feet. 

• Pressure vessels should be at least 2 feet from the back wall and 3 feet apart. Sufficient 
space in front of the vessel should be provided for the face piping plus 4 feet. 

• For pumps, compressors, and other rotating equipment where parallel units are provided, 
the orientation of the drive and the rotation should be identical. 

• Provide ladders and/or hatches to access and remove equipment. 

• Provide adequate lifting headroom for equipment. Also, an allowance for sling length or 
lifting beams between equipment lift points and crane or hoist hook needs to be included. 

• Provide lifting eyes, in accordance with the design details, above equipment not otherwise 
provided with lifting means. 

• All equipment in the Process Building is to meet Hazardous Locations Class I Division 2 
Group B. Any equipment within 20 feet of the bagging machine needs to meet both Class I 
Division 2 Group B and Class II Division 1 Group E. Any equipment within 15 feet of the main 
reactor or hydrogen storage tank must meet Class I Division 2 Group B. 

 

EQUIPMENT REMOVAL SYSTEM 
• Provisions will be made to ensure all equipment is installed to allow means for its removal 

and replacement, as necessary. 

• The primary means for removal of equipment that is mounted outdoors will be through the 
use of boom trucks and cranes.  

• The facility designs for equipment mounted indoors shall take into consideration the 
method of equipment removal. Where practical, access shall be provided to allow removal 
by forklift, dolly, or cart. Where this type of access is not available, permanent means of 
equipment removal shall be provided in the design.   

 

HVAC DESIGN CRITERIA 
  Exterior Design Air Temperature Conditions 

  Design temperature data 

• Winter Dry Bulb   -20°F 
• Winter Wet Bulb  -20.6°F 
• Summer Dry Bulb  84.3°F 
• Summer Wet Bulb  69.6°F 
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Space Temperature Design Criteria 

Design temperature criteria 

• Raw Ore Building Winter   50°F 
• Raw Ore Building Summer      N/A 
• Process Building Winter   70°F 
• Process Building Summer        N/A 
• Finished Product Building Winter    N/A 
• Finished Product Building Summer   N/A 

 

Corrosion Protection 

Protection from corrosion is a design criteria for HVAC systems. All HVAC coils will be specified 
with a corrosion-resistant coating. Paint will be applied to HVAC systems to protect materials 
exposed to chemicals used in or resulting from the process. 

 

Duct Design 

Ductwork for HVAC systems will be specified to be in compliance with SMACNA HVAC Duct 
Construction Standards. In general, ducts will be sized for 0.1 inch static pressure per 100 feet or 
less to reduce fan energy consumption. 
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PLANT LAYOUT  
STANDARDS AND SPECIFICATIONS 

• Minnesota State Accessibility Code 2015, Chapter 1341 
• INTERNATIONAL BUILDING CODE 6, 2012 
• MINNESOTA BUILDING CODE, 2016, Chapter 1305 
• MINNESOTA STATE BUILDING CONSERVATION CODE, 2015, Chapter 1311 
• MINNESOTA STATE MECHANICAL and FUEL GAS CODE, 2015, Chapter 1346 
• MINNESOTA STATE PLUMBING CODE, 2015, Chapter 4715 
• MINNESOTA STATE FIRE CODE, 2007, Chapter 7511 

PLANT LAYOUT BASIS OF DESIGN 
 General 

• Separate the raw ore from everything else to limit dust ingestion into equipment 

• Separate finished product from everything else to minimize fire proofing 

• Hydrogen and nitrogen storage are to be outside of buildings for safety 

• Reactor and reactor feeding equipment are too tall to be inside buildings 

• As much as practical keep water and water cooled components indoors to prevent freezing in 
the winter 

• Raw ore to be stored in a protected building to prevent material loss due to wind and rain 

• All external conveyors or ore material handling equipment is to be enclosed to prevent material 
loss due to wind and rain 

• Use waste heat when possible to prevent material that is handled outside from freezing 

• Minimize distance between exit of Process Building and entrance of Finished Product Building 
for ease of forklift access and minimizing snow removal to transport finished product 

 
Raw Ore Building 

• Provide minimum heat to building to prevent ore or reverse flotation skid water from freezing 

• Ceiling clearance to be high enough to allow a dump truck to unload inside building. 

• Ceiling must clear triaxle dump truck, if possible should clear tandem dump truck 

• To have free span roof – no posts to create obstacles for dump trucks 

• Bays to be sized to hold a minimum of one week worth of material 

• Need multiple bays to separate product from different mines or different stages of processing. 

• Floor thickness to be sized for 3 dump truck deliveries per week and 3 loaded Bobcat trips across 
per hour 

• Inlet hopper to feed material into the system to be located in the Raw Ore Building to keep the 
dirty side contained 
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Finished Product Building 

• To be sized to hold approximately one month of finished product 

• Aisle way and storage shelving size for forklift access with 4’x3’ pallets 

• Don’t heat building if practical to minimize building requirements 

 

Process Building 

• Keep size of building under 7,000 SF to minimize fire protection requirements 

• Ventilate building enough to meet “adequately ventilated” requirements of NFPA 497 

• Consolidate hazardous locations to this building as much as practical 

• Steam methane reformer contains multiple water cooled components, keep as much of this skid 
as practical inside the building to prevent freezing 

• Aisle way from bagger / palletizer to garage door to be sized for forklift access with 4’ x 3’ pallets 

• Align steam methane reformer and boiler feed water treatment skid to share drains if practical 
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PROPOSED SITE AND PLOT PLANS 
  KEY PLAN 

The preliminary key plan is shown below 

 
New Natural 
Gas Service 

New Electric 
Service 

Water 
Service Tie-in 

Storm Sewer 
Tie-in 

Sanitary 
Sewer Tie-in 
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PROPOSED SITE PLAN 

The preliminary site plan is shown below. 
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3D MODEL SCREEN SHOTS 
All 3 buildings 
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Raw Ore Building 
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Process Building 
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Reactor & Bucket Elevator 
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Finished Product Building 
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FACILITIES OVERVIEW 
After reviewing the safety codes, the plant will occupy three buildings and some outdoor space.  

Process Building 

The Process Building is pre-engineered metal that will contain the majority of the process 
equipment, especially equipment that requires water cooling. The building will contain the 
control room, restrooms and MCC room. As this building is classified as hazardous location it will 
have ventilation that turns over a minimum of six times per hour. It will be heated to a minimum 
of 68°F to prevent water freezing and for personnel comfort.  

 

Raw Ore Building  

The raw ore building is pre-engineered metal with a clear span to allow dump trucks to back into 
it and dump the raw iron ore into storage bays. The ore will be moved by Bobcat or skid loader 
from the bays and dumped into the inlet hopper contained within the building. Because the raw 
ore is wet, the building will be heated to 50°F to prevent the ore from freezing. 

 

Finished Product Building 

Due to the expected large quantity of finished iron (> 25 ton), a “detached building” is required 
between occupancies to store finished iron powder product, otherwise the building fire proofing 
requirements are significant. This building is sized to store approximately 3 weeks of finished 
product when operating on a 24/7 basis. The building will have shelving to store pallets of the 
finished product until it can be shipped out. This building is not required to be heated but a 
heated room will be provided to prevent the sprinkler system from freezing. 
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PIPING INSTALLATION 
 PIPING SPECIFICATIONS 

• Minnesota State Plumbing Code 2015, Chapter 4715 

• ASME B31.12 Hydrogen Piping and Pipelines – Hydrogen Service 

• ASME B31.8 Gas Transmission and Distribution Piping Systems – Natural Gas Service 

• ASME B31.3 Process Piping - Water or Other Service 

• ASME B16.5 Steel Pipe Flanges and Flanged Fittings 

PIPING BASIS OF DESIGN 
PIPING SELECTION 

  A Preliminary Pipe Schedule is included. 

Steel and stainless steel pipe shall be provided with flanged joints connections to valves and 
other equipment. Piping materials and joint types for pressurized systems will be selected to 
provide thrust restraint of all joints exposed or buried. 

The standard for pipe flange and pipe fitting is ASME B16.5 Pipe Flanges and Flanged Fittings. 

Working pressure is location specific.  

Transient pressures are to be limited to 1.33 times the working pressure. 

Test pressures are to be 1.25 times the working pressure. 

  VALVE SELECTION 

Manually operated and power‐operated valve schedules will be developed and updated as 
design progresses. Valve selection will generally be as follows: 

• For process air system and plant water systems, valves 3 inches and larger will be butterfly 
valves. Valves 2-½ inches and smaller will be ball valves. 

• In chemical systems, non‐metallic diaphragm valves will be used. 

• Check valves for wastewater will generally be swing‐check valves. Check valves in chemical 
systems will be non‐metallic ball‐check valves. 

• The default actuator type for power‐operated valves will be electric actuators. Electric 
actuators will generally be 120‐volt (120 V); single‐phase on valves 4 inches and smaller and 
will generally be 480‐volt; three‐phase on valves larger than 4 inches. 

GENERAL PIPING AND VALVES 
• All flanges for hydrogen services are to be class 300 or better. 

• Spiral wound gaskets are to be used for hydrogen service. 

• Cast-iron pipe and fittings shall not be used. 

• Valves, gauges, regulators and other accessories for hydrogen service shall be 
recommended by the manufacturer. 
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• Hydrogen service and natural gas service - code welding per ASME BPV Section VIII Codes or 
ASME B31.12, B31.8 or B31.3. Procedures and qualifications in accordance with ASME BPV 
Section IX Welding, Brazing and Fusing Qualifications. 

• Non-code welding per AISC, procedures and qualifications shall be in accordance with AWS 
D1.1 Structural Welding – Steel or approved equivalent. 

• Locate piping so that it is not a tripping hazard, a head‐banger, or a barrier to equipment 
access. 

• To facilitate lifting, minimal piping should be located above blowers, compressors, or 
pumps. 

• In general, lay out piping close to walls where it can be easily supported, particularly in 
spaces with high ceilings. 

• If piping must be run close to a wall, but not supported from it, leave at least 2 feet of 
clearance between the outermost pipe flange and the wall. 

• To permit purging of air from the pipeline while it is being filled, locate a manual vent valve 
on the highest point of every pipeline to be filled or is to be hydrostatically tested. 

• To permit drainage, locate a manual drain valve on the lowest point of every pipeline. 

• Pipe supports and seismic bracing are generally not shown on the layout drawings; however, 
verify that adequate space is available for installation of these supports. 

• Provide flexible connections to permit easy assembly and disassembly of piping and 
connections to equipment. 

• When laying out piping, keep the placement of anchors and expansion joints in mind. These 
must be located on the drawings. 

• If piping reducers are required on the suction side of pumps, provide eccentric reducers that 
are flat on top (FOT). 

• Wall penetrations should be perpendicular to the wall. 

• Make an effort to keep valves within operator reach (below 8 feet). For any valve over 8 feet 
above the operating floor, provide a chain operator. 

• Do not place swing check valves in vertical piping runs. 

• Install an easy disassembly coupling or pipe joint within four pipe diameters of valves. 

• Provide thrust restraint for sleeve and other couplings that are not capable of internal thrust 
restraint. 

• Allow ample space for valve and gate actuators. 

• Provide adequate clearances for rising stem valves and gates. 

• Install buried valves in valve vaults, where practical. 

• Provide sufficient straight runs for flow meters and other instrumentation and control (I&C) 
elements. 
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NON-POTABLE WATER SUPPLY 

A non-potable water line will provide fire protection system water. The system will also serve for 
wash down stations. Hose valves, hoses, and hose rack stations will be supplied in the Process 
Building and the Raw Ore Storage Building.    

PROCESS DRAINAGE, SANITARY SEWER AND ROOF DRAINAGE 

Process drainage includes drainage piping connected directly to process equipment or systems 
and area drainage in process areas. For the Process Building the steam drains are expected to be 
connected to the sanitary sewer. Roof and ditch drainage from the new facilities will be 
collected and routed to the storm drain. 

   

NATURAL GAS 

  A new natural gas tap off will be established with a sub-meter. 

  DOMESTIC WATER HEATING 

 A point of use electric water heater will serve the Process Building new restroom and service 
sink. 

   

PIPING MATERIAL SPECIFICATIONS 

  In general the following pipe materials apply 

• Natural Gas   Steel Pipe: ASTM A53 black steel, Schedule 40 
• Hydrogen   Type 316 Stainless Steel 
• Process Air   Stainless steel 
• Plant Air   Carbon Steel 
• Nitrogen   Carbon Steel or Stainless Steel 
• Cooling Water  Stainless Steel 
• Steam   Carbon Steel 
• Condensate   Stainless Steel or PVC 
• Boiler Feed Water  Carbon Steel 
• Flue Gas   Carbon Steel 
• Waste Water  PVC 
• Process Water  PVC 
• Deaerator Drain  Carbon Steel 
• Exhaust Gas  Stainless Steel 
• Waste Gas   Carbon Steel 
• Sodium Hydroxide  PVC 
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MATERIAL & CORROSION 
 CODES AND STANDARDS 

• SSPC Steel Structures Painting Council 

MATERIALS BASIS OF DESIGN 
 Material criteria are listed below 

• Concrete       f’c = 4,000 psi at 28 days,   
4,500 psi at 56 days 

• Reinforcing Steel (ASTM A615, grade 60)   fy = 60 ksi 
• Masonry       f’m = 1,500 psi 
• Steel 

o W-shapes      fy = 50 ksi 
o Plates, angles, shapes except W (inc channels)  fy = 36 ksi 
o Square or rectangular steel tubing   fy = 46 ksi  

• Bolts 
o High Strength Bolts     A325N 
o Machine or anchor bolts    A307 
o Stainless steel      A193 or type 316 

• Aluminum       Alloy 6061-T6 
• Stainless Steel       Type 316  fy = 30 ksi,   

Type 316L  fy = 25 ksi  
where welded 

f’c = compressive strength 

fy = yield strength 

ksi = kilopounds per square inch 

psi = pounds per square inch 

 

Fasteners 

A fastener schedule will be provided in detail design for the appropriate type of fastener to be used for 
various exposure conditions. 

In submerged or wet areas, type 316 stainless steel shall be used for cast-in-place anchor bolts, drilled-in 
wedge anchors and adhesive anchors, and aluminum beam connections. 

Adhesive anchors should not be used in direct pullout, to support fire-resistive construction, or where 
temperatures will exceed 120°F. 

Wedge or expansion anchors shall not be used to support vibrating machinery, in direct pullout unless 
approved for use in cracked concrete, or in masonry walls. 
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 PAINTING SPECIFICATION 
• All carbon steel structures, pressure vessels and heat exchangers exposed to process 

operating temperatures less than 250°F are to be painted. 

• Equipment such as pumps, motors and electrical and instrumentation housings can be 
supplied with the manufacturers standard finish. No field painting is required on 
manufacturer finished surfaces except for repair or damaged painted surfaces. 

• The preparation of steel surfaces is to be in accordance with Steel Structures Painting 
Council (SSPC) “Surface Preparation Specifications”. The method of surface preparation is to 
be chosen on the exposure of the surface and painting system chosen. 

• All painting operations on steel surfaces, including procedures for storage, mixing, thinning, 
application and drying to be in accordance with Steel Structures Paint Council PA-1 Shop, 
Field and Maintenance Painting and the paint suppliers printed instructions. 

• Machinery non-painted surfaces for sliding or mating are to be protected during shipment 
with a rust preventative suitable for 6 months of storage. 

  

INSULATION SPECIFICATION 
PIPE INSULATION 
• All exterior small diameter process piping. 

• Insulation will be provided on air low pressure (ALP) piping, on the discharge near the 
blowers, to protect personnel from potential burn hazards, and on other areas as necessary. 

• Insulation to be provided on all Hydrogen piping 
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CIVIL, STRUCTURAL, ARCHITECTURAL ENGINEERING  
CODES AND STANDARDS  

• International Building Code (IBC) 2012 

• Minnesota Building Code 2016 Chapter 1305 

• Minnesota State Building Conservation Code 2015, Chapter 1311 

• American Society of Civil Engineers (ASCE) 7‐10, Minimum Design Loads for Buildings and Other 
Structures. 

• American Concrete Institute (ACI) 350, Code Requirements for Environmental Engineering 
Structures, Latest Edition. 

• ACI 318, Building Code Requirements for Structural Concrete, Latest Edition. 

• ACI 530, Building Code Requirements for Masonry Structures, Latest Edition. 

• American Institute of Steel Construction (AISC), Steel Construction Manual, Latest Edition 

CIVIL BASIS OF DESIGN 
DESIGN LOADS FOR BUILDINGS 

Per Minnesota Building Code 

 

  RAW ORE BUILDING 

  Floor load  

• Must withstand 3 deliveries per week of a fully loaded dump truck of iron ore 
• Must withstand 3 trips across per hour of Bobcat with pneumatic wheels 
• Ore bays will store iron ore at 4 ft. high and density of 195 lb. /ft3. Bays are 19 ft. x 19 ft. 

 

PROCESS BUILDING 

  Floor load 

• Must withstand forklift 6 trips per hour, gross weight 15,000 lbs. Forklift Model: FL40AC-
EX - EX Explosion Proof Front Loader Truck  

• Local load – 10,000 gallon water storage tank - 85,000 lbs. over 141” diameter 
• Local load – 1550 gallon water storage tank – 13,000 lbs. over 64” diameter 
• Local load – 850 gallon water storage tank – 7,200 lbs. over 92” diameter 
• Local Load Steam methane reformer 44,000 lbs. over 10’6” x 11’4” 

FINISHED PRODUCT BUILDING 

  Floor load 

• Structural Pallet Racks post spacing 108” x 36” five sections long – 3 shelves high + floor, 
storing 6 pallets total on shelves. 2 pallets total on floor, pallets are 3’x4’ and 3,000 lbs.   

• Total load per post on continuous sections is 9,000 lb. plus 250 psf distributed floor load 
• Shelving is located along the outside walls as well as the center of the building. 
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  BUILDING DETAIL DRAWINGS 

 

Process Building 



78 

 

 

Raw Ore Building 
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Finished Product Building 
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INSTRUMENTATION, CONTROLS, AUTOMATION 
 CODES AND STANDARDS 

• NFPA 55 Compressed Gas for Industrial and Medical Facilities 

• NFPA 70 National Electric Code 

• NFPA 86 Standards for Ovens and Furnaces 

• NFPA 325 Guide to Fire Hazard Properties of Flammable Liquids, Gases and Volatile Solids 

• NFPA 496 Standard for Purged and Pressurized Enclosures for Electrical Equipment 

• ISA Instrument Society of America (ISA) 

• ANSI / NEMA 250 Enclosures for Electrical Equipment 

• IEC 61131-3 Standard PLC Function Block Programming 

• ANSI/ISA 18.2 Management of Alarm Systems for the Process Industries  

INSTRUMENTATION & CONTROLS DESIGN CRITERIA 
 PCS – Process Control System Architecture 

The PCS consists of PLC -Programmable Logic Controllers, HMI – Human Machine Interface workstations 
and network communication equipment. The PLC interfaces with field devices such as instruments, 
valves, motor starters and drives to automatically control the process. The PCS shall be designed to 
minimize loss of automatic control. The main control system will be an AB ControlLogix PLC with Red 
Lion HMI’s.  

Networks and Communications 

The control system supervisory LAN - local area network will provide communication between the PLCs 
and the HMI servers and workstations. It shall use both fiber optic and category 6 copper cables.  

PLC – Programmable Logic Controllers 

PLCs consist of processors, communication modules, input/output (I/O) modules and I/O networks. The 
software the program is written in is Rockwell Software FactoryTalk View SE. The program written in this 
software provides the automatic control functions necessary for plant operations. In the event of failure 
the system is to be shutdown safely. Consideration will be given to providing redundant controllers and 
redundant backup power in the event of failure as the design progresses.  

Package Control System PLCs 

Package control system PLCs shall be small processor systems that communicate with the main PLC. 
Package control PLCs are anticipated for the following systems: 

• Steam Methane reformer 
• Induction Heating equipment 
• Boiler Water Treatment System 
• Bagger Palletizer 
• PSA Hydrogen Recovery System 
• Waste Water Treatment System 
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Field I/O Networks 

Field I/O networks are device-level networks that connect multiple signals from devices, such as VFD - 
Variable Frequency Drives and electric motor operators, to a PLC via a dedicated communications link 
instead of hardwired I/O. 

HMI Human Machine Interface System 

The HMI system consists of operator workstations that are controlled by Rockwell Software FactoryTalk 
View SE. The software provides a graphical operator control interface to the PLCs including process 
status, alarms, data collection, trending and reports. The design shall be based on using Rockwell 
Software FactoryTalk View SE software for all PC - Personal Computer based plant HMI and data history 
functions.  

Alarm Handling 

Alarms shall be displayed and acknowledged via the HMI workstation. Alarm history shall be stored in 
the database at the plant.  

Software Development 

Delivery of the PCS application software will follow a rigorous testing, review and approval cycle. The 
following delivery approach will be used. 

• Programming Standards Review 
• Preliminary Process Graphic Review 
• Factory Acceptance Test – Demonstrates all aspects of application software, simulating I/O 

states by forcing in software 
• Functional Test 1 – Verifies field devices (instruments, starters, drives, etc.) are properly wired 

and providing correct input and output functions. 
• Functional Test 2 – Verifies all aspects of application software function as described in the 

process control narratives 
• System Acceptance Test – Verifies that the PCS functions as a complete operating system 

 DESIGN STANDARDS 
 Single Point of Failure 

In general, single points of failure will be avoided. This does not mean that all control and equipment 
has to be duplicated, but there are specific components for which redundancy is required for safety or 
continued operation. Redundancy will be used for the following components to be determined. 

PLC Input / Output Signals 

PLC I/O signal types shall follow industry standards: 

• Discrete inputs: dry contact field devices such as level or pressure switches and motor starter 
auxiliary contacts shall be powered from 120 VAC source in the PLC cabinet. PLC digital input 
modules shall be designed to accept isolated input signals if external power sources are 
necessary. 

• Discrete outputs: PLC digital outputs shall be individually isolated, rated for 2 amps at 120 VAC. 
For current requirements greater than 2 amps, interposing relays mounted in the PLC cabinet 
shall be used. 
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• Analog inputs: PLC analog input signals shall be 4 to 20 mA at 24 VDC. PLC analog inputs shall be 
individually isolated, allowing for 2-wires transmitters powered from independent DC power 
supplies in the PLC cabinet and 4-wire transmitters powered from 120 VAC UPS supply from the 
PLC cabinet. 

• Analog Output: PLC analog output signals shall be isolated 4 to 20 mA at 24 VDC into 750 ohms, 
powered from the PLC. 

• Special signals: 1 to 5 VDC analog inputs may be used within control cabinets. 

Failsafe Alarms 

All alarm signals shall be designed as failsafe. This means a field service device shall provide a powered 
signal back to the PLC during normal process conditions, with power being disrupted during an alarm 
condition. Therefore, if power is lost or a device or wiring fails, an alarm shall be generated. 

Emergency Stop Control 

Selected equipment shall have a mushroom-type emergency stop (E-STOP) pushbutton. This pushbutton 
is hardwired to the motor starter. The E-STOP pushbutton must be surrounded by a metal guard. 

Personnel Safety 

Switches and relays hardwired to the equipment starter or controller shall be used for personnel safety 
interlocks, such as E-STOP pushbuttons and conveyor/press trip wires. The operation of these interlocks 
shall be independent of, but monitored by the PCS. Local RESET pushbuttons shall be used to reset 
lockout functions as required at the MCCs. 

Equipment Protection 

Switches and relays hardwired to the equipment starter or controller shall be used for protective 
interlocks, such as motor overload and critical process conditions. The operation of these interlocks shall 
be independent of, but monitored by the PCS. Local RESET pushbuttons shall be used to reset lockout 
functions, as required. 

Valve and Gate Control 

Actuated valves and gates will be provided with local OPEN/STOP/CLOSE pushbuttons and 
LOCAL/REMOTE selector switches integral with the actuator. OPEN/CLOSE service valves will be 
provided with OPEN and CLOSED limit switches that actuate at the end of travel. Modulating valves will 
be provided with OPEN and CLOSED limit switches that actuate at the end of travel, and with continuous 
4-20 milliamp position feedback and transmitters. 

Indicating Light Colors 

Indicating lights shall follow the convention as listed below. 

• GREEN to indicate an inactive condition such as motor OFF, valve CLOSED 
• RED to indicate operation, such as motor RUNNING, valve OPEN 
• YELLOW/AMBER to indicate an abnormal condition, such as high pressure or level, or motor 

ALARM 
• WHITE to indicate remote control 
• BLUE to indicate local control 

UPS - Uninterruptible Power Supply 

Uninterruptible power supply shall be provided for the following loads (at a minimum) 
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• PLC power supplies 
• Power for all 4-wire analog devices monitored by a PLC 
• Loop power for all analog I/O monitored or controlled by a PLC 
• All computer equipment and panel-mounted HMI components (including workstations, 

keyboard/video/mouse modules and panel mounted operator interface components) 
• All network equipment (including network switches and firewalls) 

The UPS shall provide a minimum 30 minutes of backup power, allowing adequate time for the standby 
generator to startup and transfer. The UPS shall receive incoming power from either utility or standby 
generator power. The UPS will include a bypass switch to allow removal and/or repair to the UPS 
without disrupting power to the load. 

Fire Alarms 

The Fire Alarms will be provided and coordinated with the control system. 
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 I/O LIST & ALLOCATION TABLE 

I/O Count 

Digital Inputs 120VAC 81 

Digital Outputs 120 VAC 81 

Analog Inputs 4-20 mA 200 

Analog Outputs 4-20 mA 55 

Thermocouple Inputs 106 

RTD inputs 36 

Ethernet cards 2 

ControlLogix PLC 1 

Monitors + FactoryTalk Software 4 

PROCESS CONTROL STRATEGIES 
Three different control modes will be available – Local, Remote Automatic and Remote Manual. Each 
serves a different purpose and provides a different level of automation. 

Local 

Local refers to control interface local to the equipment being controlled. A hardwired local control 
option shall be provided for all equipment (excluding minor items such as solenoid valves). A local 
indication and a Local/Remote control switch shall be provided at or near the field device where 
practical (for example, open/close controls and indicators on valve actuators, start/stop controls and 
indicators at the MCCs starters, and integral process displays on field instruments). 

The local control will provide local manual control only and does not require the PLC to be operational. 
All automatic functions and interlocks provided by the PLC are bypassed in this mode. This mode is 
intended for maintenance purposes and is not recommended for long-term operations. 

Remote 

Remote refers to a control interface remote from the equipment being controlled. When the 
Local/Remote control switch is in the Remote position, the equipment is controlled by the PLC. Once 
remote is selected, the operator can the select Remote Automatic or Remote Manual from the HMI. 

Remote Automatic 

In Remote Automatic, the equipment is automatically sequenced and adjusted by the PLC, as described 
in the process control narratives, based on the automatic set points entered by the operator. This is the 
primary operating mode that will be used. 

Remote Manual 

In Remote manual, the equipment can be manually operated from the HMI through the PLC. This 
provides a method for operators to manually operate the equipment from the control room. All 
automatic functions and interlocks provided by the PLC are bypassed in this mode. This mode is 
intended for maintenance purposes and is not recommended for long term operations.  
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ELECTRICAL ENGINEERING 
CODES AND STANDARDS  

• National Electric Code (NEC, NFPA-70) 

• NFPA 497 Recommended Practice for the Classification of Flammable Liquids, Gases or Vapors 
and of Hazardous (Classified) Locations for Electrical Installations in Chemical Process Areas 

• NFPA 499 Recommended Practice for the Classification of Combustible Dusts and of Hazardous 
(Classified) Locations for Electrical Installations in Chemical Process Areas 

• Life Safety Code (NFPA-101) 

• International Fire Code (IFC) 

• Standard for Electrical Safety in the Workplace (NFPA-70E) 

• American National Standards Association (ANSI) 

• National Electrical Manufacturers Association (NEMA) 

• Institute of Electrical and Electronic Engineers (IEEE) 

• Instrument Society of America (ISA) 

• Insulated Cable Engineers Association (ICEA) 

• Occupational Safety and Health Administration (OSHA) 

• American Society for Testing Materials (ASTM) 

• Underwriters Laboratory (UL) 

• Illuminating Engineering Society (IES) 

• National Fire Protection Association (NFPA) 

 

 ELECTRICAL DESIGN CRITERIA 
DISTRIBUTION SYSTEM 

The distribution system will be designed for the capacity of the process, under the scope of this 
contract, with additional capacity for future process equipment. A new tap will be pulled from an 
existing 30 kV power line on the property. The transformer will be a 30 kV to 480 VAC at 1,000 amps. 
The new power line will be routed underground to the MCC cabinet located in the Process Building. 
Power to the Raw Ore Building and the Finished Product Building will be routed from the Process 
Building to sub panels located in the respective buildings. 

  BACKUP POWER 
UPS Uninterrupted Power Supply units will be provided for the PLC Programmable Logic Controller and 
appropriate instrumentation. A site backup power supply system will be available from NRRI Coleraine 
Lab in the event that detail design shows the need for more backup power. 
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LISTED AND LABELED EQUIPMENT 

Electrical equipment, materials, or services to be provided will have an attached label, symbol, or other 
identifying mark of an organization that is concerned with product evaluation, compliance with 
appropriate standards, and performance of the equipment. Typically, this is the Underwriter’s 
Laboratories Label or Listing (UL). 

AREA CLASSIFICATIONS 

Area classifications (such as hazardous locations, corrosive areas, wet areas, and high temperature 
locations) will be called out on the drawings. All materials and methods used will be rated for use in such 
areas. The following areas are classified as Class 1, Division 2, Group B areas: 

• Process Building ventilated at 6 air changes per hour 

• Hydrogen storage tank with a 15 ft. radius around it 

• Main Reactor with a 15 ft. radius around it 

The following areas are classified as Class 2, Division 1, Group E areas: 

• Bagger / Palletizer with a 20 ft. radius around it. 

 DISTRIBUTION VOLTAGE SELECTION 
 Standard distribution systems are to be used as follows: 

• 480 volts, ungrounded delta, 3-phase, 3 wire 
• 480 Y/277 volts solidly grounded wye, 3-phase, 4 wire 
• 208Y/120 volts solidly grounded, 3-phase, 4 wire 

UTILIZATION VOLTAGES 
• Indoor Lighting   120 VAC  single phase 
• Outdoor Lighting  120 or 277 VAC  single phase 
• Convenience Outlets  120 VAC  single phase 
• Motor Control   120 VAC  single phase 
• Motors less than ¾ hp  115 VAC  single phase 
• Motors ¾ hp and greater 460 VAC  three phase 

VOLTAGE DROP 
Steady-state voltage drop calculations will be prepared for heavily loaded or long branch circuits and 
feeders. Calculations for motor circuits will be based on an 80 percent power factor and loading 
consistent with the maximum expected peak load (will not include standby motors). The following total 
voltage drop from the transformer secondary to the point of utilization, including feeder, branch circuit, 
and transformation, will not be exceeded: 

• Lighting  3% 
• Motors  4% 
• Receptacles 4% 

Voltage dip calculations for motor starting will be made whenever an individual motor exceeds 20% of 
the serving transformer capacity.  
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 DEMAND FACTORS 
The following demand factors listed below will be used for sizing power switchboards, motor control 
centers (MCCs), panelboards and transformers. Connected load will be used for circuit and equipment 
sizing per NEC requirements. Ten to twenty percent spare capacity will be provided at MCCs and 
panelboards. 

• Lighting    1.0 x Connected load 
• Emergency Lighting  1.0 x Connected load 
• Air-conditioning Equipment 1.0 x Connected load 
• Ventilation Equipment  1.0 x Connected load 
• Convenience Receptacles 180 VA each 
• Process Loads   Sum of constant speed + adjustable speed + 25% of largest 

motor 
o Constant speed  1.0 x Connected load of non-standby loads 
o Adjustable speed 0.85 x Connected load of non-standby loads 

BRANCH CIRCUITS 
 Connected load and NEC requirements will be used for sizing branch circuit breakers and conductors. 

A minimum wire size of No. 12 American gauge (AWG) copper will be used for lighting and receptacle 
branch circuits. No. 10 AWG will be used when voltage drop requires a larger conductor on lighting 
circuits, and when receptacle circuits are longer than 75 feet. Where electronic ballasts are specified for 
fluorescent lighting a dedicated neutral will be provided for each lighting circuit. 

In general, lighting branch circuit loads will be limited to 1,500 watts. 

Lighting and receptacle branch circuits will be combined into common conduits, where appropriate. 

The number of convenience receptacles, on any one branch circuit, will be limited to five duplex in 
process areas and six duplex in office areas. 

 PANELBOARDS 
Branch circuits or feeders on the drawing will identify the panelboard and device protecting the 
individual circuit or feeder.  

Each panelboard will be equipped with a minimum of 20 percent spare breakers with spaces, bus work 
and terminations to complete the standard size panelboard. 

Panelboard schedules will be prepared indicating circuit identification, protective device trip rating, 
number of poles, and load in volt-amps by phase, rating of main lugs or main circuit breaker, neutral bus 
size, ground bus size and integrated short circuit rating of the panelboard. 

A separate panelboard will be provided for instrumentation and controls devices (I&C) and field panels, 
if needed. 

 MOTOR CONTROL 
Elementary (ladder type) control diagrams will be prepared for each motor showing control wiring, pilot 
devices, auxiliary contacts and external connections. A single diagram will be used for more than one 
motor having the same control. 
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Graphic symbols shown on the electrical legend sheet will be used. Each component will be identified 
with a unique letter or name. Wiring and devices inside the controller will be shown as solid lines, and 
wiring and devices remote from the controller with a dashed line. The location of remote devices will be 
indicated by symbol or description. 

Remote control assemblies that have complex internal wiring will be shown as dashed rectangles. Only 
the interconnecting terminal or interface will be identified, and the location of the unit or responsibility 
of the internal wiring will be referenced. 

Motor controllers provided will either be mounted inside a MCC or as a standalone piece of equipment. 

 DISTRIBUTION SYSTEM EQUIPMENT 
 Distribution equipment criteria include the following: 

• 480-volt switchboard with group mounted feeder circuit breakers 
• 480-volt MCCs with combination motor starters, of the motor circuit protector type, rated for 

the available fault current. Starters larger than NEMA size 3 (50 horsepower) will be the solid-
state, soft-start type or adjustable speed drives. MCCs will be sized to accept future loads and 
either allow for space in the structures or floor space for future sections. 

• 480-volt and 208Y/120-volt power distribution and lighting panelboards with molded case, bolt-
in-place and plug-in, respectively, circuit breakers with integrated short-circuit rating suitable for 
the available fault current. 

WIRE AND CABLE 
 Wire and cable criteria include the following 

• Stranded copper conductors will be used for all except lighting and receptacle wiring. Solid 
conductors #10 AWG and smaller will be used for lighting and receptacle wiring. 

• Minimum conductor size of No. 12 AWG will be used for power and lighting branch circuits. 
Type thermoplastic high heat resistant nylon coated (THHN)/ thermoplastic high heat and water 
resistant nylon coated (THWN-2) insulation will be used for No. 10 AWG and smaller conductors 
(conduit will be sized for Type THW conductors). Type cross-linked high heat water resistant 
(XHHW-2) insulation will be used for No. 8 AWG and larger conductors (conduit will be sized for 
THW conductors). 60°C conductor ampacity ratings will be used for sizing conductors No. 1 
AWG and smaller. 75°C ratings will be used for sizing conductors larger than No. 1 AGW. 

• Minimum conductor size of No. 14 AWG will be used for individual 120-volt control circuits. 
• Minimum conductor size of No. 12 AWG will be used for 120-volt control circuits routed in a 

common conduit with the power conductors to the motor circuit controls. Combining individual 
motor power and control conductors in a common conduit will be done up to a maximum power 
conductor size of #2 AWG. 

• Power and control conductors will be color-coded. Conductors No. 8 AWG and smaller will have 
colored insulation. Conductors No. 6 AWG and larger will be color-coded with tape at each end 
and at accessible intermediate points. 

• Conductors and control cables will be tagged with a permanent sleeve or nylon marker plate 
attached with a nylon strap. Conductor tags with approved tag number will be provided by the 
contractor and will be located at each termination and in accessible locations. 

• Under normal conditions, the maximum wire size will be limited to 600 kcmil. Parallel 
conductors will be used for circuits requiring greater capacity. 
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• 120-volt control circuits will be combined in control cables containing multiple #14 AWG 
stranded coper conductors with type THHN insulation and a common PVC outer jacket.  

• 600-volt multi-circuit control cable will be used where grouping control circuits is practical, and 
the number of individual wires exceeds six conductors. When selecting control cable size, 25 
percent spare (plus or minus 10 percent) conductors will be used. 

• Low-voltage status/control (less than 100 volts) and analog signal circuits will be routed in 600-
volt single twisted shielded pair instrumentation control cables. The cables will consist of #16 
AWG stranded copper conductors with combination PVC/nylon insulation, drain wire, shield and 
PVC outer jacket. Signal circuits will be combined in multi-twisted shielded pair instrumentation 
control cables with common overall shield. The cables will consist of #18 AWG stranded copper 
conductors, with a combination PVC/nylon insulation, pair and common drain wires, pair and 
common shields, and PVC outer jacket. Low-voltage status/control and analog signal circuits will 
not be routed in the same control cable or conduit with 120-volt control or power circuits. Low-
voltage status/control and analog signal circuits will be routed in the same conduit, but not in 
the same control cable. 

• Adequate separation of power and I&C wiring will be provided to avoid signal interference. Long 
parallel runs will be avoided and analog wiring will be installed in steel conduit. 

• Shielded power cables will be used between adjustable frequency drives and the driven motor 
when the motor is greater than 150 feet from the drive. 

COLOR CODING 
 Conductor insulation colors will be as below 

• All systems Ground  Green 
• 208Y/120 Volts Neutral  White 

Phase A  Black 

Phase B  Red 

Phase C  Blue 

• 480Y/277 Volts Neutral  White 
Phase A  Brown 
Phase B  Orange 
Phase C  Yellow 

 CIRCUIT IDENTIFICATION 
Circuit names will be assigned based on device or equipment at load end of circuit. Circuit identification 
will be at each termination and in accessible manholes and pull boxes. Plastic sleeves for conductor #3 
AWG or smaller and plastic marker plates for larger conductors will be used. 

For lighting circuits, the panel and circuit number for each fixture will be identified. 

 ENCLOSURES 
NEMA 1 enclosures will be used for equipment in electrical rooms and finished areas. NEMA 12 
enclosures will be used for electrical equipment in dry industrial locations. NEMA 4X enclosures will be 
used in exterior locations and interior corrosive locations. NEMA 7 enclosures will be used for 
equipment in classified locations. 
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FIBER OPTICS CABLING 
Where used, fiber optic cabling will be installed either in conduit (2-inch diameter minimum) or in a 
cable tray. Routing of the raceway system will provide for large-radius turns to prevent breaking of the 
fiber optic cable. 

 CONVENIENCE RECEPTACLES 
General service duplex receptacles will be spaced no more than 50 feet apart in process areas. 
Receptacles will be surface-mounted on walls or columns. 

Waterproof receptacles will be installed in damp areas or areas subject to washdown. 

Outlet-mounted ground-fault circuit-interrupters will be provided, where required by the NEC. 
Panelboard or feed-through type devices will not be used. 

 

 GENERAL SYSTEM PROTECTION 
  GENERAL 

Equipment will be selected with adequate momentary and interrupting capacity for the point in the 
system where it is used. Series rated criteria will not be used, except for self-contained equipment. 

Phase and ground fault protective devices and device settings will be selected that will function 
selectively to disconnect that portion of the system that is malfunctioning with as little disturbance to 
the rest of the system as possible. 

  PRELIMINARY FAULT AND COORDINATION ANALYSIS 
A preliminary analysis of the fault duty and device coordination will be made to produce a design that 
can be accurately bid by the contractor.   

Maximum fault duty will be analyzed with sufficient accuracy to establish the required interrupting 
ratings of circuit protective devices specified. An infinite bus will be assumed on the source (primary) 
side of the utility service substation transformer. 

Final coordination studies based on actual equipment purchased will be made by the contractor to 
establish the range of protective device settings that will result in reasonable selectivity of device 
operation for both three-phase and ground faults. The following protective device characteristics will be 
specified: 

• Circuit breaker frame size, trip setting range, time delay range 
• Current transformer ratios 

MOTOR PROTECTION AND CONTROL 
  GENERAL 

• Each motor will be provided with a suitable controller and devices that will protect the 
equipment and perform the functions required. 

• MCC-type construction will be used 
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• MCCs located in the same room with the switchboard that powers them will not have a main 
circuit breaker. MCCs located in areas remote from the common MCC or switchboard that 
powers them will have a main circuit breaker. 

• MCCs will include feeder circuit breakers and motor starters. Motor starters for motors through 
50 hp will be the full voltage, non-reversing, combination type with magnetic-only circuit 
breaker. Motor starters for motors larger than 50 hp will be the solid-state, soft-start, reduced 
voltage, combination type with magnetic only circuit breaker. 

OVERLOAD PROTECTION 

Each constant speed motor, 50 hp and larger, and all adjustable frequency drive motors will be provided 
with thermal overload protection in ungrounded phases. Controller-mounted relays will be provided 
with external manual reset. 

  MOTOR CONTROL 
 Oil-tight devices will be specified for mounting on unit starters. 

Motor control circuits will be designed at 120 volts and an individual control power transformer with 
120-volt control voltage will be provided in each motor starter. 

 GROUNDING 
  ELECTRODES 

An integrated grounding system will be installed throughout the project facilities. A facility ground 
system will be installed near each of the buildings. This ground system will consist of a bare copper 
ground wire and driven ground rods at or near each corner of the building. Each facility ground system 
will be connected to an adjacent facility ground system, and routed with the site power ducts to provide 
an overall integrated grounding system. 

Grounding electrode embedded rods and cables will be designed for a maximum resistance of 5 ohms. 
Where more than one rod is required, rods will be installed at least 20 feet apart. Minimum of No. 3/0 
AWG stranded bare copper cable will be used for interconnecting to ground rods and footing rebar. 

Separate grounding systems will be provided for communication and computer systems. Grounds will be 
tied together per NEC requirements. 

  EQUIPMENT GROUNDING 
A separate ground conductor sized in accordance with NEC requirements will be installed in raceways 
for power feeders and branch circuit raceways for motor control, lighting and receptacle loads. 

Shields of shielded instrumentation cables will be grounded to the ground bus at the power supply for 
the analog or low voltage discrete signal circuit. Shielded instrumentation cables will not be grounded at 
more than one point. 

 LIGHTING 
  GENERAL REQUIREMENTS 

Interior and exterior areas will be provided with lighting. Interior lighting will include switched lights, 
continuous-on (24 hour) lights, emergency egress lights and exit lights. Emergency egress and exit lights 
will each include a battery charger and battery. Exterior lighting will include photocell-controlled lights 
mounted on buildings near doors or on structures. 
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Lighting levels in maintained foot-candles will be designed to meet recommendations of the Illuminating 
Engineering Society of North America (IESNA), IES Lighting Handbook and the guidelines provided in this 
document. 

Exterior lights will be sharp cut-off type to minimize light trespass outside the project site. Exterior 
lighting will be laid out to minimize any impacts to future site expansions, both above and below grade. 

Luminaires are to meet UL requirements for intended use. 

  LIGHTING CALCULATIONS 
Recommended foot-candle levels for each space will be calculated for maintained illumination per IESNA 
procedures. The following assumptions will be made unless specific information is available: 

Reflectance for finished rooms: 

  Ceilings  80 percent reflectance 

  Walls  50 percent reflectance 

  Floors  20 percent reflectance 

Reflectance for unfinished rooms 

  Ceilings  50 percent reflectance 

  Walls  30 percent reflectance 

  Floors  10 percent reflectance 

Maintenance factor (light loss factor) 

  Fluorescent Lighting .80 

  INTERIOR ILLUMINATION 
Interior light fixtures will be fluorescent type. Fluorescent recessed luminaires will be used in control 
room type areas with lay-in ceilings. Fluorescent “enclosed and gasketed” luminaires of non-metallic 
type construction will be used for applications in locations subject to saturation with water, or locations 
exposed to weather and unprotected. Units will be specified to carry the UL “suitable for wet locations” 
label. 

Fluorescent lights will typically be ceiling mounted; however, their use will be examined on an individual 
room basis. The final location for luminaires will be field-verified to provide easy access for 
maintenance. Lower mounting heights may be specified for individual task lighting. 

  EXTERIOR ILLUMINATION 
Outdoor illumination will be provided outside exterior doors, on roads and parking lots and where 
deemed appropriate for visibility. 

Exterior lights will be the light-emitting diode (LED) type powered at 120 or 277 volts, single phase and 
controlled by a photocell. Exterior lighting will be full cutoff, limiting the migration of light. 

  EMERGENCY AND EGRESS LIGHTING SYSTEMS 
Emergency illumination will be provided in appropriate spaces as required by code to provide life safety, 
property and equipment protection. 
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Adequate lighting levels will be provided to maintain safe build egress and critical process plant 
functions. Emergency lighting will be located near MCCs and any equipment locations that need to be 
monitored on a continuous basis. 

In large process areas, emergency standby lighting units with a battery pack, and two lamps and lighted 
exit signs with a battery pack will be provided. The battery pack will power the lights for at least 90 
minutes. 

Continuous on (24 hours) lights will be provided along egress paths, where required by code. 

  CIRCUITING AND SWITCHING 
Each room will be circuited and switched to provide adequate lighting for the anticipated use, and 
reduced or no lighting when not occupied by switching alternate luminaires, or by switching alternate 
ballasts. Occupancy and daylight sensors will be used to automatically adjust light levels to save energy, 
where appropriate. 

Exterior lighting will be controlled by an ON/OFF/AUTO selector switch and roof-mounted photocell. In 
the AUTO mode, lights turn on at dusk and off at dawn via the photocell. 

  LAMPS 
 Energy efficient lamps will be installed in fluorescent light fixtures. 

 LED lighting is preferred for exterior lighting. 

High bay fluorescent lamps are preferred for use in large areas where calculations indicate low bay 
fluorescent lamps will be inadequate for the tasks to be performed. 

Outdoor lighting in landscaped areas and areas visible to the public will be planned in concert with 
architectural input. 

  BALLASTS 
Energy efficient two-lamp fluorescent ballasts will be used whenever possible. Fluorescent ballasts are 
sound-rated by a letter code with “A” used to designate the quietest and “D” for the loudest. Lamp 
ballasts with a code designation of “A” will be used whenever possible.  

LAMP/ LUMINAIRE COMBINATIONS 

 The following conditions will be considered in selecting lamp / luminaire combinations: 

• Higher lumen per watt rapid start and high-output type fluorescent lamps will be used 
whenever possible. 

• Fluorescent luminaires will be used in damp area applications with an enclosed and gasketed 
lamp compartment. Fluorescent lamps will not be exposed to the weather. 

• Types of lamps will be kept to a minimum to reduce the inventory requirement for spares. 

EXPLOSION-PROOF LUMINAIRES 

Any room or space listed as a hazardous atmosphere area will have explosion-proof type luminaires UL 
listed for installation in the hazardous area classifications, as required by Article 500 of the NEC. 

  DAMP ATMOSPHERE LUMINAIRES 
Rooms with a damp atmosphere will preferably have non-corrosive-type enclosed and gasketed 
fluorescent luminaires. 
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 LIGHTING LEVELS 
 Design lighting levels in maintained foot-candles will be as shown below: 

• General Lighting 20 
• Control Rooms  30-50 
• Laboratories  50 
• Lavatories  10-20 
• Stair Landings  10-20 
• Corridors  10 
• Storage   10-20 
• Process Areas  30 
• Offices   30-50 
• Pump Areas  30 
• Maintenance Area 30-50 
• Electrical Room  30-40 
• Mechanical Room 30 

FIRE ALARM SYSTEM 
A fully addressable fire alarm system will be installed in all facilities that connect together via a 
dedicated network. The network will allow the status of any one panel to be checked at any fire panel 
on the network. Each major facility will have a fire alarm panel that will monitor devices in that facility, 
as well as those in nearby facilities. The master fire panel will provide the status of the remote panels 
and will be connected to the plant control system to notify plant operators, as well as a central 
monitoring station. The central monitoring station will alert the local responding agency to the nature of 
the alarm and the location. The fire alarm system will monitor for presence of fire as well as combustible 
has detection and ventilation presence in hazardous areas where required by code. 

 TRAINING 
Training to run the plant HMI and overall system will be provided during commissioning. A vendor 
representative will supply both classroom instruction and practical experience for the following 
subcomponents of the system: 

• Methane Steam Reformer 
• Boiler Water Treatment Skid 
• Hydrogen Purification Skid –PSA Pressure Swing Adsorption skid 
• Feed Gas Compressor skid 
• Induction Power Heating system 
• Bagger Palletizer 
• Rotary Dryer 
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TESTING PLAN 
 The test plan is broken into three separate phases 4 months long each. 

COMMISSIONING  

Commissioning will take place immediately after construction is complete. This is to perform 
functional testing to verify all equipment is hooked up properly and working and to double check 
accuracy. This check will include documenting and testing 

o HMI – open and closed feedback, alarm status, hand off remotes, units associated with 
each instrument 

o every valve in the system for proper function and alarm 

o VFDs 

o solenoid valves 

o functionality all motor starters 

o temperature transmitters 

o pressure transmitters 

o level transmitters 

o weight transmitters 

o other miscellaneous instrumentation 

Training will take place during commissioning stages. Generally commissioning is a 5 days per 
week with a possible 12 hour staggered shift. Overtime is expected to occur irregularly. A small 
amount of iron ore will be required during this test period. 

TESTING PHASE 1 
Testing Phase 1 is generally expected to be 5 days per week with a 12 hour staggered start to 
allow time for system startup and shutdown. During this period material will be tested from 
different mines and parameters will be varied from the baseline (highlighted) to optimize the 
process. Multiple parameters are to be varied including temperature, flow rate hydrogen, flow 
rate particles and muffle heating sections on or off. Furthermore, the material from the different 
mines will be different size and chemical makeup. If materials are gathered from 10 mines the 
testing will have approximately 8 days testing for each material. Eight days of testing will 
consume approximately 22 tons of iron ore or approximately one truck load of iron ore. This 
testing will be adjusted or varied as lessons are learned.  

TESTING PHASE 2 
Testing Phase 2 is a 24/7 operation. The best combination of test parameters will be picked for 
testing. This extended test is expected to show erosion, corrosion or operating issues that will 
need to be accounted for to move forward with a demonstration unit. At the baseline operating 
condition the process is expected to consume just under 8 tonnes per day or 975 tonnes for the 
period. This consumption can go up or down depending on the operating condition selected. 
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SITE WORK AND LANDSCAPING 
DESCRIPTION 
The proposed site will be cleared of trees and graded for construction of 3 buildings for the Flash Iron 
Pilot Plant. These buildings will have foundations and slabs and new underground utilities will be routed 
to them. A road exists that will need to be slightly modified and repaired with gravel.   

PERMITTING  
Permits will be pulled in construction phase. 

GRADING 
The existing topography in the proposed area of the buildings has a slight slope of 2 feet. After removal 
of the trees and excavation for the slab and subbase, the grade will be leveled in the building are and 
blended to the outer boundary of the excavation.  

ROAD  
 An existing gravel road will be repaired and restored with gravel after construction is complete. 

DRAINAGE 
The site generally slopes from the Northwest to Southeast corner. A storm sewer runs near the back 
side of the Raw Ore Building proposed location. All downspouts and drains the proposed buildings will 
be tied together and tied into the storm sewer. 

 UTILITIES 
A new 30 kV to 480V electrical tap with transformer and 1200 amp circuit breaker will be installed 
behind building 580(A) next to the existing tap and transformer. An underground electric line will be 
routed west and south to the 3 new flash iron buildings. 

A new gas line service will be tied into the main gas service to site with its own meter. The main natural 
gas line follows HWY 169 and will be a northward underground run to the Process Building and from 
there routed above ground to the Dryer and Raw Ore Building. 

A sanitary sewer line will be run from the Process Building Eastward past building 580(C) where it will be 
tied into the existing sanitary sewer. 

All storm drains will be routed underground South and East to the existing storm sewer. 

An underground potable water line will run from the Process Building and Raw Ore Building eastward to 
tie into existing water lines near building 580(Q). This same line will provide for the fire sprinkler system 
in the Process Building and the Finished Product Building. 

 PROCESS PIPING 
 Process piping will extend outside the Process Building to the Reactor and Dryer.  
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EQUIPMENT LOCATED OUTSIDE 
The Main Reactor, Dryer, Bucket Elevator, Hydrogen Storage Tank and Liquid Nitrogen Storage Tank will 
be located outside the buildings. This equipment will have foundations. 

 LANDSCAPING 
 The site will be landscaped by leveling and reseeding with grass after construction is complete. 



98 

 

COMMERCIAL SIZE  

A commercial plant reactor size estimate was laid out to verify scaling. The center heating section (induction coil, refractory and susceptor) was 
used as the unit size. The unit size of 1 meter of susceptor length = 3,000 tpy was lengthened to increase capacity of the reactor. If hydrogen 
pressure is increased to increase throughput a circular reactor housing will be required to minimize the wall thickness and therefore cost. If 
hydrogen pressure is not increased a rectangular section can be used as the reactor housing and reactor units can fit more compactly. A 30’ 
circular reactor housing can have an output of 130,000 tpy while a rectangular housing can have an output of 175,000 tpy. The pilot plant test 
data will be used for an optimization study for the design of the commercial reactor. 
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OPINION OF PROBABLE COST 
 ESTIMATE CLASSIFICATION AND METHODOLOGY 

An opinion of cost budget to final design, manufacture equipment, erect a pilot plant and test has been 
developed. A Class 3 cost estimate was prepared for the Preliminary Design. This level of cost estimate, 
as defined by AACEI – Association for the Advancement of Cost Engineering International, is for projects 
at a 10 to 40 percent level of definition and uses a detailed, unit cost approach with an expected 
accuracy range of -15% on the low end range and +40% on the high end range. Major equipment was 
specified and 80% of the major equipment was vendor quoted with the remaining estimated in house. 
Site preparation and erection costs were supplied by an international Architectural and Engineering firm 
in Minnesota. This estimate was established using a combination of their in-house historical knowledge 
and a contractor ROM - Rough order of magnitude price including some $/SF for certain components. A 
testing proposal was developed and a budget of time and material was developed. A summary of these 
costs are in the table below.    

MAJOR ASSUMPTIONS 
The estimate is based on the assumption the work will be done on a competitive bid basis and the 
contractor will have a reasonable amount of time to complete the work. All contractors are equal, with a 
reasonable project schedule, no overtime, constructed as under a single contract, no liquidated 
damages. This estimate should be evaluated for market changes after 90 days of the issue date. It is 
assumed that much of the fabricated equipment and material will be acquired domestically. 

This cost estimate has been prepared for guidance in project evaluation and implementation from the 
information available at the time of the estimate. The final costs of the project will depend on actual 
labor and material costs, competitive market conditions, final project costs, implementation schedule 
and other variable factors. As a result, the final project costs will vary from the estimate presented 
herein.  

 

Summary of Flash Ironmaking Pilot Plant Cost 

 Low End     $1,000s High End    $1,000s 

Direct Costs $13,289 $18,798 

Indirect Costs $2,130 $3,991 

Testing $3,216 $5,531 

Total $18,635 $28,320 

 

The opinion of Probable Cost does not include insurance or the cost of financing. It assumes the plant and 
equipment will become the property of NRRI after testing is complete, no allocation has been appropriated for 
disposal of equipment or to restore the land to as found condition. 
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RISK MATRIX 
Risk Impact Risk Reduction 

Iron ore powder plugs or creates 
bridge in piping, hoppers, or 
other equipment 

Production stops Remove moisture in ore to less 
than 1%. 
Create access areas 

Radiant heating section may not 
heat particles evenly 

Will not achieve 95% 
metallization 

Create a curtain of the particles 
so they are all the same distance 
from the carbon graphite wall. 
Verify with CFD 

Radiant heating section may heat 
particles too fast or too slow 

May fuse the outer layer 
preventing the center from 
becoming metalized 

Limit wall temperatures to 
slightly above desired particle 
temperature 

Hydrogen recovery may not work 
as desired 

Not enough EDF to get 95% 
metallization 

Reduce particle flow rate 

Heat of reaction drops the 
temperature too low 

May not get 95% metallization Add additional heat in second 
radiant heating section 

High loss of material at transfer 
points such as conveyors, 
hoppers, briquette station etc. 

Yield will drop Use enclosed conveyors where 
possible. Use guides and 
enclosures at all transfer points 

Lock hopper seals fail Hydrogen can leak Use pressurized seals that seal 
gas will leak into hydrogen rather 
than hydrogen leaking out  

Induction Coil Fails Possible reduced load Multiple coils and two main 
heating zones 

Feed rate too fast Will not get 95% metallization Create mockup to verify feed 
rate 

Residence time calculations have 
uncertainty 

Reactor may not be long enough 
to get 95% metallization  

Have large margin in reactor 
length 
Cut back particle flow rate 

 




