SPONTANEOUS REACTION OF HYDROGEN AND OXYGEN IN A FLUIDIZED BED STEAM REFORMER

INTRODUCTION
A fluidized bed steam reforming process is being designed to process approximately 1,000,000 gallons of radioactive liquid waste located at the Idaho National Laboratory.  This effort is part of the Department of Energy Idaho Cleanup Project (ICP).  The steam reformer will operate at a temperature between 600 and 800 ºC.  It will produce combustible gases including hydrogen and carbon monoxide.  The desired steam reforming reactions, including evaporation of water, are endothermic.  Oxygen will be injected into the bed to produce a slightly exothermic overall condition.  It is essential that the oxygen reacts spontaneously with the combustible species as they form in the reactor, so that an explosive mixture does not form.  This paper is primarily a report on a preliminary literature search for information on the conditions required to ensure the desired spontaneous reactions.
BACKGROUND
The waste is a byproduct of nuclear fuel reprocessing that was completed in the late 1950s through 1992.  The first step of fuel reprocessing was dissolving the fuel in nitric or hydrofluoric acid.  When hydrofluoric acid was used, the solution was then complexed with aluminum nitrate.  An organic solvent was used to extract uranium from the solution.  The remaining solution, which contained nearly all of the fission products and most of the transuranic isotopes was called first cycle raffinate (FCE).  All of the FCE was converted to a dry granular oxide form in a fluidized bed calciner.  The calcine is currently stored in stainless steel bin inside shielded concrete vaults.

Other, smaller waste streams from fuel reprocessing included second and third cycle raffinates, solutions from solvent cleanup, and process decontamination solutions.  Compared to FCE, many of the other solutions contained high concentrations of alkali metals, especially sodium.  High sodium waste is called sodium bearing waste (SBW) and was stored separately from FCE.  Much of this waste was also converted to a solid form in the calciner.  However the calciner has been in standby mode since May 2000 and is not permitted to operate by the state of Idaho.  It is considered to be a hazardous waste incinerator, although its primary purpose was never combustion of waste.  It would probably be required to install Maximum Achievable Control Technology (MACT) to obtain an air permit.

One advantage of the steam reformer is that it converts the nitrates to nitrogen.  In contrast, the calciner converted nitrates to NOx which produced a yellow plume when it was operating.  The calciner would have probably needed a secondary reactor to reduce the nitrates to nitrogen if it was to operate again.  The steam reformer also requires a secondary reactor because it produces hydrogen, carbon monoxide, and hydrocarbons.

Another reason an alternative to the calciner is being pursued is that the calciner process does not work as well with SBW as it did with FCE.  Up to seven to one volume reduction was achieved when FCE was processed through the calciner.  Processing SBW requires addition of a lot of aluminum nitrate to the liquid waste to maintain a bed that will fluidize in the calciner.  Although the steam reformer could potentially achieve better volume reduction than the calciner, there is no way to know for certain, because it has been difficult to significantly influence the bulk density of the product in either fluidized bed process. 
PROCESS DESCRIPTION
Figure 1 is a simplified flow diagram of the steam reforming process.  During startup, a granular bed material will be added to the steam reformer.  Alumina was used for this purpose in initial tests.1, 2  During operation the alumina will gradually be replaced by the carbonate waste form.

The bed is fluidized by superheated steam.  An external heat source is needed to heat up the bed to the desired operating temperature.  Once the bed reaches the desired operating temperature, granular activated carbon feed to the bed is initiated.  Once the bed contains a sufficient inventory of carbon, liquid waste feed is initiated.  High pressure nitrogen is used to atomize the liquid feed, which is sprayed into the bed.

Oxygen enters the bed along with the fluidizing steam.  The oxygen feed rate is used to control bed temperature and minimize or eliminate the need for external heat.

The liquid feed is sprayed onto the bed particles where the water evaporates and nitrates decompose.  The bed particles grow as the nitrate salts are converted to carbonates.  The bed particles also break up and new particles are formed.  The bed depth gradually increases, and this is indicated by the pressure drop through the bed.  Bed product is periodically drained from the bottom of the steam reformer vessel.

Some of the feed flash dries instead of coating bed particles.  Flash drying forms fines that are quickly elutriated from the bed.  Fines may also wear away from the bed particles and be elutriated.  Fines are undesirable due to their low bulk density.  Theoretically, the maximum bulk density would result from an optimum mixture of fines and bed particles.  However, in practice overall bulk density tends to be less than that of 100% bed particles.

Fluidizing steam rate, atomizing gas rate, feed rate, and temperature can be adjusted in an attempt to achieve the desired balance between bed particle growth and attrition.  However, the residence time of the bed material tends to be so high that the affects of these parameters are difficult to evaluate.  Ultimately it may be necessary to adjust the composition of the feed to achieve a viable process.  This was the case with calcining SBW, and calcium nitrate and aluminum nitrate were added to the feed.  Pilot plant tests are essential for developing a workable fluidized bed process.
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Figure 1.  Simplified flow diagram of steam reforming process.
The fines in the off gas also contain a substantial amount of carbon.  The off gas from the steam reformer passes through a cyclone that returns some of the fines to the bed.  It then passes through a filter.  The filter is cleaned during operation by short pulses of high pressure gas when the filter pressure drop reaches a set point.  Individual elements or banks of elements are cleaned sequentially leaving most of the total filter surface area available for off gas flow.  Fines that are removed from the filter are collected and included in the final waste form.  Any unreacted carbon in the filter fines increases the waste volume.
Following filtration, the off gas passes through a secondary reactor where the combustible species including hydrogen and carbon monoxide are oxidized.  Beyond the oxidizer, additional off gas cleanup is required including mercury removal and HEPA filtration.  Ultimately the off gas is exhausted to the atmosphere.  Throughout the off gas system, the off gas must be maintained above the saturation temperature.  

PROCESS CHEMISTRY
The steam reformer will operate above the decomposition temperature of the nitrates.  For example the worst case is sodium nitrate, which decomposes at 380 ºC.

2 NaNO3 → Na2O + 2 NO2 +1/2 O2 
Under reducing conditions in the steam reformer most of the NOx that forms is reduced to nitrogen and the sodium gets converted to carbonate.


2 NO2 + C(s) → N2 + CO2 


Na2O + CO2 → Na2CO3
The desired overall reaction is conversion of the nitrate solution to solid carbonates.


2 NaNO3 + 5/2 C(s) → Na2CO3 + N2 + 3/2 CO2
If sugar is added to the feed, it may react with the nitrates instead of the solid carbon, but the result will be similar.  
Hydrogen and carbon monoxide will also form due to reaction of steam and carbon.


C(s) + H2O → CO + H2
The carbon monoxide will react with the abundant supply of steam and approach equilibrium.  This is the water-gas shift reaction.


CO + H2O ↔ CO2 + H2
During testing it was observed that NOx destruction improves after an initial bed conditioning period.1  This was attributed to catalytic effects of the carbonate waste form which coats and gradually replaces the alumina bed.  The liquid waste contains small concentrations of metals that are known to be catalytically active in the steam reforming processes including copper, nickel and zinc.3  During testing, various forms of iron were also tested to see if they would provide additional catalysis, but no further improvements were achieved.
OFF GAS COMPOSITION
The off gas composition upstream of the oxidizing reactor depends on the relative amount of carbon that reacts with the feed and steam.  The feed composition is established by sampling.  Given the reacted carbon to feed ratio, the steam to feed ratio, and the oxygen to feed ratio, the off gas composition could be approximated by chemical equilibrium.  Temperatures in the steam reformer are typically high enough to achieve rapid reaction rates in the gas phase.  
The average off gas composition at the filter outlet from the Phase 2 THOR Steam Reforming Tests is summarized in Table 1.  The bed temperature during these tests was 670 ºC.
Table 1.  Average off gas composition at outlet of filter vessel.
	Specie
	Average Concentration, Mole %
	Standard Deviation,   Mole %

	O2
	0.60
	0.23

	CO2
	5.90
	1.29

	CO
	0.83
	0.36

	NO
	0.09
	0.06

	H2
	3.6
	1.2

	CH4
	0.16
	0.04

	THC
	0.19
	0.05

	H2O
	63.0
	2.8

	N2
	26.1
	2.8


REACTION OF OXYGEN AND HYDROGEN
It is important that the combustible species spontaneously react with oxygen without accumulating an explosive mixture in the steam reformer system.  Based on Table 1, hydrogen is the most abundant combustible component in the gas phase.
Requirements.  The steam reformer will operate in a DOE nuclear facility.  DOE requirements typically lead to a safety analysis being performed on a process like the steam reformer.  Postulated accident scenarios will be analyzed.  If safety analysis determines that there is a realistic probability that an accident scenario could occur, controls will be established to prevent that accident.  Engineered controls are preferred, but administrative controls will be established, if needed.
A hydrogen explosion is an obvious accident scenario.  If it could somehow be proven that conditions required to generate hydrogen also ensure the hydrogen will spontaneously react with any oxygen that is present, the hydrogen explosion might be considered an incredible scenario.  Conversely, if a hydrogen explosion is determined to be a credible scenario, controls may be required.  Designing a system that can withstand a worst-case explosion with minimal damage would be an example of an engineered control.  Establishing a minimum temperature that ensures the hydrogen spontaneously combusts without accumulating an explosive mixture would be an example of an administrative control.

Flammability Limits and Spontaneous Ignition Temperature.  Glassman4 list combustion data for many fuels including hydrogen.  The lean limit for combustion of hydrogen in air is 4.0 volume %.  The rich limit is 75 volume %.  At 75 % hydrogen, the mixture would contain 5.3 % oxygen.
Spontaneous ignition temperature depends on the experimental setup, and several values are listed ranging from 400 ºC to 700 ºC.
Reaction Rate Models for Hydrogen Combustion.  Echekki and Chen5 modeled autoignition of non-homogeneous hydrogen-air mixtures using rate constants provided by Yetter, Dryer, and Rabitz 7 shown in Table 1.  Table 1 shows rate constants for the 19 elementary reactions, but these must be used in combination with equilibrium constants to calculate the 19 constants for the reverse reactions.  The result is a total of 38 rate terms, which can be combined into a complex system of non-linear, ordinary differential equations, which can be solved numerically.  The resulting model should be reasonably accurate for mixtures of hydrogen and oxygen over a wide range of conditions.  However, the model would not account for the affect of any other species.  For example, the constants for reaction number 8 in Table 1 indicate that H and OH radicals will react very rapidly over a wide range of temperatures and pressures to form water.  It is not clear how accurate this reaction rate would be in the presence of other species considering that M, which is any other molecule, may preferentially react with H or OH.  Another problem is that the concentration of radicals may be dramatically altered compared to the pure hydrogen and oxygen system.  Consider the effectiveness of Halon in extinguishing fires.  Halon extinguishes a fire by providing halogens which rapidly react with the hydrogen radicals.
Table 2.  Hydrogen-Air Mechanism. Rate constants are in the form kf = A Tβ exp(-Ea/R T); units are moles, cm, sec, K, and kcal/mol. Third body coefficients in reactions 5, 6, 7, 8, 9 and 15 enhancement factors are 0.12 for H2O and 0.25 for H2
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Various texts on combustion list reaction rate constants for species involved in the combustion of hydrogen based on complex mechanisms.  Glassman4 provides rate constants for the elementary reactions of most of the other major gaseous constituents in the steam reformer along with the rate constants6 for the hydrogen and oxygen system.  Hundreds of reactions are included.  A model that considered all of these elementary reactions would be extremely complex, but still may not adequately account for all of the reaction mechanisms in the steam reformer.  Fluoride, a major component of Halon, is present in the steam reformer, but is not included in Glassman.  The affect of solid surfaces is not accounted for.
Glassman includes a reaction 8 for the hydrogen/oxygen system that is nearly identical to reaction 8 in the paper by Echekki and Chen.  He also provides an alternative in which M is replaced by Ar, which results in a 63% decrease in the reaction rate constant.  This seems like a substantial decrease considering that M is supposed to be any other molecule and that Ar is inert.

Turns8 includes many of the rate constants from Glassman and describes two simplifying assumptions that could be used to create a simplified model.  The first is the steady state approximation, which applies to highly reactive intermediate species, which are consumed as fast as they are created.  The second is the partial equilibrium approximation, which can be applied to reactions that are very fast in both the forward and reverse reactions.  These assumptions could greatly reduce the number of differential equations involved in the model, but would result in a model with a much narrower range of applicability.
Lewis and von Elbe9 provide a detailed description of a reaction model for the hydrogen and oxygen system and discussion of how it applies to explosion limits.  The model accounts for the size of the reaction vessel, which has a substantial affect on the explosion limit.  Data are also presented that demonstrate a substantial affect from varying the surface coating while maintaining a fixed vessel diameter.  Solid surfaces have catalytic affects which can inhibit or accelerate reactions.  This has obvious implications for a fluidized bed.
Westbrook and Pitz10 prepared a paper with a detailed reaction mechanism for oxidation or pyrolysis of propane and propene consisting of 163 elementary reactions among 41 chemical species.  Only species involving carbon, hydrogen and oxygen are included.  Nitrogen is not included.  It is interesting to note that the rate constants presented in this model for elementary reactions involving hydrogen and oxygen are completely different than the rate constants presented in Table 1.
Glassman describes some software packages that may be used to model combustion processes and chemical kinetics.  One such program, which may be applicable to modeling the steam reformer is SURFACE CHEMKIN.  The following section is an excerpt from the SURFACE CHEMKIN user’s manual11 which is available on the internet.  (www.ca.sandia.gov/chemkin)  It provides some insight into the complexity of modeling the kinetics in the steam reformer.
Excerpt from SURFACE CHEMKIN User’s Manual.  We presume that all problems involving surface chemistry also involve one or more gas-phase species above the surface. Therefore, the first step in any problem involving surface chemistry is to run the CHEMKIN-III Interpreter, which reads the user's description of the gas-phase reaction mechanism.  The CHEMKIN-III Interpreter also draws on a Thermodynamic Database containing polynomial fits to individual species specific heats, enthalpies, and entropies. In addition to printed output, the CHEMKIN-III Interpreter creates a Linking File containing all possible information regarding the particular gas-phase reaction mechanism. The Linking File is read by an initialization subroutine in the Gas-Phase Subroutine Library that makes the information available to all the other subroutines in the library.

The next step is to execute the SURFACE CHEMKIN-III Interpreter, which reads the user's symbolic description of the surface-reaction mechanism. Required thermodynamic data can come from the same Thermodynamic Database used by CHEMKIN-III or from a separate Thermodynamic Database compiled for surface species. Both Interpreters provide the capability to add to or override the data in the database by user input in the reaction description. The SURFACE CHEMKIN-III Interpreter extracts all needed information about gas-phase species from the CHEMKIN-III Linking File. (Thus the CHEMKIN-III Interpreter must be executed before the SURFACE CHEMKIN-III Interpreter.) Like the CHEMKIN-III Interpreter, the SURFACE CHEMKIN-III Interpreter also provides a printed output and a Linking File. Again, the Surface Linking File is read by an initialization subroutine in the Surface Subroutine Library that makes the surface-reaction mechanism information available to all other subroutines in the Library.

A third software package, which handles gas-phase molecular transport, may or may not be needed in a particular application. If it is used, the Transport Property Fitting Code reads the CHEMKIN-III Linking File and identifies all the gas-phase species that are present in the gas-phase reaction mechanism. Then, drawing on a database of molecular parameters, it computes polynomial fits to the temperature-dependent pure-species viscosities, thermal conductivities, and binary diffusion coefficients. As with the other packages it provides a Linking File that is read by an initialization subroutine in the Transport Property Subroutine Library. Subroutines from this library may be called by the application code to return transport properties for individual species or for multicomponent gas mixtures.
Modeling Capabilities in the Idaho Cleanup Project.  Based on discussion with ICP modeling experts, Chemkin has been used in the past.  Also a computational fluid dynamics software package called FLUENT is available and could be used to create a model of the steam reformer.  FLUENT can be used to model chemically reacting flows and it appears that it is designed to work in conjunction with Surface Chemkin.
Literature Search.  References 12 through 20 are articles about processes that are similar to steam reforming SBW.  All of the articles describe processes in which steam reforming was used to convert an organic material - such as coal, cellulose, or methane – to a combustible gas that is predominantly hydrogen.  In most cases, a fluidized bed steam reformer was involved, although bench-scale tests were sometimes performed in a fixed bed.  In processes larger than bench-scale, oxygen was always added to the fluidizing steam to prevent the process from being highly endothermic.  In all cases catalysis was considered.  The main difference was that objective in all cases was to produce hydrogen or combustible gas.  In contrast, the combustible gas produced in the SBW steam reformer is a byproduct.  The process temperatures ranged from 575 to 1000 ºC.  In most cases the temperature was above 700 ºC.
A large amount of research has been performed in recent years on processes that are very similar to the SBW steam reformer.  A search of journals available on the internet through the American Chemical Society reveals 355 articles that contain the phrase “steam reform” and were published in the last four years.  This is just one of several services subscribed to by the Idaho National Laboratory technical library.
However, searching the same journals reveals only 15 articles that contain the phrases “steam reform” AND “safe” that have been written since about 1970.  None of these articles consider the possibility of accumulating an explosive mixture of hydrogen and oxygen in a steam reformer system.  One article mentions the need to heat the reactor to 600 ºC to be well above the ignition temperature of the CH4/O2 feed, but there is no mention of the possibility of being below the ignition temperature of the product gas.18
Similarly, searching for articles that contain the phrase “syngas” produces 717 hits dating back to the 1970s, including 122 articles that mention “syngas” AND “steam reform”.  However, only six of these articles contain the word safe.  No articles contain “steam reform” AND “explode” or “explosion” or “explosive”.  The inherent safety of a fluidized bed reactor is discussed in some of the articles.  A fluidized bed provides substantial improvement in heat and mass transfer and prevents hot spots compared to a fixed bed.
One possible explanation for the lack of interest in this subject is that processes for converting coal to combustible gas are very old.  Still, it is curious that the minimum conditions required to ensure spontaneous reaction of the combustible gases with excess oxygen are never stated or considered.

RECENT EXPERIMENTAL RESULTS
Based on communication with ICP researchers, a recent pilot plant test demonstrated that little hydrogen forms in the steam reformer below 500 ºC.  Above 500 ºC either excess hydrogen or excess oxygen gets consumed, so that the off gas never contains an ignitable mixture.  The results have not yet been published.  It would be interesting to examine the data and see the complete range of conditions tested and to try to determine if reactions were approaching equilibrium within the fluidized bed or in the disengaging space above the bed.
CONCLUSIONS
Based on literature search and the recent test results, it seems unlikely that the steam reformer will produce an ignitable mixture.  However it may be desirable to maintain the steam reformer above the spontaneous ignition temperature of any flammable species that could be present.  That way the system could be operated at a vacuum and any air that leaked in would react before an explosive mixture was created.  However flammable species other than hydrogen may need to be included in the analysis, and this could lead to an excessively high temperature limit.  Possibly a better solution would be to operate the system under pressure.  Gas phase radioactive processes are normally operated under slight vacuum for contamination control, but fluidized beds are an exception in which the lower portion of the bed may be slightly pressurized.  Even when all vessel off gas is operated at vacuum, contamination is not likely to be perfectly contained within process equipment.
Although recent tests indicate that the process can be safely operated below 500 ºC, higher temperatures are more typical for this type of process.  The 670 ºC temperature of previous tests is more typical.
Defining a minimum operating temperature based on engineering analysis appears to be a complex task.  A close inspection of the modeling capabilities within the ICP would be advisable.  Developing a meaningful model would take several weeks of effort or longer.  Experimental results would be more reliable for any given set of conditions.  However a model would make it easy to evaluate a wider range of conditions or to determine how sensitive the process is to various parameters including scale-up parameters.
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