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Executive Summary

The realization of the hydrogen as an energy adrefuture power sources relies on
a practical method of producing hydrogen in largales with no emission of green house
gases. Hydrogen is an energy carrier which canrb@upged by a thermochemical water
splitting process. The Sulfur-lodine (SI) processan example of a water splitting
method using iodine and sulfur as recycling ageftsee Sl cycle consists of three
chemical reactions expressed as the following éopmt

Section | (Bunsen reactionytHSO,+2H,0 - 2HI+H,SO,
Section Il (Sulfuric acid decomposition)>80, > H,0+SG+1/20;,
Section Il (Hydrogen lodide decomposition): 28 Ha+l1,

In the SI cycle, all process fluids are recycled ao greenhouse gases are emitted.
Also, the SI cycle has been fully flow sheeted apdrated at the bench scale in the US
and Japan. This cycle has the highest efficienb2%) of any process that has been fully
flow sheeted. However, the integrated Sl cycle as yet fully demonstrated and the
process economics are not yet verified.

In this report, the following major subtaskere completed (i) Simulation of Sulfur
lodine Thermochemical Hydrogen Production Plant@led To High Temperature Heat

Source, (iii)

Model for Nuclear Plant and Interface System andr(ansient Analysis for the Coupled

System,

First a simplified model for the SlI cycledsveloped with chemical kinetics models
of the three main Sl reactions: the Bunsen reacaolfuric acid decomposition, and
hydriodic acid decomposition. Each reaction wagieted with single control volume
reaction chamber. The simplified model uses basat and mass balance for each of the
main three reactions. For sulfuric acid decompasiand hydriodic acid decomposition,
reaction heat, latent heat and sensible heat wensidered. Since Bunsen reaction is
exothermic and its overall energy contribution mall, its heat energy is neglected.

However the inputs and output streams from the Bumnwaction are accounted in
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balancing the total stream mass flow rates from3heycle. The heat transfer between
the reactor coolant (in this case helium) and thentcal reaction chamber was modeled
with transient energy balance equations. The gtetate and transient behavior of the
coupled system is studied with the model and tkalt® of the study presented. It was
determined from the study that the hydriodic a@damposition step is the rate limiting

step of the entire SI cycle.

In the model for nuclear plant and interiasgstem, a simplified transient model of
the Sulfur-lodine (Sl) cycle was coupled to a THERRMhermal hydraulic model of the
Pebble Bed Modular Reactor 268 (PBMR 268) and atpganetics model. A control
volume approach was used in analysis of the chémlaat. A steady state solution of
the Sl cycle model and THERMIX model was attaineA. transient analysis of the
couple system was carried out. A transient wasated via reactivity insertion in a
simple point kinetics model. Results from a nucleeactor driven transient are
presented, as well as suggestions for future wedanding chemical plant induced

transients
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1. Project Objectives

The objective of Nuclear Hydrogen Initiative (NH)yogram of the Department of
Energy (DOE) is to operate the nuclear hydrogemlyrton plant to produce hydrogen
at a cost competitive with other alternative tramsgtion fuels by the year 2017 (DOE
2005). The NHI program is focused on the Hydrogesdpction technologies that are
compatible with nuclear energy systems and do nodyre greenhouse gases. For the
hydrogen production technology, several optionscaresidered including steam methane
reforming, electrolysis, thermochemical cycles, dmgh-temperature electrolysis. The
steam methane reforming and electrolysis methoesnar much interested in the NHI
program due to the production of greenhouse gaseb law efficiency. The
thermochemical cycles and high-temperature elgai®l methods are expected to
provide a similar theoretical efficiency in a rangd 40-60%. However, the
thermochemical cycles are considered as a besdspitocess with the nuclear heat
source in terms of cost of hydrogen production mgimal environmental impact (Elder
et al. 2005; Kubo et al. 2004a).

Among the thermochemical cycles, a well establisBedfur-lodine (SI) process
developed at General Atomics (Besenbruch 1982)fiestddescribed in the mid 1970’s
has been considered in U.S., Japan and Franceytboden production using high
temperature heat from nuclear reactor (Brown et2@02; Forsberg 2003; Yan et al.
2003). In a recent NERI supported project Sl cyldesheet development was carried
out using ASPEN PLUS, a commercial available prec@sulation program (Brown et
al. 2003).

Though recently closed loop bench scale S| cycteldeen demonstrated that several
challenges remain in this technology such as mainta stable operation (Kubo et al.
2004b), enhancing the efficiencies of the processdle cycle (Goldstein et al. 2005;
Yildiz and Kazimi 2003), thermodynamic data for treactions for various operating
conditions (Mathias 2005), coupling to high-temper@ nuclear reactor and transient
behavior of the coupled Sl cycle and reactor. Se\adternates to the Sl cycles have been
proposed in the literature specifically in the HidaH,SO, decomposition processes and
separation of the product gases (Goldstein etGl52Kasahara et al. 2004; Kubo et al.
2004b; Nomura et al. 2004; Oztiirk et al. 1995).sEhalternatives to the SI cycles will be
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explored in this research and optimized flow shé®telopment will be carried out.
Models will be developed to study transient perfance of the closed loop Sl cycle.

The main goal of the proposed project is to devdélmpsheet for the closed loop Si
cycle using current advances in the acid decompasénd product gas separation for
high thermal efficiency and development of methtmistransient analysis of the cycle.
Specific objectives of the proposed project arg:tdi perform benchmark flowsheet
analysis of the baseline GA SI cycle, (ii) to inwgate and implement the membrane
techniques to the HI and,HO, decomposition and separation processes, (iiietfopm
comparative flowsheet analysis of the modified eg¢l(iv) to develop component-wise
models of the SI cycle for application to the tians analysis and (v) to perform
preliminary analysis of transient behavior of thesed loop Sl cycle. The objectives of
this project address R&D needs of the Nuclear Hgeno Initiative (NHI) Program
Elements 3.1 Thermochemical Cycles and 3.3 Re#&tydrogen Production Process

Interface.

Purdue University 10



2. Introduction
2.1 Hydrogen Production Using Nuclear Power

The demand for energy continues to rise due toctiginuing increase in world
population and the growing demand by the developmgtries in order to improve their
living standards. A large portion of the world’seegy demand is met by the fossil fuels
because of availability and existing infrastructuHowever, it is estimated that the
world’s fossil fuel production will soon start dethg. Also, pollution and greenhouse
issues resulting from the use of fossil fuels regjuiovel sustainable energy sources.
Various non-fossil energy sources, such as solaeamthermal, wind, waves,
thermonuclear, geothermal, etc., are being consitlas possible sources of energy.

There has been significant recent research onyttiefen energy concept, in which
hydrogen is used as a main energy carrier. Thacepient of conventional combustion
of fossil fuels by the electrochemical combustidrinydrogen has long been regarded as
highly desirable from energetic, economic, and emmental viewpoints. In addition,
availability of energy resources is an importartiaral security issue. The energy output
from combustion of hydrogen (about 118 MJ/kg at 98s much higher than that of
gasoline (about 44 MJ/kg). Also the byproduct @& blydrogen combustion is only water,
which is a great environmental advantage of hydrmogempared to the fossil fuels.
Recent development and use of fuel-cell poweredcie=h has generated impetus to
conduct research on the production, transmisstorage, and distribution of hydrogen.

The main sources of hydrogen are natural gas atndiguem. Hydrogen is separated
by the removal of carbon monoxide or carbon dioXrden steam reformation processes.
These are not of primary interest, because theserves are diminishing and large
amounts of greenhouse gases are emitted. The m#gjer source of hydrogen is water,
which is quite abundant. Hydrogen can be produgedezomposing water, i.e., breaking
the chemical bonds of water. The decomposition atewcan be effected by electrolysis,
direct thermal decomposition, chemical reactiond @imermochemical cycles. Among
those methods, the thermochemical water decomposity closed cycle processes has
received increasing attention. Thermochemical wdeomposition cycle concept was

proposed by Funk and Reinstrom (Funk and Reinstt®®6). In a thermochemical
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process, thermal energy is transformed into chdngenargy (hydrogen), without first
converting heat to mechanical energy and then dotrétal energy as is the case with
electrolysis. In an electrolysis plant, the stearacess, by which the heat from the
primary energy source is converted into electreradrgy, is at best 40% efficient, and the
electrolysis process is at best 90% efficient. Teals to an overall process efficiency
from source heat to potential energy in productrbgdn of 36%. The initial projected
theoretical efficiency of the thermochemical cyadlesier investigation is near 50%.

The high heat of combustion of hydrogen to wateamsethat the thermochemical
decomposition of water requires a large amountnefgy. One of the large scale energy
sources is nuclear energy. If nuclear energy isetaised for hydrogen production, the
nuclear reactor must deliver the heat at conditibas match the requirements imposed
by the hydrogen production process. The viabilityhydrogen production from nuclear
power ultimately depends upon the economics, whichurn, depend upon both the
proposed methods of hydrogen production and thigada reactors.

Hydrogen can be produced by direct thermochemicatgsses in which the net
reaction is heat plus water yields hydrogen andgery For low production costs,
however, high temperatures are required to ensapel rchemical kinetics and high
conversion efficiencies, which result in small glaize with low capital costs.

Many types of thermochemical processes for hydrogeoduction have been
proposed (Brown et al. 2003; Yalcin 1989). The Gulbdine (SI) or lodine-Sulfur (IS)
cycle is currently the leading candidate, which bhaen studied extensively by the
General Atomics (GA) (Brown et al. 2003; Normanakt1982) and the Japan Atomic
Energy Research Institute (JAERI) (Kubo et al. 2004ubo et al. 2004a; Nomura et al.
2005). In the present study, GA’s Sl cycle is cimose a reference process.
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2.2 Sulfur-lodine Cycle

The SI cycle consists of three chemical reactiorpressed as the following

equations,
[,+SO+2H,0 - 2HI+H,SO, (Bunsen reaction) (1.1
H,SO, > H,0+SG+1/20; (Sulfuric acid decomposition) (1.2)
2HI - Hxtl, (Hydrogen lodide decomposition) (2.3)

Figure 2.1 presents the concept of the SI cycle.(E4) is called Bunsen reaction
and proceeds in liquid phase. This reaction prosiues kinds of acid, sulfuric acid
(H2SOy) and hydriodic acid in solution (HI) from sulfurottide (SQ), iodine (b) and
water (HO). The mixed acid separates into two types of atids own accord (liquid—
liquid separation). The acid, which is rich in H8, HIy phase (H! solution), while the
acid, which is rich in 50y, is the HSO, phase. After separation of the acids, they are
purified, concentrated and decomposed in the dihereactions. Eq. (1.2) is the,HO,
decomposition reaction that produces oxygen, sulioxide, and water. Eq. (1.3) is the
HI decomposition reaction which produces hydroged @mdine. With the exception of
hydrogen and oxygen, the other products in Eq) @nd (1.3) can be reused in the
Bunsen reaction step as the reactant material. ehd®thermic HSO, decomposition
reaction can be operated at about 800~1000°C. Thengmosition of hydriodic acid
involves an endothermic reaction around 400~500 @e Bunsen reaction occurs
exothermically at temperatures of about 100 C. Hseatrce of two endothermic acid
decomposition reactions in the Sl cycle can be idem/by the nuclear heat as shown in

Figure 2.2 schematically.
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Figure 2. 2 Schematic diagram of nuclear-chemilzaitp

The net reaction of the Sl cycle is the water 8pgtinto hydrogen and oxygen

expressed as the following equations.

H,O -2 H; + %20, (net reaction) (1.4)
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In the SI cycle, all process fluids are recycled an greenhouse gases are emitted.
Also, the SI cycle has been fully flow sheeted apdrated at the bench scale in the US
and Japan. This cycle has the highest efficienb2%) of any process that has been fully
flow sheeted. Since the hydrogen is produced dt pigssure, it eliminates the necessity
of compressing the hydrogen for pipeline transrmorsgir other downstream processing.
One of the most challenging issues regarding they8le are the material issues, which
originate from the high process temperature (800810)0and the corrosive reactants
such as the sulfuric acid and hydrogen iodide. Allse integrated Sl cycle is still in the

development stage.

2.3 Sulfur-lodine Cycle Simulation Using ASPEN PLUS

In this report, the Sl cycle simulation resultsngsASPEN PLUS code version 12 are
presented. The present simulations followed thehadstlogy applied to the GA's
flowsheet (Brown et al. 2003). A step-by-step sitioh is conducted. To minimize the
convergence problem in a complex system of the h®fnmtochemical process, the
simulation is performed initially for the single mponent. If adjacent components are
converged, then they are combined and simulatexllfj the simulation for the whole
Section is conducted.

As background information, a detailed discussionhanSI cycle proposed by the GA
is presented in chapter 3. In chapter 4, a stegtdyy-simulation for the Sl cycle is
presented.
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3. General Atomics Sl cycle

General Atomics (GA) developed the Sl cycle whifflers the potential for efficient,
cost-effective, large-scale production of hydrogesm water, in which the primary
energy input is high temperature heat from an ack@muclear reactor (Brown et al.
2003). The selection of the Sl cycle was based detailed literature search of published
thermochemical cycles, a screening procedure usiagriteria developed to rate each
cycle, and a detailed analysis. The Sl cycle is ¢iele with the highest reported
efficiency based on an integrated flowsheet. Alsojous researchers have pointed out
improvements that should increase the already leifiiciency of this cycle and, in
addition, lower the capital cost. As the Sl cycssltboth the highest predicted efficiency
and the most potential for further improvement,wias selected for the hydrogen

production method.

GA developed the SI process model based on theee&RA’'s Sl cycle flowsheet
(Norman et al. 1982). They divided the Sl cycleoithree sections and named the
Bunsen reaction in Eq. (1.1) as Section |, th&8® decomposition process in Eg. (1.2)
as Section I, and HI decomposition process in(E@®) as Section lll. Figure 1.1 shows
the Sl cycle flow diagram. Sulfuric acid and hydeagodide are generated in the low
temperature exothermic Bunsen reaction (Sectio8ulfuric acid is decomposed at high
temperature endothermic reaction (Section 1) angirdgen iodide at medium
temperature endothermic reaction (Section |Ill). r€heare significant chemical
separations associated with each chemical readfiater is the primary solvent in the
system and iodine is also an important solvenhénBunsen reaction.

GA’s earlier SI flowsheets were developed using dhasalculation and the
thermodynamic models available at that time cowltddeal with the non-ideality of even
the simplest part of the process. For the recentn&del, GA used Aspen Pl%sthe
process simulation program, which has the besteamphtation of electrolytic solution
thermodynamics available. Aspen Iggluslncorporates the capability of modeling
electrolytes via several different modeling tecluaig| including an electrolytic version of
the Non-Random Two Liquid (NRTL) technique. An étetytic NRTL (ELECNRTL)
model can handle everything from concentrated edtés through dilute electrolytes to
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non-polar species, such as iodine.

Initially, they tried to develop new models for BaSection of Sl cycle. However,
there was no valid model covering the range of tnalpire, pressure and composition
needed to describe the thermochemistry of the Slecgven for the simple system
H2SO4/H20. With the services of Aspen Technology, licensérAspen Plus, they
developed the NRTL sulfuric acid model and it waedito model Section Il of the
flowsheet. However, they were unable to developeAsplus models for HEIH20
system (Section Ill) or the 3/HI/I12/H20 system (Section ). The current state of the
equilibrium data for the HIZIH20 system appears to be inadequate to be able &ogev
a model that will successfully converge. So, tlmvlheets for Sections | and Il were
based on earlier analyses, calculated by hand utithcchemical simulation computer
program. For Section Ill, HI decomposition, theye ube reactive distillation process
proposed by Roth and Knoche (Roth and Knoche 198%)Section I, they started with
the GA’s earlier flowsheet (Norman et al. 1982) anadculated the compositions after

accounting for the large recycle flows from Sectilbn

Final flowsheets developed by GA were based onnasdipeak process temperature
of 827°C. This temperature could be attained ugirggposed 850°C High Temperature
Gas Reactor (HTGR) outlet temperature and a hidlecttfeness compact heat
exchanger. The complete design at this temperatcineeved 42% thermal efficiency.
They estimated that 52% efficiency could be achdeatehigher peak process temperature
of 900°C This would require about 950°C reactoteiuemperature.

3.1 Bunsen Reaction

When the Sl cycle was initially investigated in timéd 1970’s, it was rejected by
early workers due to difficulties encountered sapag the hydrogen iodide and sulfuric
acid produced in Bunsen reaction. Attempts to usglldtion were useless as sulfuric
acid and hydrogen iodide react according to themss of Bunsen reaction when their
mixture is heated. The key to successful implentemtaf the cycle was the recognition

that using an excess of molten iodine would reisu#t two-phase solution, a light phase
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containing mainly sulfuric acid and a heavy phasgta&ining hydrogen iodide and iodine.

A flowsheet for Section | is presented in Figuré.3The composition of streams
exiting Section | can be predicted from thermodyraarguments but the properties of
streams recycled back to Section | can only beroked after completing detailed
flowsheets of Sections [I and Ill. The ELECNRTL mm®dynamic model was
insufficient to perform a strictly thermodynamic d& so the Section | flowsheet was
adapted from previous flowsheets (Norman et al.2)13fit modified the flow rates to

match the current versions of Sections Il and Ill.
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Figure 3. 1 GA Section | flowsheet (Brown et al023p

The majority of the Bunsen reaction: 01, + 2H,0 — H,SO;+ 2HI takes place in
the heat exchange reactor (R101) at 7 bars. Thdiom also takes place in the primary
oxygen scrubber (C101), the secondary oxygen seru@@®104), and the 1$0, boost
reactor (C103). The output from the heat exchargetor consists of three phases, which

are separated in S101 and processed separatelygabhghase contains residual ;S©
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O,. The SQ is removed by chemical reaction in C101: mosthef ©@ is vented but a
portion is recycled and used to strip the,S@maining in the dense HIix (H¥/H20)
liquid (119A). The S@ stripped from the HIx in C102, is used to reaatev out of the
light liquid phase (118A) in the 430, boost reactor (C103). The sulfuric acid stream
enters the boost reactor at 15 and exists at 20omibhe iodine stream (110) used in the
boost reactor exits the bottom containing the Himfed in the boost reactor, along with
the water required to solubilize the HI, and is pech (P103) to the heat exchanger
reactor. The overhead liquid product of the boesactor (131/140) passes to Section Il,
where the HSO4 is concentrated and decomposed. Any ®&haining in the sulfuric

acid is returned to Section I, along with watesffiad from the sulfuric acid (101A).

The gaseous product (131/139) of the boost reastscrubbed in the secondary
scrubber, along with the exhaust (136) of the 8sorber (C105). The gaseous product
(129) of the secondary2Bcrubber exits the process along with the vent)(f26n the
primary @ scrubber. The combined vent (142) contains one-malle of oxygen for
every mole of hydrogen produced in the overall pssc The liquid products of the two
oxygen scrubbers (120/130B) are combined with éigof108) of the HI/HO recycled
from Section 11l (104), and the combined strean®{li$ used to adsorb much of the S0
stripped from the Hl

3.2 Sulfuric Acid Decomposition

The flowsheet for Section Il is shown in Figure.3TAe purpose of Section Il is to
concentrate the sulfuric acid received from Sectiand decompose the concentrated
sulfuric acid, producing sulfur dioxide ($and oxygen (bBO; > H,0+SG+1/20,). It
is important to concentrate the sulfuric acid befdecomposing it. First, less material
heated to high temperatures means less sensibterhest be supplied, which means
smaller heat exchangers and less cost. Secondhg tha thermodynamic loss associated
with the differential temperature across heat emghes and lower heat transfer means
higher thermodynamic efficiency. Also, the heat saivating sulfuric acid must be
supplied at some point in the course of getting ghkuric acid to the decomposition
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conditions. In concentrating the sulfuric acid, gressures and, thus, the temperatures at
which the water is removed from the sulfuric acidncbe adjusted, permitting

thermodynamic optimization of the overall concetraand decomposition process.
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Figure 3. 2 GA Section Il flowsheet (Brown et a003)
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3.2.1 Concentration of Sulfuric Acid

The inlet sulfuric acid of 20 mol%, along with imelly recycled sulfuric acid, is
concentrated to 40 mol% in a high pressure fougestaobaric concentrator (E202). The
feed to Section Il (201A) and the recycle streaB0f) are pumped up to the operating
pressure of the isobaric concentrator (35 atm)@etieated together before entering the
concentrator. The sulfuric acid solution flows thgh four connected and heated
chambers. Water is boiled off in each chamber ablibth the temperature and the acid
concentration of the solution increase as the moidtows through the concentrator. The
water vapor boiled off in each chamber is mixedvabthe chambers and leaves as a

single stream. The small amount of sulfur dioxidmaining in the inlet sulfuric acid is
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also removed with the water. The sensible and tdteat in this stream will be used

elsewhere in this section.

The liquid product of the isobaric concentratorq&) is further concentrated in a
series of three reduced pressure flashes (S202, SAD3) at 8 bar, 2 bar and 50 Torr
before entering the 50 Torr vacuum still (C201)ioPto the first flash, some heat is
removed in E203 for use later in the process, thsequent flashes are adiabatic. The
feed to the vacuum still (216) is 56 mol% sulfuacid. The vapor from the final
adiabatic flash passes through a partial conderides. condensate from the partial
condenser (218) is feed to the vacuum still atsatjpm appropriate to its composition (47
mol% HSOs).

The pressures of the distillation column and thebasic concentrator were chosen
such that the column reboiler temperature is lowugh to utilize heat recovered upon
condensing the isobaric concentrator vapor strelmat is, a balance must be struck
between the pressure of the isobaric flash angtessure of the distillation column in
order to use this heat. As the pressure of thearsolflash increases, the temperature of
heat recovered from the vapor stream also increa&ssthe column pressure is
decreased, the required temperature of heat refjgoes down. All other considerations
equal, the operating pressures should be as lopraagical, although a higher helium
temperature from the nuclear reactor might alloghkr overall process efficiencies at
higher pressures.

The overhead from the vacuum still, nearly pureewas returned to Section I. The
bottom product of the distillation column (220A)ageotropic sulfuric acid (~90 mol%
H2SO4) liquid at 212°C. The concentrated sulfuric acsdpumped from the column
pressure up to the 7 bar pressure used in therisudoid decomposition portion of the

process.
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3.2.2 Decomposition of Sulfuric Acid

Before the sulfuric acid can be decomposed, it rfisitbe heated to the vaporization
temperature and vaporized. All of these steps oatidrbars. The first step in the reaction
sequence is the vaporization of the concentratédrsuacid stream. Some of the heat
required to preheat the stream prior to vaporipaigorecovered from the liquid product
of the isobaric concentrator but the remaindeheftieat required for heating, vaporizing,
and decomposing the sulfuric acid is provided kg tiigh temperature helium from the
nuclear reactor. Some of the sulfuric acid decommpasto S@ and water as it is
vaporized and this reaction proceeds further asviporized stream is heated in the
recuperator (E206). The recuperator retrieves nuidihe heat remaining after sulfuric
acid decomposition. Physically, the recuperatorsimilar to a shell and tube heat
exchanger, with the hot fluid flows on the tubeesahd the cool fluid flows on the shell
side. Most of the sulfuric acid has decomposed 8@ and water by the exit of the
recuperator (222).

The decomposer (E207) is modeled using printediitineat exchanger (PCHE) with
catalyst deposited on the wall of the exchangethenprocess side. The highest process
temperature (827°C) in the whole SI cycle is reslizn the decomposer. The catalytic
wall reactor has the continuous temperature proNlet only is the catalytic wall heat
exchanger simpler to operate, it reduces the temtyrer difference between the hot
helium and the decomposed acid compared with evanl@éstaged fluidized bed. For a
given process outlet temperature, the helium teatper can be lowered and thus the
operating temperature of the nuclear reactor.

The reactor outlet stream (226) is cooled in treiperator, transferring heat to the
decomposer feed, as mentioned previously. Theiogaptoducts are further cooled and
the heat is recovered for use within this Sectiothe product cooler. The product cooler
is physically divided into three heat exchangeest Bf the recovered heat is used for the
first stage of the isobaric concentrator and thmaieder is used to preheat the
concentrator feed. Unrecoverable heat is lost wimg water. The liquid condensed in
the product cooler is recycled to the isobaric emiator and the gas phase, consisting
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primarily of S@ and Q is recycled to Section I.

3.3 Hydrogen lodide Decomposition

GA'’s earlier flowsheets developed in 1979 and 198brman et al. 1982) used
phosphoric acid (BPOs) to extract the water from the HHI/12/H20) solution resulting
from the Bunsen reaction. It was indicated thatr @\@% of the total capital cost of the Sl
process was associated with the phosphoric acicecration step.

There have been a number of suggestions as to dsetionodifying the process to
reduce the capital cost. The methods proposed dadiuhe use of liquid hydrogen
bromide (HBr), at elevated pressure, to extracthygrogen iodide from the Kl and
reactive distillation of the HI The analysis of the hydrogen bromide indicatesheso
promise but the scheme was never evaluated in déptthe time (1981), the vapor-
liquid equilibrium (VLE) measurements required teakiate the reactive distillation
scheme had not been made. Measurements of VLIBdosystem HIA/H20 were made
in Germany and German researchers (Roth & Knoclé®,1Bngels et al. 1987, Engels
and Knoche 1986) produced a partial flowsheet ihdicated that reactive distillation

could work.

GA evaluated the possible flowsheet variations dadided to pursue the reactive
distillation scenario as the primary effort but ntain the variation BPOs as a backup.
The HBr variation also remains a potential altaugabut thermodynamic data on the
system HI/HBr/2/H20 is sparse. Therefore, the laboratory investigation this system

will be necessary to make an evaluation of theesyst
3.3.1 Reactive Distillation

GA’s HI decomposition process is based on the neadtlistillation flowsheet
developed by Roth and Knoche (1989). So the detéitee reactive distillation process
are explained in this chapter.

Since GA'’s HI concentration and decomposition sahel@veloped in 1981 seems to
be the most expensive and energy consuming steglfenative has been developed, in
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which HI is decomposed directly from liquic®/HI/1, solution under high pressure and
temperature.

To develop an alternative for the original GA’s ldecomposition process, the
thermodynamic data of the quaternary systes®/HI/I,/H, must be known. The vapor
pressure of this system with HI concentration uglfomol% in the liquid phase and
temperature up to 580K is measured by Engels armtién (1986). It was found that the
relative vapor pressure minima of this quaternarstesn show a strong temperature
dependency for low iodine contents in the liquigtnkrkable hydrogen pressures were
only found in the equilibrium vapor of solutionstiwHI contents higher than the pseudo-
azeotropic compositions. These results lead to ldpva model to investigate direct
dissociation of HI.

Figure 3.3 shows the distillation column proposgdRoth and Knoche (Roth and
Knoche 1989). The #D/HI/l, stream coming from the Bunsen reaction (Sectios the
feed stream of the distillation column. As mentidrebove the remarkable hydrogen
pressure are only found in the vapor over solutth HIl content higher than the
azeotropic mole fraction. It determines the minimiemperature and pressure of the feed

stream, which are 22 bar and 262°C.
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Figure 3. 4 HI decomposition flowsheet (Roth & Khecl989)

Figure 3.4 shows the HI decomposition flowsheee $tream coming from Bunsen
reaction is pumped to 22 bar and preheated todhmdp temperature of 262°C and then
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enters the distillation column. The product frome tiottom of column consists of mostly
iodine and small part of water and HI. To closewser balance, a side stream must be
taken out of the column. This stream consists dewadl and a small amount of iodine.
The ratio of HI/HO mole fractions of the side stream must be lowantthe ratio of the
feed stream. Also the HI mole fraction of the sitieam must be high enough to get an
equilibrium vapor with a sufficient HI pressure.€8e two conditions are the reason for
the high mole numbers of the feed stream. Per 1l kiydrogen production, it needs a
feed stream of 125.8 kmol. This very large feedastr requires a large amount of heat.
The product from the top of the column consistshpdrogen and HI. The water and
iodine content is negligible.

From the phase equilibrium of the quaternary sydte@HI/1,/H, at a pressure of 22
bar, they found that high hydrogen mole fractionghwlow iodine content and
temperature about 220 or lower.

The flowsheet developed by Roth and Knoche (1988)ke connected to Section |
of the GA process. The main advantage of this flees compared with the GA proposal
using the phosphoric acid to extract water from Bibution is that there is only a little
electric energy needed to drive pumps. For the Giissphoric acid method, a large

amount of electric energy is required for the resmnration of the phosphoric acid.
3.3.2 GA'’s HI Decomposition Process

As in the case of sulfuric acid decomposition, Gi&d to regress the VLE and LLE
data for the system H¥H20. However, they failed to obtain the useful resgince the
VLE data is incomplete. The available data (Engald Knoche 1986) gives the total
vapor pressure above H¥H20 solutions, but not the vapor pressures of theviddal
components. Furthermore, as the hydrogen iodide wdesomposing under the
measurement conditions, the total vapor pressussuanements included the equilibrium
hydrogen pressure. So, GA’s HI decomposition pred&own et al. 2003) used the
reactive distillation flowsheet presented by Ratd &noche (1989).

The reactive distillation Section Il flowsheetgeesent in Figure 3.5. Compared with
Fig. 2.4, one can find the same structure betweerflowsheets. The HIZIH20 product

of Section | is pumped up to 22 bars and recupaigtheated to the feed temperature of
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the reactive distillation column (C301) in a netiworof heat exchangers
(E301/E302/E303). This heat is recovered from W ltquid products of the distillation
column, the bottom stream (305A) containing mosthe iodine, and the side outlet
(306A) containing most of the water and undecomgdselrogen iodide.
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Figure 3. 5 GA Section Il flowsheet (Brown et 2003)

The overhead product of the column is scrubbed paeked column (C302) with
water to remove the residual hydrogen iodide frbmn liydrogen. The high pressure (22
bars) and low temperature (25°C) of the scrubbsulteén a relatively low water content
(0.14 mol%) in the hydrogen product. Fresh deiahiag@ter, the overall water input to

the process, is used to scrub the product hydrogen.

It is uneconomic and unnecessary to remove alhefwater and hydrogen iodide
from the still bottoms but it is necessary to pdeva small amount of pure iodine for the
boost reactor in Section I. The scrub water (31#Aused to wash a portion of the
bottoms in a packed column. The column was modated single LLE stage using the
model for HI/k/H20 previously discussed.

The still must have a side product to remove theemthat accompanies the Hl in the

feed. The side product contains a significant amhofihydrogen iodide and some iodine.
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The total amount returned to Section I, from thdesproduct and still bottoms, is
five/sixths of the HI fed to Section Ill. For evemyole of HI decomposed, five moles of
HI are recycled unreacted and each mole of HI enfded is accompanied by almost 4
moles of ¢ and over 5 moles of water. Even so, this versiorthef process is more

efficient than the version usingsgFIOs as it is not necessary to vaporize the water.
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4. ASPEN PLUS Simulation for Sl Cycle

In this chapter, the ASPEN PLUS simulations residtsthe Sl cycle are presented.
The present simulations followed the methodologyliad to the GA'’s flowsheet (Brown
et al. 2003). A step-by-step simulation is conddct€o minimize the convergence
problem in a complex system of the S| thermochehpcacess and to investigate the
component-wise characteristics, the simulation eésfggmed initially for the single
component such as flash drum, distillation colurand chemical reactor. If adjacent
components are converged, then they are combirdiamulated. Finally, the simulation
for the whole Section is conducted.

The simulations for Section I, Il, and Ill are alperformed based on the GA’s

flowsheet reported in Brown et al. (2003).
4.1 Section | — Bunsen Reaction

4.1.1 RCSTR Simulation and Three Phase Separator Sironlati

A combined system with a Bunsen reactor (R-101) arldree phase separator (S-
102) as shown in Figure 4.1 is simulated using ASHH.US. The same inlet and
operating conditions are specified in the inleeatn (115), the Bunsen reactor, and the
three phase separator. The Bunsen reactor is gedulwith RCSTR (Rigorous
Continuous Stirred Tank Reactor). The RCSTR rigsiypmodels a Continuous Stirred
Tank Reactor (CSTR), which is one of the steadiesteal flow reactors. In this reactor,
the contents are well stirred and uniform throughdinus the exit stream from this
reactor has the same composition as the fluid withe reactor. It can be used when
reaction kinetics are known. RCSTR can model dguilm reactions simultaneously
with rate-based reactions.

In the three phase separator, there is one gasphdket stream (117A) and two
liquid-phase outlet streams (118A and 119A). Thlodhe bottom outlet (119A), a
concentrated mixture of HI, 12, SO2 flows and it fmwarded to Section IlI, HI
decomposition reaction. Through the side outlet8A)1 a concentrated H2S0O4 acid
flows and it is forwarded to Section Il, H2SO4 deqamsition reaction. Through the top
outlet (117A), mainly O2 gas is separated.
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The continuous reactors with the three phase sepafkigure 4.1.) were first
simulated and the results are presented in TallleThe results are compared with the
General Atomics results. The molar flow rate, phat®us, operating pressure, and
temperature at each stream are listed in the table.

i

1

F1i1

Figure 4.1. Bunsen reactor and three phase separato

Table 4.1 Results of Bunsen reactor and threegdaeparator

Stream| H20 12 HI S0O2 H2S04 | O2 | Total |Phase|P(bar)|T, K
115 |72.7279| 48.7791 [10.9846| 2.266 | 0.2173 | 0.5 |135.47| V+L 7 393
116 |71.2535| 48.0419 [12.4590| 1.5288 | 0.9545 | 0.5 [134.74| L 7 393

GA_116 | 71.2535 | 48.0419 | 12.4590 | 1.5288 0.9545 | 0.5 | 134.74 L 7 393
117A | 0.0338 | 0.0075 0 0.1424 0 0.5 | 0.68 \Y 7 393

GA_117A| 0.0338 0.0075 0 0.1424 0 05 | 0.68 v 7 393
118A | 5.152 0 0 0.0154 | 0.9544 | O 6.12 L 7 1393

GA_118A| 5.152 0 0 0.0154 0.9544 0 6.12 L 393
119A |66.0677| 48.0344 |12.4590| 1.3710 | 0.0001 | O |127.93| L 7 393

GA_119A| 66.0677 | 48.0344 | 12.4590 | 1.3710 0.0001 0 | 127.93 L 7 393

The analysis of the data shows that the GA resalés perfectible reproduced,

indicating that both thermodynamics are the same.
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Some parameters studies are also performed in thesdd reaction such as the

pressure and the temperature influence (FigureHgaye 4.3)
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Figure 4.2 Effect of reaction temperature in the&n reactor. SO2 consumption versus
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Figure 4.2 shows that by increasing the temperadtutbe Bunsen reactor (R101), SO
conversion can be improved. In the opposite, tiesgure has no influence in the Bunsen

reaction according to Figure 4.3.
4.1.2 Stream 118 and 119 Process Simulation

Once the Bunsen reactor and the three phase sapamte converged and the
results validated, a step-by-step simulation methiee adopted in order to get the whole
flow sheet converged. One part of the flow shee¢re@tihe streams 118A and 119A are
processed was first simulated and the flowshegtasented in Figure 4.4. and the results
are compared with the GA results in Table 4.2. G#eresults are in red color in the

table.

Figure 4.4 Parts of the flow sheet where the steeab8A and 119A are processed.

Purdue University 32



Purdue University

33



Table 4.2 Simulation results of the Bunsen reactor

Total
H2S04 | HI 12 H20 S02 02 Pres.(|Temp.

N| Stream|(kmol/h) [(kmol/h) |(kmol/h) [(kmol/h) |(kmol/h) |(kmol/h) |(kmol/h) Phase |bar) |K

1 131  1.015 of 0.019[ 4.138] 0.048] 0.016 5.235|L 1.85] 3845
1] GA 131] 1.0234 o[ 0.0184] 4.1377] 0.0475] 0.0155 5.2425|L 1.85] 384.5
2] 132A ol 0.122] 0811 0.91] 0.024 0 1.867|L 1.85] 3845
2|GA_132A 0] 0.1389] 0.796] 0.9252] 0.0155 0 1.8756|L 1.85] 384.5
3 133 0 of 0113 of 1371 0.182 1.667[V 1.85] 390.6
3[ GA_133 0 o 0.0271] 0.3731] 1.371] 0.1825 1.9537|V 1.85 393
4 135 0 o[ 0.104 ol 1254 0.167 1.525[V 1.85] 390.6
4] GA_135 0 o[ 0.0248] 0.3414] 1.2545] 0.167 1.7877|V 1.85 393
5 136 0 o[ 0.006 ol 1254 0.167 1.428[V 1.85] 368.2
5] GA_136 0 o[ 0.0003[ 0.036] 0.0001] 0.167 0.2034|V 1.85] 369.6
6] 137A] 0215 9.982] 5.616] 67.262 0 0 83.075|L 1.85 369.2
6|GA_137A]  0.2173] 9.9875] 5.5408] 67.5643] 1.2544 0] 84.5643|L 1.85] 369.6
7 138 0 12.459] 47.921] 66.07 0 0  126.451|L 1.85 390.5
7| GA_138 0] 12.459] 48.0073] 65.6973 0 0] 126.1636|L 1.85 393
8 139 0.003 of 0.011] 0.012] 0.048] 0.016 0.09[L+V 1.85 3845
8] GA_139 0 o 0.0184] 0.0434] 0.0436] 0.0155 0.1209|V 1.85] 3845
9 140  1.012 o[ 0.008] 4.125 0 0 5.145[V 1.85] 3845
ol GA_140] 1.0234 0 0] 4.0943] 0.0039 0 5.1216|L 1.85] 3845

The analysis of the results (Table 4.2) indicateat the GA data reproducibility was

obtained.

4.1.3 Simulation of Section |

The same methodology was followed for the simufatad the whole flowsheet

(Figure 4.5). The simulation of the oxygen scrubfg2rn01) was preceded by a series of

reactors such as the Bunsen reactor in order te\axithe SO2 conversion in sulfuric

acid. The residual SQOs transformed in the scrubber. The number ofréaetors used in

the present analysis is 4. This number dependeereactors volume. The results for the

whole flow sheet are presented in Table 4.3 andsiheesults are shown in Table 4.4.
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Table 4.3 Present Analysis Results for HI Decoritjpos

Total
H2S04 | HI 12 H20 SO2 02 Flow Press. |Temp.
Stream [(kmol/h) |(kmol/h) [(kmol/h) [(kmol/h) [(kmol/h) [(kmol/h) |(kmol/h) [Phase |(bar) [(K)
101A 0.022 0 0 3.458 0.008 0 3.488(L 4.2] 393.1
101B 0.022 0 0 3.458 0.008 0 3.488(L 4.2] 359.6
102A 0 0 0 0.319 0 0 0.319(L 1.01] 311.2
102B 0 0 0 0.319 0 0 0.319(L 4.4 311.3
103 0 0 0 1.285 0 0 1.286|L 1.01] 311.2
104 0 9.6 5.684| 62.494 0 of 77.778|L 4.2] 368.5
105 0 0 0 1.603 0 0 1.605|L 1.01] 311.1
106 0 0.288 0.17 1.874 0 0 2.333[L 1.85| 311.1
107 0 0.081 0.048 0.525 0 0 0.653(L 1.01] 368.5
107A 0 0.081 0.048 0.525 0 0 0.653[L 4.2] 368.5
108 0 9.231 5.466| 60.095 0 0f 74.792|L 4.2] 368.5
110 0 0.001 0.881 0.017 0 0 0.899(L 1.85 393
111 0 0.858| 42.442 4.206 0 0f 47.506|L 1.85 393
112 0.215 9.982 5.518| 67.262 0 0f 82.978|L 1.85| 368.2
113 0 0 0 0.033 0.996 0.5 1.529|V 7 393
115 0.217] 10.985| 48.779] 72.728 2.266 0.5] 135.475|L+V 7 393
116 0.955| 12.459| 48.042| 71.253 1.529 0.5] 134.738|L 7 393
117A 0 0 0.007 0.034 0.142 0.5 0.684{V 7 393
1178 0 0 0.007 0.034 0.142 0.5 0.684{V 42| 3542
118A 0.954 0 0 5.152 0.015 0 6.122(L 7 393
118B 0.954 0 0 5.152 0.015 0 6.122(L 1.85| 393.1
119A 0] 12.459| 48.034] 66.068 1.371 0f 127.932|L 7 393
119B 0] 12.459| 48.034] 66.068 1.371 0f 127.932|L 1.85 393
120 0.17 0.583 0.029 5.373 0 0 6.156(L 4.2| 3844
121 0 0.002 0 0.015 0.002 0.5 0.519(L+V 42| 3844
122 0 0.001 0 0.01 0.001 0.317 0.33|Vv 1.01] 238.8
123 0 0.001 0 0.006 0.001 0.182 0.189[L+V 1.85 289
124 0 0 0 0.003 0.001 0.182 0.186[L+V 1.85 289
125 0 0 0 0.003 0 0 0.003(L 1.85 289
126 0 0.001 0 0.005 0.001 0.317 0.325[L+V 1.01 289
127 0 0 0 0.004 0 0 0.005{L 1.01 289
128 0 0 0 0.072 0 0 0.072L 1.01 289
129 0 0 0] trace 0 0.183 0.183|V 1.01] 305.3
130A 0.044 0.168 0.023 1.874 0 0 2.109(L 1.01] 346.4
130B 0.045 0.168 0.023 1.795 0 0 2.03|L 1.85 393
131 1.015 0 0.019 4.138 0.048 0.016 5.235[L 1.85| 384.5
132A 0 0.122 0.811 0.91 0.024 0 1.867|L 1.85| 384.5
132B 0 0.122 0.811 0.91 0.024 0 1.867|L 7] 385.3
133 0 0 0.113 0 1.371 0.182 1.667|V 1.85| 390.6
134 0 0 0.01 0 0.117 0.016 0.142(Vv 1.85| 390.6
135 0 0 0.104 0 1.254 0.167 1.525|V 1.85| 390.6
136 0 0 0.006 0 1.254 0.167 1.428|V 1.85| 368.2
137A 0.215 9.982 5.616] 67.262 0 0f 83.075|L 1.85| 369.2
137B 0.215 9.982 5.616] 67.262 0 0f 83.075|L 7] 369.7
138 0] 12.459| 47.921 66.07 0 0 126.451|L 1.85| 390.5
139 0.003 0 0.011 0.012 0.048 0.016 0.09|L+V 1.85| 384.5
140 1.012 0 0.008 4.125 0 0 5.145[L 1.85| 384.5
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Table 4.4.GA Results for HI decomposition

02 Total
H2S04 HI 12 H20 S0O2 (kmol/ |Flow Press. |Temp.
Stream [(kmol/h) [(kmol/h) |(kmol/h) [(kmol/h) |(kmol/h) |h) (kmol/h) [Phase |(bar) (K)
101A 0.0222 0 0 3.4582 0.0078 0 3.4882|L 4.2] 393.15
101B 0.0222 0 0 3.4582 0.0078 0 3.4882|L 4.2] 359.6
102A 0.0002 0 0 0.3186 0 0 0.3188|L 1.01] 311.15
102B 0.0002 0 0 0.3186 0 0 0.3188|L 4.4] 311.15
103 0.001 0 0 1.2847 0 0 1.2857|L 1.01] 311.15
104 0 9.5997 5.684 62.494 0 o 77.7777|L 4.2] 368.51
105 0.0012 0 0 1.6033 0 0 1.6045|L 1.01] 311.15
106 0 0.288 0.1705 1.8742 0 0 2.3327|L 1.85] 311.15
107 0 0.0806 0.0477 0.5248 0 0 0.6531|L 1.01] 368.51
108 0 9.2311 5.4658 60.095 0 0] 74.7919|L 4.2] 368.51
110 0 0.0011 0.881 0.017 0 0 0.8991|L 1.85 393
111 0 0.8582| 42.4423 4.2056 0 0| 47.5061|L 1.85 393
112 0.2173 9.9875 5.5163 67.2589 0 0| 82.9800|L 1.85
113 0 0 0 0.0328 0.9961 0.5 1.5289|V 7 393
115 0.2173| 10.9846| 48.7791 72.7279 2.266 0.5] 135.4749|V+L 7
116 0.9545 12.459| 48.0419 71.2535 1.5288 0.5] 134.7377|V+L 7 393
117A 0 0 0.0075 0.0338 0.1424 0.5 0.6837|V 7 393
117B 0 0 0.0075 0.0338 0.1424 0.5 0.6837|V 42| 354.2
118A 0.9545 0 0 5.152 0.0154 0 6.1219|L 7 393
118B 0.9545 0 0 5.152 0.0154 0 6.1219|L 1.85 393
119A 0 12.459| 48.0344| 66.0677 1.371 0| 127.9321|L 7 393
119B 0 12.459| 48.0344| 66.0677 1.371 0| 127.9321|L 1.85 393
120 0.1726 0.5884 0.0278 5.3694 0 0 6.1582|L 42| 384.4
121 0 0 0 0.015 0 0.5 0.5150|V 42| 3844
122 0 0 0 0.0095 0] 0.3175 0.3270|V+L 1.01
123 0 0 0 0.0055 0] 0.1825 0.1880]|V+L 1.85 289
124 0 0 0 0.0027 0] 0.1825 0.1852|V 1.85 289
125 0 0 0 0.0028 0 0 0.0028|L 1.85 289
126 0 0 0 0.0051 0] 0.3175 0.3226|V 1.01
127 0 0 0 0.0044 0 0 0.0044|L 1.01
128 0 0 0 0.0072 0 0 0.0072|L 1.01
129 0 0 0 0.0142 0] 0.1825 0.1967|V 1.01 313
130A 0.0447 0.168 0.0227 1.7945 0 0 2.0299|L 1.01 393
130B 0.0447 0.168 0.0227 1.7945 0 0 2.0299|L 1.85 393
131 1.0234 0 0.0184 41377 0.0475| 0.0155 5.2425|L 1.85| 3845
132A 0 0.1389 0.796 0.9252 0.0155 0 1.8756|L 1.85| 384.5
132B 0 0.1389 0.796 0.9252 0.0155 0 1.8756|L 7| 384.5
133 0 0 0.0271 0.3731 1.371| 0.1825 1.9537|V 1.85 393
134 0 0 0.0023 0.0317 0.1165| 0.0155 0.1660|V 1.85 393
135 0 0 0.0248 0.3414 1.2545| 0.167 1.7877|V 1.85 393
136 0 0 0.0003 0.036 0.0001| 0.167 0.2034|V 1.85| 369.6
137A 0.2173 9.9875 5.5408 67.5643 1.2544 0| 84.5643|L 1.85| 369.6
137B 0.2173 9.9875 5.5408 67.5643 1.2544 0| 84.5643|L 7| 369.6
138 0 12.459| 48.0073 65.6973 0 0| 126.1636|L 1.85 393
139 0 0 0.0184 0.0434 0.0436| 0.0155 0.1209|V 1.85| 384.5
140 1.0234 0 0 4.0943 0.0039 0 5.1216|L 1.85| 384.5
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4.2 Section Il - H2S0O4 Decomposition Reaction

4.2.1 GIBBS Reactor Simulation

The Gibbs reactor, denoted RGibbs in ASPEN, mod#igle-phase chemical
equilibrium, or simultaneous phase and chemicalliega. RGibbs minimizes the Gibbs
free energy, subject to atom balance constrairtigss odel does not require reaction
stoichiometry. RGibbs can determine phase equilibriwithout chemical reaction,
particularly for multiple liquid phases. Any numbeif liquid phases is allowed in this
model.

Four-stage K5O, decomposition reactors shown in Figure 4.6 areulsitad with
RGibbs model. The ASPEN simulation results aredish Table 4.5. The results of the

present simulation are very similar to those of@#gs simulation.

DECOMPL B2 B3 B4

Figure 4.6. Gibbs reactor

Table 4.5 Results of Gibbs reactor-decompostisactor

Stream St:BeAam H20 |H2S504 | SO3 02 S0O2 Total | P,bar | T,K
17 222 1490 | 0.291 | 1.315 | 0.000 | 0.000 | 3.096 7.09 | 796.85
18 223 1.700 | 0.081 | 1.261 | 0.132 | 0.264 | 3.439 7.09 | 875.05
R-223 | 1.688 | 0.093 | 1.258 | 0.128 | 0.256 | 3.423 7.09 | 875.05
19 224 1.757 | 0.024 | 1.078 | 0.252 | 0.505 | 3.616 7.09 | 955.05
R-224 | 1.739 | 0.042 | 1.564 | 0.000 | 0.000 | 3.345 7.09 | 955.05
20 225 1.773 | 0.009 | 0.841 | 0.379 | 0.757 | 3.758 7.09 |1027.05
R-225 | 1.772 | 0.009 | 0.838 | 0.379 | 0.759 | 3.757 7.09 |1027.05
21 226 1.778 | 0.003 | 0.603 | 0.500 | 1.000 | 3.884 7.09 |1100.15

R-226 | 1.778 | 0.003 | 0.593 | 0.505 | 1.010 | 3.889 7.09 [1100.15
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4.2.2 Simulation for Section Il

The whole H2S0O4 decomposition reaction in Sectlas modeled as in Figure 4.7.
Table 4.6 shows the simulation results. For the pammson, Table 4.7 lists the GA’s
result from GA Report GA-A24285, Rev. 1, Table 880own et al. 2003). Figures 4.8-
4.10 present the molar flow rate of each speciedl gtreams. Stream numbers in x-axis
of figures are listed in the first column of Tabke$ and 4.7. As shown in the tables and
figures , the present results are very close tedlud GA’s results.

Some notable results are:

- 0.5 mole of O2 is generated at Stream No. 228€pstream of Flash drum S205)

- The highest temperature is 1100.15 K (823 C)taga® No. 226 (outlet stream of
DECOMP4 and inlet stream of Recuperator)

- Main components: 4 isobaric concentrators (39, b&rFlash drums, Preheaters,

Recuperator, 4 Decomposition Reactors, ProducteZsol
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Figure 4.7 Section Il simulation model
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Table 4.6 Results of Section Il simulation

Stream| GA Vapor
No. | Stream H20 H2S04 SO3 02 S0O2 Total P, atm T,K Frac.
1 201B | 4.0943 1.0234 0 0 3.90E-03 5.1216 35 393.15 0
2 202B |5.195881| 1.632039 | 6.10E-11 | 1.02E-05 | 7.64E-03 | 6.835574 35 374.565 0
3 202C |5.195881| 1.632039 | 6.10E-11 | 1.02E-05 | 7.64E-03 | 6.835574 35 596.857 | 0.0823
4 203 |0.558282| 6.99E-04 | 2.31E-11 | 9.97E-06 | 3.55E-03 | 0.562539 35 596.857 1
5 204A | 4.6376 | 1.63134 | 3.79E-11 | 2.71E-07 | 4.10E-03 | 6.273035 35 596.857 0
6 204B | 4.6376 | 1.63134 | 3.79E-11 | 2.71E-07 | 4.10E-03 | 6.273035 35 619.15 | 0.20375
7 205 [1.269376| 5.69E-03 | 2.66E-11 | 2.69E-07 | 3.09E-03 | 1.278163 35 619.147 1
8 206A |3.368223| 1.625646 | 1.13E-11 | 2.14E-09 | 1.00E-03 | 4.994872 35 619.147 0
9 206B |3.368223| 1.625646 | 1.13E-11 | 2.14E-09 | 1.00E-03 | 4.994872 35 631.15 [ 0.10134
10 207 |0.501657| 3.91E-03 | 6.19E-12 | 2.11E-09 | 6.02E-04 | 0.506169 35 631.15 1
11 208A |2.866566| 1.621737 | 5.12E-12 | 3.53E-11 | 4.00E-04 | 4.488703 35 631.15 0
12 208B |2.866566| 1.621737 | 5.12E-12 | 3.53E-11 | 4.00E-04 | 4.488703 35 644.15 | 0.0976
13 209 |0.432208| 5.65E-03 0 3.47E-11 | 2.46E-04 | 0.438099 35 644.15 1
14 210A ]2.434359| 1.616091 0 0 1.55E-04 | 4.050604 35 644.15 0
15 210B |2.434359| 1.616091 0 0 1.55E-04 | 4.050604 35 581.15 0
16 211A ]0.273085| 2.09E-03 0 0 1.16E-04 | 0.275291 8 562.845 1
17 211B ]0.273085| 2.09E-03 0 0 1.16E-04 | 0.275291 8 393.15 0
18 212 |2.161274| 1.614 0 0 3.90E-05 | 3.775314 8 562.845 0
19 213A ]0.382041| 4.97E-03 0 0 3.73E-05 | 0.387044 2 517.112 1
20 214 |1.779234| 1.609035 0 0 1.65E-06 | 3.38827 2 517.112 0
21 215A ]0.547586| 0.013461 0 0 1.65E-06 | 0.561048 | 0.06579 | 432.894 1
22 216 |1.231648| 1.595574 0 0 3.29E-09 | 2.827222 | 0.06579 | 432.894 0
23 217A ]0.533849| 1.23E-03 0 0 1.65E-06 | 0.535084 |0.06579 | 408.15 1
24 218 |0.013736| 0.012227 0 0 0 0.025964 | 0.06579 | 408.15 0
25 219 [1.113293| 4.97E-15 | 8.34E-29 0 3.29E-09 | 1.113293 | 0.06579 | 311.178 0
26 220A ]0.132199| 1.607695 | 1.07E-04 0 9.05E-24 1.74 0.06579 | 484.793 0
27 220B ]0.132199| 1.607695 | 1.07E-04 0 9.05E-24 1.74 7 485.642 0
28 220C |0.132199| 1.607695 | 1.07E-04 0 9.05E-24 1.74 7 657.023 0
29 221 |0.585631| 1.151281 | 0.45503 0 0 2.194923 | 6.96982 | 684.15 0.99
30 222 [1.453288| 0.286605 | 1.321179 0 0 3.061072 7 797.232 1
31 223 |1.659755| 0.080138 | 1.263873 | 0.1318868 | 0.263774 | 3.399426 7 875 1
32 224 |1.716166| 0.023727 | 1.080286 | 0.2518856 | 0.503771 | 3.575836 7 955 1
33 225 |1.731459| 8.43E-03 | 0.843131 | 0.3781099 | 0.75622 | 3.717353 7 1027 1
34 226 |1.736698| 3.20E-03 | 0.605446 | 0.4995712 | 0.999142 | 3.844053 7 1100.15 1
35 227 |1.405823| 0.33407 | 0.274572 | 0.4995712 | 0.999142 | 3.513178 7 704.15 1
36 228 [1.131251| 0.608642 | 1.25E-10 | 0.4995712 | 0.999142 | 3.238607 7 393.15 | 0.47077
37 229 |0.02967 | 2.21E-06 | 6.43E-11 | 0.499561 | 0.995399 | 1.524633 7 393.151 1
38 230A ]1.101581| 0.60864 | 6.10E-11 | 1.02E-05 | 3.74E-03 | 1.713974 7 393.151 0
39 230B |1.101581| 0.60864 | 6.10E-11 | 1.02E-05 | 3.74E-03 | 1.713974 35 396.021 0
40 231B |1.113293| 4.97E-15 | 8.34E-29 0 3.29E-09 | 1.113293 1 311.235 0
41 232A |2.761522| 0.015949 | 5.59E-11 | 1.02E-05 | 7.49E-03 | 2.78497 35 622.567 | 0.99859
42 232B |2.745573| 5.49E-10 | 5.59E-11 | 1.02E-05 | 7.49E-03 | 2.78497 35 393.15 0
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Table 4.7 Section Il GA results

Stream| GA
No. |Stream H20 H2S04 SO3 02 SO2 Total | Phase| P, atm T, K
1 201B 4.0943 1.0234 0 0 0.0039 | 5.1216 L 35.00 393.15
2 202B 5.2361 1.6298 0 0 0.0078 | 6.8737 | L+V 35.00 572.15
3 202C 5.2361 1.6298 0 0 0.0078 | 6.8737 | L+V 35.00 603.15
4 203 1.0007 0.0018 0 0 0.0052 | 1.0077 \ 35.00 603.15
5 204A 4.2354 1.628 0 0 0.0026 | 5.866 L 35.00 603.15
6 204B 4.2354 1.628 0 0 0.0026 | 5.866 L+V 35.00 619.15
7 205 0.8661 0.0038 0 0 0.0019 | 0.8718 V 35.00 619.15
8 206A 3.3693 1.6242 0 0 0.0007 | 4.9942 \ 35.00 619.15
9 206B 3.3693 1.6242 0 0 0.0007 | 4.9942 | L+V 35.00 631.15
10 207 0.5037 0.0039 0 0 0.0004 | 0.508 \ 35.00 631.15
11 208A 2.8656 1.6203 0 0 0.0003 | 4.4862 L 35.00 631.15
12 208B 2.8656 1.6203 0 0 0.0003 | 4.4862 | L+V 35.00 644.15
13 209 0.433 0.0056 0 0 0.0002 | 0.4388 \ 35.00 644.15
14 210A 2.4326 1.6147 0 0 0.0001 | 4.0474 L 35.00 644.15
15 210B 2.4326 1.6147 0 0 0.0001 | 4.0474 L 35.00 581.15
16 211A 0.273 0.002 0 0 0.0001 | 0.2751 \ 8.00 562.85
17 211B 0.273 0.002 0 0 0.0001 | 0.2751 L 8.00 393.15
18 212 2.1596 1.6127 0 0 0 3.7723 L 8.00 562.85
19 213A 0.3817 0.0051 0 0 0 0.3868 \ 2.00 517.05
20 214 1.7779 1.6076 0 0 0 3.3855 L 2.00 517.05
21 215A 0.5471 0.0134 0 0 0 0.5605 \ 0.069085| 432.85
22 216 1.2308 1.5942 0 0 0 2.825 L 0.069085| 432.85
23 217A 0.5335 0.0012 0 0 0 0.5347 \ 0.069085| 408.15
24 218 0.0136 0.0122 0 0 0 0.0258 L 0.069085| 408.15
25 219 1.0698 0 0 0 0 1.0698 L 0.069085| 311.15
26 220A 0.1746 1.6064 0 0 0 1.781 L 0.069085| 485.25
27 220B 0.1746 1.6064 0 0 0 1.781 L 7.00 486.05
28 220C 0.1746 1.6064 0 0 0 1.781 L 7.00 684.15
29 221 0.6174 1.1636 | 0.4428 0 0 2.2238 | L+V 7.00 684.15
30 222 1.4899 0.2911 | 1.3153 0 0 3.0963 \ 7.00 796.85
31 223 1.7 0.081 1.261 |0.1322| 0.2644 | 3.4386 V 7.00 875.05
32 224 1.757 0.024 1.0776 | 0.2524 | 0.5048 | 3.6158 \ 7.00 955.05
33 225 1.7725 0.0085 | 0.8405 |0.3787 | 0.7574 | 3.7576 \ 7.00 1027.05
34 226 1.7777 0.0033 | 0.6031| 0.5 1 3.8841 \ 7.00 1100.15
35 227 1.4456 0.3354 0.271 0.5 1 3.552 \ 7.00 704.15
36 228 1.1746 0.6064 0 0.5 1 3.281 L+V 7.00 393.15
37 229 0.0328 0 0 0.5 ]0.9961 | 1.5289 \ 7.00 393.15
38 230A 1.1418 0.6064 0 0 0.0039 | 1.7521 L 7.00 393.15
39 230B 1.1418 0.6064 0 0 0.0039 | 1.7521 L 35.00 396.05
40 231B 1.6033 0.0012 0 0 0 1.6045 L 1.01 311.25
41 232A 2.8035 0.0151 0 0 0.0077 | 2.8263 V 35.00 621.35
42 232B 2.788 0 0 0 0.0038 | 2.7918 L 35.00 393.15
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Figure 4.8 Comparison between GA and current ASREAysSis
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Figure 4.9 Comparison between GA and current ASBEMysis (continued)
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4.3 Section Il — HI Decomposition Simulation

4.3.1 Flowsheet Convergence

Aspen Plus was used to simulate the reactive ldisbih column for HI
decomposition by following the methodology proposeg General Atomics. The
simplified proposed flowsheet for the reactive ilaton column is shown in Figure 4.11
and the whole flowsheet is represented in Figul.4The column is constituted by
7stages including the condenser and the reboites.Hl/L/H,O product stream from the
Bunsen reaction is pressurized up to 22 bar antetida the feed temperature of the
reactive distillation column (C301) in a network loéat exchangers (type: shell and
tubes) (E301/E302/E303). This heat is recoveredchftbe two liquid products of the
distillation column, the bottom stream (305A) caonitag most of the iodine, and the side
outlet (306A) containing most of the water and waheposed hydrogen iodine.

The overhead product of the column is scrubbedpacked column (C302) with
water to remove the residual hydrogen iodine frbom ltydrogen. The high pressure (22
bar) and low temperature (298 K) of the scrubbsultan a relatively low water content
in the hydrogen product. Fresh deionized waterptrerall water input to the process, is
used to scrub the product hydrogen. The scrub wWafelA) is used to wash portion of
the bottoms in a packed column.

309

[ @( S-301

L |
Flow rate: 126.164 kmol/h |SIDEVAP |
H,O: 51% I |SIDELIQUID (306A)
2 c301 —
I,: 39% L
HI: 10% FEED (304B)
H,: 0% — = |
Temperature: 262°C L

Pressure: 22bar
Phase: liquid D E—
305A
ANV

Figure 4.11 Simplified reactive distillation
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The simulation was conducted first in the reactdrstillation column only. The HI

decomposition reaction takes place in all the gestaand the side liquid draw is adopted
in this study; a high amount of liquid comparedthie gas flow rate is extracted at the
third stage. Once the convergence is achievedyabdlow rate is decreased until no flow
is observed. The feed from the Bunsen reaction its #ubble temperature (262°C) with
a molar fraction of 51% of water, 39% of iodine al@Po of HI and is set at stage 5.
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At the beginning of the calculations, the side iijsideliquid) flow rate is set at 50
kmol/h and the side vapor (sidevap) flow rate 8tL&kmol/h. The convergence is achieved in a
first time at 22 bar without the HI decompositiohenm the boil up rate is equal 40kmol/h. Once
the convergence is achieved, the reaction ratel afeldlomposition is added progressively from
the bottom to the top of the column. A productidnikmol/h of hydrogen was obtained when
the boil up rate is set at 210 kmol/h. Then floveethsimulations were carried out to obtain
1kmol/h of hydrogen production by varying boilupesiand side liquid flow rate in the column
and the convergence of the whole flowsheet wasaebi
Once the flowsheet convergence was achieved paiansaidies were conducted. The system
pressure was varied from 22 bar to 40 bar. For paessure, the boil up rates, side liquid flow
composition, temperature, liquid vapor compositeere determined for 1kmol/h of hydrogen
production. The whole flowsheet was implementedeoti® convergence was achieved in the
reactive distillation column.

The simulation results on stream composition, pressemperature, flow and phase are
presented in Table 4.8 for the whole flowsheethls table the stream numi23 shows the

hydrogen production rate.
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Table 4.8 Present Analysis Results for HI DecortprsSimulation

H.O P HI Ho Mole flow Pressure| Temp.
No|Stream|(kmol/h)|(kmol/h) (kmol/h)|(kmol/h)| (kmol/h) |Phase (bar) (K)
1 301A| 65.69F 48.00712.459 0 126.164 L 1.85 393|1
2 301B| 65.697 48.00712.459 0 126.164 L 2P 397/5
3 302A | 41.06Q1 30.005 7.787 0 78.852 L 2P 3975
4 302B| 41.060 30.005 7.787 0 78.852 L 2P 511
5 303A| 24.636 18.003 4.672 0 47.311 L 2P 3975
6 303B| 24.636 18.003 4.672 0 47.311 L 2P 500
7 304A | 65.697 48.00712.459 0 126.164 L 2P 507|1
8 304B| 65.697 48.00712.459 0 126.164 L 2P 535|1
9 305A 5.224 41.895 1.414 0 48.533 L 22 583/1
10 305B 5.224 41.895 1.414 0 48533 L 2P 5268
11 305C 5.224 41.895 1.414 0 48533 L 2P 4147
12 305D 5.224 41.895 1.414 0 48.533 L 22 393]1
31 306A| 60.4710 7.112 9.047 0 76.63 L 22 5211
13 306B| 60.471 7.112 9.047 0 76.63 L 22 415.6
14 306C| 60.471 7.112 9.047 0 76.63 L 22 3681
15 307A 2.338 0 0 1 3.333 V 22 473.9
16 307B 2.333 0 0 ] 3.333 V+L 22 298.1
17 308A 2.338 0 0 g 2333 L 22 298.1
18 308B 2.333 0 0 g 2333 L 22 4941
30 309 0.001L 0 0 1] 1.001 V 22 2981
19 310A 1.021 0 0 g 1.021 L 1.018 298|1
20 310B 1.021 0 0 g 1021 L 22 2994
21 311A 1.021 0 0 g 1.021 L 22 298.9
22 311B 1.021 0 0 g 1021 L 22 3931
23 312 0 D 0 1 1 V 272 299.38
24 313A 5.11F 41.031 1.385 0 47.532 L 22 393/1
25 314 0.108 0.864 0.029 0 1.001 L 22 3931
26 315 1.112  0.095 0.029 0 1.236 L 22 398.9
27 316A 0.01f 0.769 0 g 0.786 L 22 3957
28 316B 0.017 0.769 0 g 0.786 L 7 395.7
29 317A| 61.583 7.207 9.076 0 77.866 L 4.2 3698

The vapor molar fractions and liquid molar fracBare presented in Figure 4.13. The
results indicate that at the top of the column,ewa predominant and no Hl is present at Stage 1

in the vapor phase.

Purdue University 48



(@)

bbb

Vapor molar fraction
o
N

Stage number

(b)
C 17 —Q—l'
O a1
s
208 - -o-F
—
‘_TS 0.6
(@)
s 0.4
o]
'5 0.2 1
=3
_I OLA T T T I

1 2 3 4 5
Stage number

Figure 4.13 Vapor molar fraction (a) and liquid ardiraction (b) in the reactive distillation

column when the hydrogen production rate is 1kmol/h

4.3.2 General Atomic Results Reproducibility

The present simulation results are compared with régults. For comparison, referring to

Figure 4.12, the same stream numbers as in GAs@ée 10 compare the results. For example,
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stream number 304A from present results is compaidd stream number 304A of the GA
results as shown in Table 4.9. The comparisons paesented in Figures 4.14.-4.17 for

component flow rates and stream temperatures.

Table 4.9 Stream Composition for the Reprodudib&itudy

H20 P HI H, |Mole Flow Press. | Temp.
NoStream(kmol/h)|((kmol/h)|(kmol/h)|(kmol/h)| (kmol/h) |Phase (bar) | (K)
1 301A | 65.69F 48.007 12.4p9 0 126.164 1.8 393.1
2 302A | 41.061 30.005 7.787 0 78.852 22 3975
3 303A | 24.636 18.003 4.6}2 0 47.311L 220 397.%
4 304A | 65.697 48.007 12.459 0 126.164 22 507.1
5 305A 5.224 41895 1.414 0 48.333L 22 583.1
6 306A | 60471 7.112 9.047 0 76/63L 22 521
7 307A 2.338 D D 1 3.333 V 22 473.9
8 308A 2.338 D D 0 2333 L 22 298.1
9 309 0.001 D 0 1 1.001 Vv 221 298.1
10 310A 1.021 D D 0 1.021 L 1.013 298.1
11 311A 1.021 D D 0 1.021 L 22 298.9
12 312 @ 0 0 I8 1V 22 299.3
13 313A 5.11Y 41.031 1.385 0 47.332L 22 393.1
14 314 0.108 0.864 0.029 0 1.001L 22 393.1
15 315 1.112 0.095 0.029 0 1.236L 22 398.9
16 316A 0.01y 0.769 0 0 0.786 L 22 395.7
17 317A | 61583 7.2Q7 9.0Y6 0 77.866L 4.2 369.8
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Figure 4.17 12 flow rate in the flow sheet

The component flow rates of the present simulatompare very well with the GA

results. A small difference is noted in the HI floate. This deviation may be due to the
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difference in the temperature of the side liquahflrate (stream 306A). Indeed, the temperature

in the present analysis is 521K while in the GAlgsia, this temperature is 524.15K.

4.3.3 Pressure Influence on the Operating Conditions

The influence of the pressure on the operatinglitimms was studied for a production of
1 kmol/h of hydrogen. Boil up rate dependence tphessure in the reactive distillation when
hydrogen production rate is 1 kmol/h is presenteHigure 4.18. From the figure, it is clear that
if the pressure is increased for hydrogen prodoatade of 1kmol/h then the boil up rate must be

decreased in order to maintain the same hydrogafuption rate.

220

=
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(@)
!

Boil up rate
(kmol/h)
|_\
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100 \ \ ! ‘
20 25 30 35 40

Pressure (bar)

Figure 4.18 Boil up rate dependence to the pregsuhe reactive distillation when hydrogen

production rate is 1kmol/h.

Component flows of the side liquid (stream 306Ajla# column are plotted in Figure 4.19.
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Figure 4.19 Stream 306A component flow dependémtiee pressure

The results indicate that when the pressure irctthemn is increased, the water flow decreases
at the side liquid flow while the iodine flow in@ses. However the HI flow rate is at steady
level. At the bottom of the column, water flow ratereases with the increase in the pressure

while iodine flow rate decreases.
4.4 Binary Parameter Estimation

The binary parameters were estimated by using Agpes with the NRTL activity
coefficient model in order to build our proper mbfte the Section Il of the Sl cycle. The data
were collected from different sources:

— The b-H,O system has been studied by Kracek (Kracek 19B31¢. solubility of
iodine in water was measured and a miscibility bapg between the solid-liquid
equilibrium point at 385.4 K and an upper tempartapproximately 553 K was
identified.

— Total pressures of HI-#D mixtures have been investigated by Wuster (WU<€&B).
This system exhibits an azeotrope whose precisgaosition depends on temperature
and pressure. A synthesis of these data has be#ish®md by Engels and Knoche
(1986). In the ternary HH,O system, the liquid phase exhibits two immiscibili
regions which are the extension of the partly nbigcsystems,tH,O and HI-HO.
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—  The hydrogen solubility in pure liquid hydrogexdide and iodine was measured by
O’Keefe and Norman (O'Keefe and Norman 1982) aeg thund that this solubility
obeys Henry’s law.

Comparison between the experimental data and tiieinfior the bubble pressure of the
HI-H,O binary is presented in Figure 4.20 at 373 K 98l 8.
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S Model K
j —
()
5 A 373K
(7p] |
N 1 n
o
o A
A
0 I I I I \

000 005 010 015 0.20 0.25

Mole fraction Hi

Figure 4.20 Bubble pressure of HE®I mixture

Table 4.10 and Table 4.11 summarize the binarynpeters estimated by the model.
Table 4.4.100 NRTL binary parameters estimated wipen Plus

Component i HI I I
Component | H,O HI H,O
Al -2.093 1.458 -4.678
Alji 4.126 0 -0.875
Bij -819.078 173.318 |3132.595
Bji -573.903 0 2796.087
Cij 0.3 0.3 0.3
Tlower (C) 0 0 0
Tupper (C) 1000 1000 1000
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Table 4.11 Henry’s binary parameters estimatel wispen Plus under pressure unit in bars.

Component i H, Ha

Component | HI P
Alj 7.867 -286.355

Bij 0 0

Cij 0 0

Tlower (C) 0 0

Tupper (C) 65 65

We are currently working on the improvement of ldtdmposition in the Sl cycle by using

the membranes techniques.
4.5 Membrane Separation Method for HI Decomposition

In order to increase the Sl cycle efficiency, whitdpends mostly to the amount of heat input
for the HI and sulfuric acid decomposition and #raount of water recycled to the Bunsen
reaction, different methods have been proposed.

To reduce the excessive recycling agents, threenbrane techniques have been
proposed for the Sl cycle process. An electrochahaell (EC) method can reduce the amount
of iodine (k) coming from the Bunsen reactor (Nomura et al.42200omura et al. 2005). HI
separation and decomposition procedures are irgehiato the Bunsen reactor membrane
reactor. The BBO, solution and the HI solution are obtained sepbraié both sides of the
cationic-exchange membrane. HI solution can be eutnated by using an electro-electrodialysis
(EED) (Arifal et al. 2002; Onuki et al. 2001). Thigethod is effective in reducing the amount of
water recycled to the Bunsen reaction after thectnea distillation reaction. A hydrogen
permselective membrane reactor (HPMR) can imprbgeconversion ratio of HI decomposition
reaction (Hwang and Onuki 2001; Hwang et al. 1999).

The evaluation of the sulfur-iodine process feamrof the membranes techniques by total
thermal efficiency is presented by Nomura et alorfhra et al. 2005). In their study, the
comparisons are made between electro-electrodsalfgED), electrochemical cell (EC) and

hydrogen permselective membrane reactor (HPMR).rii&eimal thermal efficiency was found

to be 40.8% at 12.5m0|.|<1@420) of HI molality after the EED. For the electrochealicell (EC)
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the maximum thermal efficiency was 38.9% at 15.3kgfi20)0f H.SO, molality after the EC.
It was also shown that when the HPMR is used fodétomposition, the conversion in one pass
is about 76.4% while in the Sl cycle the convers®r20%. The amount of recycled HI was
reduced by 91.5% using this membrane techniqueast noted that the total thermal efficiency
was improved only 0.7% by the application of theMH®

Very recently, the removal of water from aqueoudriodic acid (HI) by pervaporation
using Nafion 117 membrane was also studied (OmaeStewart 2007; Stewart et al. 2007).
Water was successfully removed from the acid wisieparation factor of £@vith respect to Hl.
For example, HI feeds were concentrated from apprately 1.7 to 5M and permeate
concentration from I8 to 10* M. Membrane distillation (MD) was also applied ftre
concentration of hydriodic and sulfuric aqueoususoh (Caputo et al. 2007). Two different
membranes were investigated, direct contact mermebrdistillation (DCMD) with a
polypropylene capillary membrane, and air-gap memr distillation (AGMD) with
polytetrafluoroethylene (PTFE) flat-sheet membraltehas been demonstrated that H2SO4
concentration in feed was increased from 1.1 u@gnwl/L with DCMD and from 0.9 up to
10.1mol/L with AGMD. HI concentration was incredstom 0.3 up to 7.0mol/L with the
DCMD and from 0.3 up to 8mol/Lwith AGMD. The lattersult shows that the HI concentration
can be higher than the azeotropic concentratiagheHI/H,O (7.57mol/L). All the work will be
focused on the HI decomposition section by usind E&hd or Pervaporation. The proposed
modified flowsheet is presented in Figure 4.21.
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5. Simulation of Sulfur lodine Thermochemical HydrogenProduction Plant

Coupled To High Temperature Heat Source

5.1 Introduction

In the present model the SI cycle is simplifiectanthree main reactions -Bunsen reaction,
sulfuric acid decomposition and the hydriodic adetomposition. Since Bunsen reaction is
exothermic, it is not coupled to nuclear heat tpanssystem. Thus Section | does not receive
process heat input.

A mathematical model for the reaction chamber alhdchemical processes is developed.
The process heat from the nuclear reactor is siealidarough the heat exchanger that is coupled
to reaction chambers. Dynamic response of theledupl plant and high temperature reactor
heat exchanger is examined for transients usingithplified model.

5.2 Simplified model

The first step in developing a transient mofde the sulfur iodine cycle is to derive
governing equations of mass, momentum, and enefggverning equations applicable for a
reaction chamber control volume with inlet and eutlow are derived (Figure 3.1). The model
is used to analyze the decomposition of sulfurid 8d,S0O,) and hydrogen iodide (HI) in the Sl
cycle. Transients initiated from high temperatbedium side such as helium inlet temperature
or helium inlet flow rate changes are simulateds hssumed that all reaction chambers are well

mixed, the chamber volumes are constant, and tilolr pressures are constant.

5.2.1 Extent of Reaction

The general chemical reaction can be written as
V| A+V| A+.= v | AL+ V| A (5.1)
where the|v| are stoichiometric coefficients and th stand for chemical species. The left

hand side and right hand side of the equationemetants and products, respectively. Thare

called stoichiometric numbers, which are positige froducts and negative for reactants. For
example, the hydrogen iodide decomposition react@mnbe written as
2HI =H, +1,

thenv, =-2, v, =1, v, =1. Eq. (5.1) can be rearranged as

Purdue University 59



Z"iA =0 (5.2)

Reaction Chamber

P, T.,m

in’ i,in? "iin i,out’ hi,out

h. P, Vo, Mg, T, P, To, m
_ yi(t)’ hi ——

QHX

Figure 5.1 - Schematic diagram of a reaction chambe
In the reaction represented by Eg. (5.2), the gbann the numbers of moles of the species
are directly proportional to the stoichiometric rvars.
dM, _dM, _ _dv v,
Vv, v, V, V,

i1 —

(5.3)
where theM, are the numbers of moles of the species. Eaah ierelated to an amount of
reaction. Since all terms are equal, they can peesented by a single quantity.
dX=—=~L=— 2= =—121=-—1 (5.4)
The variable X, is called thanolar extent of reaction, which characterizes the extent or
degree to which a reaction has taken place. Thergkrelation between a differential change
dM; rxn IN the number of moles of a reacting speciesdqs
dM, =v,dX (5.5)

The sum of the changes in the number of moleslfgpacies is then

M, ion = Zdl\/li =(Zvijdx =(Av)dX (5.6)

5.2.2 Balance Equation in a Reaction Chamber
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A schematic diagram of one of the reaction chasitseshown in Figure 1.

5.2.2.1 The Molar Balance

The molar balance for each species in the reachamber can be written as,
dM; . i
T Min =M ou +?
where M; r = the accumulation of moles of species i in trecti®n chamber,

(5.7)

m.in = the molar flow rate of species i into the reactthamber,
m out = the molar flow rate of species i out of the teactchamber,
M; = the production rate of moles of species i dues&ztion,

In equation (5.7), th®/; is defined as,

dC
M, =V, — 5.8
I R™i dt ( )

where M; = the production rate of moles of species i dueséztion,
Vg = the reaction chamber volume,
m out = the molar flow rate of species i out of the teacchamber,
Ci = the concentration of species i in the reactioanaber,
The total number of moles in reaction chamber thedtotal molar flow rate into and out

of the chamber can be written as

Me =3 Mg (5.9)
mn = Zm,in (510)
My =DM o (5.11)

The molar fraction of each species in the reaatlmamber is defined as

y, = Mow (5.12)
My
Combining equations,
d(yM
M = rTl,in - rT‘l,out TV d_x (513)

dt dt
This is the molar continuity equation for a spegdiedn this equationgX/dt is defined as,
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dX _1dM, _,, dC 5.14)

dt v dt "odt

Thus, equation (5.13) can be rewritten as,

d(ylMR) = rT‘,in _m,out +ViVRB

dt dt

For the hydrogen iodide decomposition reaction ntiodar balance equation for each species can

be written as,
dXx

d(M,, dm
( dtHI R) :rnl-|l,in_rnHI,out - dtHI :rnHI ,in_rnHI out _2 dt (515)
d (M H R) dMm,, dX
2] = - + 2 = - +— 516
dt rT‘IHz,ln rT‘IHz,ou'( dt rT‘IHz,ln r‘nHz,out dt ( )
d(M, .) dMm, dx
——=m ;- +—=2=m - +— 5.17
dt mz,ln mz,OUt dt mz,ln rnlz,out dt ( )
By summing the molar balance equation for speci@s Eqg. (5.12), global molar balance
equation can be obtained as
dM, dXx
=m, - +Ay— 5.18

The left hand side of Eq. (5.12) can be expanded as
dy. dm dXx
M. ity " R=m. — +v — 5.19
R dt yI dt rI],In m,OUt \II dt ( )

Combining and simplifying, the above equationsvarigen as
dX (5.20)

dy, dXx
M.ty |m +Av—=|=m. 4y —
R dt M(mn V dt} m,ln I/I dt

5.2.2.2 The Energy Balance
From the first law of thermodynamics for an omystem with negligible kinetic and

potential energy, the energy balance equatiorhientire reaction chamber can be expressed as

C:j_LtJ: - (m,inh,in)_Z(vaUth»OUt)+QHX (5:21)

62
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whereU = total internal energy in the reaction chamber,

h ., = the enthalpy of each reactant species entermgetiiction chamber,
h .. = the enthalpy of each reactant species exitingehetion chamber,

oy = the energy input from the heat exchanger.
Using the definition of enthalpy Eq. (15) can bétten as

dH dP

E_ : (m,inh,in)_iZ(m,outh,out)+QHX +VRE (522)

whereH = U + PV = total enthalpy in the reaction chamber,
P = pressure in the reaction chamber,
VR = the reaction chamber volume.
For simplicity, the ideal gas mixture assumptismised in this model.
If Mjr moles of species i in this mixture occupy the sdotal volume alone at the same

temperature, the pressure is

PV, = M RT, (5.23)
Dividing the latter equation by the former gives

p_ Mg

—=—=—=y orp=yP 5.24

P M, Yi B =Y ( )

where y, is the mole fraction of species i in the gas nmfuand p, is known as the partial

pressure of species i. The sum of the partial pressequals to the total pressure.

An ideal gas is a model gas comprised of imaginaslecules of zero volume that do not
interact. Each chemical species in an ideal-gasum@xtherefore has its own private properties,
uninfluenced by the presence of other species. ihise basis of Gibbs’s theorem (Smith and
Ness, 1987): A total thermodynamic propetty, H, Cp, S A, or G) of an ideal-gas mixture is
the sum of the total properties of the individugleses, each evaluated at the mixture
temperature but at its own partial pressure.

This is expressed mathematically for the enthalgyykhe equation

H =3 (v JaM +M, 3 (ndy,) + M, 3 (yeh) (5.25)

where the superscripg denotes an ideal-gas property. Since the moldragnt of an ideal gas
is independent of pressure,
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ho(T) =2 yh°(T) (5.26)
The superscript ig will be dropped for the simplichereafter.
The total enthalpy of the system can be relabetthé molar enthalpy using the ideal gas

mixture relations.
H=M.h=3M .0 =My h (5.27)

where h= the mixture molar enthalpy in the reaction chambe

h = the molar enthalpy of each species i in the reacthamber.

The expression for the change in the total enthedpybe expanded as,

dH =Z(m)dMR+MRiZ(hdM)+MRiZ(Mdh) (5.28)

By substitution Eq. (5.22) into Eq. (5.16), we ceduce the energy balance equation to
dependence on more computationally relevant questit
dMm dy, dh : dP
iZ(yihT“MR 5 MRy dtj iZ(m,mh,m)-iZ(m,m.thm)+QHX Ve r (5:29)
This expression may be further reduced via sulbstitu

dX dh
- —My +V,—— [+ Mgy, —+
y.h(mn My TV, dt} RY g

z :Z(m,inh,in)_Z(m,OUth,OUt)+QHX +VR§

“In (_y Y dX dxj
imn i’ m in dt
(5.30)
The change in molar enthalpy of each species ingetion chamber is then
dnh =c,,dT, (5.31)

where c,; =the molar specific heat at constant pressure,
dT, = the temperature change in the reaction chamber.

The molar enthalpy of the outlet stream is assuaseohe in the reaction chambér,, =h .

Then, the energy equation Is further simplified as
dP

M ZM pl—— _ m,m(h,m—h)—%(zviqu Voo (5.32)

The heat of reaction and mixture specific heatdefened as
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Ahreaction = Zvih (535)
c,= Z YiCo. (5.34)

Finally, the energy balance equation can be writen

—dT, dx . dP
MRCPd_tR:izm,in(h,in_h)_AhRXN E+QHX +VRE (3.35)
To summarize, the continuity equation for the react chamber s,
dy, dXx dXx
M_—=L+vV +Av—|=m. +y. —
R dt yl (mn V dt j m,ln I/I dt

As an equation of state, ideal gas law is used.

PV; = M RT,

where C; = M /V; the molar concentration in the reaction chamber.

The energy equation for the reaction chamber is,
dTy dP

dXx :
MRiZ yicp,i E :izm,in(h,in _h)_EiZVih +QHX +VRE

The extent of reactionX, can be related to the reaction temperatiife,as well as the species
concentrationC, = y,C;. Thus,
X =X(T;,C) (5.36)

The heat exchanger is modeled as a shell and pgeeheat exchanger. It is assumed that the
pipes carry the nuclear heat with helium streamthacdeat is transferred to the shell side which

is the reaction chamber volume. The energy baltoeigh heat exchanger is

QHX = U DAD&T = r.nl-le(hHe,in - hHe,out) (537)

where,U = overall heat transfer coefficient of heat exa®n
A = heat transfer surface area
AT = mean temperature difference in heat exchanger
mye = Molar flow rate of helium stream
hyein = molar enthalpy of helium stream at inlet witm,
hheout = Molar enthalpy of helium stream at outlet with
The unknowns in this system of equations Bg: X, y; (i=1,2,,,n),Muu, P, Tr andTh, .

We have (n+6) unknowns but only have (n+5) equatiowe need one more equation to close
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the problem. One missing equation is a momentutanba equation through the reaction

chamber. We can construct the momentum balandbdareaction chamber with an appropriate
consideration of pressure forces, viscous forcelsgaavitational forces. A realistic set-up of the

momentum balance is related with specific procgssemn design and control logics (piping

configurations, pump performance and control logadye characteristics and control logic, etc).

Such information is not available now and it is appropriate for the purpose of this model, a
simplified model. Instead of solving the momentbhatance, a few possible model assumptions
could be used for the present simplified model;

dpP
1. The pressure in the reaction chamber is constamt—g'tr =0)

dM
2. —Or- the total mole number in the chamber is condize. dtR =0)

. am,, _
3. —Or- the outlet molar flow rate is constant (maF =0)
A reasonable assumption seems to be that, durib@gnrsient, the pressure in the reaction
chamber does not change. We can expect that gutuedss system would have such pressure
control logic in each reaction chamber. Therefomxstant pressure in the reaction chamber is
assumed in the present analysis.

dP
Ty = 0 orP = constant (5.38)

5.2.3 Chemical Reactions in SI Cycle

To close the governing equations derived in tle¥ipus section, the extent of reaction in
Eq. (5.27) should be specified for each reactidhe main chemical reaction in the Sl cycle is
modeled with an appropriate simplification and thileer chemical processes for the separation,
concentration, and recycling are neglected or sfragdl For section 1, the depletion rate of

sulfur dioxide can be expressed as (Brown et &3%0

-4 - 1 om.0 p0) (5.39)
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Thus, the depletion rate of sulfur dioxide is defem on the reaction rate, as well as the

concentration of each of the constituents.

For section 2, the analysis of the sulfuric atgdomposition is carried out in two
steps. First, sulfuric acid is assumed to be decsexqb into water and sulfur trioxide.
Second, oxygen and sulfur dioxide are producechbydecomposition of sulfur trioxide)(8

These steps are,

1
1) H,80, U 1 H,O+ S0;, 2)SOSDE-!»SOZ+EO2

From the chemical equilibrium calculation, thdfwic acid decomposition (first

reaction) is close to 100% at above 70D (Huang and A. T-Raissi, 20p5 Therefore, 100%
conversion is assumed in this model. Then, the at®rkinetics for section 2 is expressed

as,

_d[H,S0,] _ _d[SOj]

dt dt

Because the reverse reaction rate of section dubstantial, the definition of Hydrogen

=k, [}SO,] (5.40)

lodide depletion rate is significantly more complekXhe HI decomposition reaction can be
qguantified via three coupled differential equatidmisthe production of hydrogen and iodine

and the depletion of hydrogen iodide. These exmessare,

d
el HIP -k H] DI
diH,] _dIj.
dt dt (5.41)
1 d[HI
-k H 01 -k BHI

These coupled equations for section 3 are solvedyuke Runge-Kutta method. Assuming
each reaction is elementary; these reaction ratestants can be calculated using the

following relationships,
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k, = %exp{—%} Ck,=A, exp[—%] (5. 42)

3

Table 5.1 summarizes each parameter in Eq. (5138 reaction constant&'s
andk’s) were obtained from reference (Oxtoby And N.HacNtrieb., 1986). Thus, a simple
chemical model of the steady state and transiémi\ner of each reaction chamber has been
described. This chemical reaction chamber modednwdoupled to a relevant thermal model,

constitutes a fully coupled simplified model of thecycle.

Table 5.1 Reaction rate parameters
Section 1 Bunsen reaction (Liquid Phase, 1%1)

Pre-Exponential Factor (A1) 3e-6/(mofF s)
Activation Energy (E1) 4.187 kJ/mol
Section 2 H2S0O4 decomposition (Gas Phase, 85D
Pre-Exponential Factor (A2) 6.8¢4 s
Activation Energy (E2) 73.1 kJ/mol

Section 3 HI decomposition (Gas Phase, 480
Reverse Reaction

Pre-Exponential Factor (A-3) 1.596e7 L/(mol s)
Activation Energy (E-3) 108 kJ/mol
Forward Reaction

Pre-Exponential Factor (A3) lell L/(mol s)
Activation Energy (E3) 184 kJ/mol

The reason for the large response time of Settios that HI decomposition requires a
very large volume. This large volume is due toréneerse reaction rate of HI decomposition
which is on the same order as the forward reaat@de. In the simplified SI model, HlI
decomposition is the most challenging reactiorerms of chemical kinetics. In contrast, the
chemical kinetics of the $0, decomposition is straightforward, but there areynmaaterial
difficulties due to high temperature and the higtdyrosive nature of the solution. The long
response time of Section lll slows chemical plae¢dback to the nuclear reactor. The

contrast in response time between Section Il amtic®elll is shown in Figure 2.
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Figure 5.2 - Response time of Section 2 and Seétion

5.3 Model Implementation

To implement the transient model, a comprehersi®#ady state calculation must first be
performed. The steady state analysis involves talog a steady state hydrogen production rate
based on reactor coolant and reactant flow ratdst@mperatures. After the initial steady state
calculation, one of the relevant quantities, susheactor coolant temperature, can be perturbed,
and the resultant transient can be observed. riitial isteady state condition can be obtained by
fixing all but one of the relevant quantities. Fetample, a desired hydrogen production rate
could be fixed, and the required coolant flow restculated. Alternatively the coolant flow rate
could be fixed and the heat exchanger transferraared calculated. Thus, there are a variety
of potential steady state solutions that could &&clhed. A sample set of specific chemical
species concentrations is shown in Table 5.2. t€hgerature and pressure for each sections
were set based on the values from previous litezgfdorman et al. 1982).
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Table 5.2 Steady state concentrations
Section |: Bunsen reaction (Liquid Phase,

120 C, 7 bar)
Components  Concentration, mol/f
SO, 315.1
P 9901.5
H,O 14685.0
HI 2567.8
H,SOy 206.1

Section I1: H,SO, decomposition (Gas
Phase,850 C, 7.09 bar)
Components  Concentration, mol/th

H2SO, 0.1
H,0O 34.7
SO; 11.8
SO 19.5
Oz 9.8

Secion Il : HI decomposition (Gas Phase,
450 C, 22 bar)

Components  Concentration, mol/th

H> 5.2
P 51.6
HI 161.1

H,O 148.1

Once a steady state solution has been attairgahratity, such as the nuclear reactor coolant
flow rate or the coolant temperature, can be pleedr Then, using the time dependent energy
balance, continuity balance, reaction rates, ancthembum assumption, the transient response of
the Sl-cycle system can be observed. The transienbdeled by introducing a perturbation and
iterating with a small time step until convergenseachieved. A flowchart of the proposed

transient model procedure is shown in Figure 5.3.
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Model Assumption
P=constant or
Mg=constant or

m, =constant

Initiating
event &
time step

Thermo-
dynamic
& kinetic
data

A

Species Molar Balance —@

Global Molar Balance

Equation of State

— |

Reaction Kinetics

Energy Balance

HX Energy Balance

End of
Transient ?

Figure 5.3 - Flowchart — transient analysis

5.4 Results and Discussion
Some of the most important transients in nualeactors are those such as a partial Loss-
of-Coolant Accident, where some percentage of ¢élaetor coolant is removed from the coolant
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stream. This is a potentially severe reactor actidénderstanding the transient behavior of the
chemical plant in such an event is an importantaarcsafety question. Thus, a sudden change in
coolant flow rate is an important perturbationhie transient analysis.

Occasionally, to prevent an out-of-control nucleaaction, an emergency insertion of
negative reactivity is necessitated. As a resuthefreactivity removal, the outlet temperature of
the reactor coolant will quickly drop. The changechemical plant reaction rates and hydrogen
production rate would be important to understanguch an event. In the following section,
perturbations for helium inlet temperature andumaliinlet flowrate are simulated as transient
analyses. Thus perturbations in the process hkitdoolant flow rate and inlet temperature are
chosen as test cases because they are of interés analysis of high temperature gas cooled
reactor.

The transient model for the reaction chamber glémented in a series of MATLAB scripts
based on the available thermodynamic and kinetia (laxtoby and Nachtrieb., 1986). For the
steady state condition, it is assumed that twauhektreams flow through each reaction chamber
(Section 2 for H2SO4 decomposition and Section r3Hb decomposition) with helium inlet
temperature of 90C (1173.15K) and helium outlet temperature of 45(723.15 K). Steady
state helium flow rate can be determined from theady state helium inlet and outlet
temperatures using heat exchanger (HX) heat loaé Ifieat required for two endothermic
reactions in Section 2 and Section 3) and at asswtesign hydrogen generation rate. For
calculations hydrogen generation of 1 mol/s was fissumed. Steady state concentrations were
derived from ASPENPIus calculation using the GAnishieet (Brown et al. 2003). Then the
corresponding heat exchanger heat loads are ctddularhe reaction kinetics for each section
determines the amount of reactants in each chambé&wus for given pressure the reaction
chamber volume is determined. The reaction chamb&rme for Section 3 is very large
compared to Section 2. This can then be scaladyaeneration level.

In the current model implementation, there is inmetdelay between the event that initiates
the transient and the response of the chemicalt.plarhe thermal time constant and heat
capacities of the, heat exchanger, chambers andgpgre not modeled. Thus, the transient
begins immediately following the perturbation. Téfere the transient results from the model
show accelerated effects than the reality. Neviatise some understanding of the transient

behavior of the Sl-cycle may be gained from the eha@sults. The interface between the
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chemical plant and the nuclear reactor is the imégliate heat exchanger. Thus, in the simplified
model, the interface between the two loops canebleaed to the heat transfer, Q, through the
intermediate heat exchanger. Thus, to drive asteain both loops, this heat transfer quantity,
Q, must be changed in some walhe transient model for the reaction chamber idemgnted

in a series of MATLAB scripts based on the ava#atiiermodynamic and kinetic data. For the
transient analysis, the following initiating eveatg assumed,;

Helium Inlet Temperature Perturbation

Initiating Event = step(or ramp) increase (or dasg in helium inlet temperature (Thl)

Case 1) 25 K step increase , Case 2) 5 K/s rampase for initial 5 seconds and remain
constant afterward, Case 3) 5 K/s ramp decreasenital 5 seconds and remain constant
afterward, Case 4) 25 K step decrease

Helium Inlet Flowrate Perturbation

Initiating Event = step (or ramp) increase (or éase) in helium inlet flow

Case 1) 10 % step increase , Case 2) 2 %/s ramease for initial 5 seconds and remain
constant afterward, Case 3) 2 %/s ramp decreasanitaal 5 seconds and remain constant
afterward, Case 4) 10 % step decrease

Figures 5.4(a) and (b) show reaction chamber temype in section 2 and 3. The reaction
chamber temperature in section 2 quickly respoadbké perturbation and the new steady state is
reached within 20 seconds period. However, theoresp of section 3 is too slow to reach a new
steady state condition for the same time frame.SHotion reaction chamber temperature change
is slower because the volume of the chamber redjdme assumed hydrogen generation for
section 3 is large. The reactions rates in Se@iare slower are slower and hence require large
chamber volume.

In Figure 5.5, the outlet molar flow rate from ¢gan chamber in section 2 and 3 are shown
for the transient. The section 2 molar flow rateaaesult of the transient reaches new steady
state in 20 seconds time whereas for the sectitire 3teady state is reached at more than 500
seconds. The slower response of the Section 3Jrifialarates is due to chemical kinetics.

In Figure 5.6 the oxygen mole fraction intgat 2 is shown. In Figure 5.7 the hydrogen
mole fraction is shown for the inlet helium tempara perturbation. The response of the
reaction chamber temperatures for helium inlet ffate perturbation is shown in Figure 5.8 for

section 2 and 3. From these figures it is seenthi@mole fraction change with time occur at
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much slower rate in Section 3 than in Section Ze Tesponse of the oxygen mole fraction in
section 2 and the hydrogen mole fraction in secfiomre shown in Figures 5.9 and 5.10
respectively. The response of the section 2 is dast that of the section 3 is slow for this
initiating event as well. The differences in thesponse between two sections come from
different reaction kinetics: The reaction kinetics Section 3 is slow so that the reaction

chamber volume for Section 3 is much bigger tharStection 2.
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Figure 5.4 - a) Section 2 b)Section 3 Reactiomibex temperature for inlet helium temperature
change events
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Figure 5.5 - a) Section 2 b)Section 3 Outlet métaw from reaction chamber for Thl change
events
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5.5 Nomenclature
A chemical species
A1, Az, As, A-3 pre-exponent factor for reaction rate

C concentration in reaction chamber
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Co specific heat at constant pressure volume
Cv specific heat at constant volume
E activation energy of reaction
G Gibbs energy
h enthalpy
H total enthalpy
k rate constant of reaction
m molar flow rate
M number of moles
p partial pressure
P total pressure
Qux heat transferred in heat exchanger
universal gas constant
entropy
t time elapsed
T fluid temperature
U Internal energy
Vv volume
dx reactant X produced by reaction
y mole fraction of reactant
Z Concentration of chemical species
Greek
v stoichiometric coefficient
p density
Subscript
i species type
in in
out  out
R reaction
RXN specificreaction
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Portions of this chapter were reported in the Augsari Nuclear Society journal, Nuclear

Technology.

“Simulation of Sulfur-lodine Thermochemical Hydragéroduction Plant Coupled to High-
Temperature Heat Source,” by N. R. Brown, S. Ohl.Revankar, et al., Published in Nuclear
Technology, Vol. 167, No. 1, pages 95-106. Copwrg009 by the American Nuclear Society,

La Grande Park, lllinois.
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6. Nuclear Plant and Interface System Model and Trangnt Analysis Results

6.1 Introduction

Implementing a nuclear reactor hydrogen producscheme requires robust models of
chemical plant and reactor thermal hydraulic betraxand response. Efforts have been
conducted in both the transient modeling of thefi8ulodine (SI) and Hybrid Sulfur (HyS)
thermo-chemical cycles (Brown et al., 2006, 2007).

While several reactor concepts are candidates deras a high temperature heat source in
nuclear hydrogen production, one of the most thgihbuinvestigated candidates is the Pebble
Bed Modular Reactor, or PBMR. Recent work has bperformed in benchmarking the
THERMIX code to the PBMR 268 and 400 designs (Redtet al. 2006, Tyobeka et al. 2007,
Hauue et al. 2006, Seker et al. 2005).

In an actual nuclear hydrogen production systera,rdactor loop will be coupled to the
chemical loop via an Intermediate Heat eXchanggK]l This coupling is illustrated in Figure
6.1.

/ Chemical Plant

IHX

\ 4

Y Y

H,S0, HI
Nuclear ecompositign Decompositian
Reactor

0, H,

Figure 6.1 - Coupled SI-Cycle Systems

Previous models developed for the SI cycle and ElySe initiated transient events at the
intermediate heat exchanger inlet to the chemitaitpwithout regard to the response on the
nuclear reactor side. The location where transiewgre initiated in the previous efforts is

indicated by location 1 in Figure 6.1. In thesedals, simple transients were initiated via a
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change in flow rate or temperature. For furtherestigation of severe accident scenarios, a
more comprehensive coupling of a detailed PBMR rhddaturing thermal hydraulic and
neutronic characteristics of the reactor is reqluird model of the nuclear reactor loop of the
coupled system is added to the previous chemieait phodels.

Control Rods

Reserve Shutdown System

Graphite Loading Pipe

Fuel Loading Pipes

Annular Core with
Dynamic Central
Pebble Reflector

Annular Coolant Outlet
and Inlet Pipes (Hot
Gas in Inner Pipe)

De-fuel Chute

Figure 6.2 - PBMR 268 design schematic (reprodidiced Ref. Matzner 2004 )

If a nuclear reactor is coupled via heat excharigea Sl cycle chemical plant, the entire
system becomes subject to transients in eithergaetor loop or the chemical plant. The IHX
serves as a heat exchanger from nuclear planttgsidbemical plant side and also acts as an
isolation device between two plants. The high terajpee helium stream from the IHX outlet is
branched into two sub-streams: one for sulfuriod adecomposition process, the other for
hydrogen iodide decomposition process. Cold hebtn@ams from each chemical process merge

into single stream and return to the IHX.
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THERMIX is a thermal-hydraulics analysis code febple bed reactors. THERMIX solves
the 2-D, steady state and time dependant massgyeremd momentum balance equations in
cylindrical coordinates. The solution is based o porous media approach. Energy equation is
solved considering the two temperature model. Témaperature inside the fuel pebble is

obtained from 1-D conduction solution in sphericabrdinates

6.2 Model Summary

A transient model for the Sl cycle has been dewadqgBrown et al. 2006, 2007). The model
utilizes a system of mass balance, energy balaru,chemical kinetics equations which are
solved simultaneously to determine system trangiehavior during and after a perturbation. In
previous analyses, the interface conditions betwhenchemical plant and the nuclear reactor
were described by either:

= Scalar flow conditions in the hot side of the IHX
= Varying flow conditions in the hot side of the IHX

Since a reactor thermal hydraulic and/or point tasemodel was not coupled to the previous
analyses, there was no feedback provided via the flonditions on the hot side of the IHX.
Thus, the interface conditions in previous repase either for fixed scalar or fixed vector IHX
conditions.
A more robust model of a coupled nuclear hydrogeadyction system includes feedback via the
interface conditions to the reactor. Thus, adlthe quantities in the chemical plant change, the
corresponding flow quantities in the reactor chaagewell. To achieve a more sophisticated
understanding of such a coupled system, a PBMR28BRIMIX model and a simple point
kinetics model is coupled to the hydrogen productmodels. Note: The PBMR-268 model
utilized in this chapter was developed by Seker@o@nar, as part of a separate research effort.
(See: V. Seker, Multiphysics methods developmenthigh temperature gas reactor analysis.
Ph.D thesis, Purdue University, 2007.)

The reference design for the PBMR268 benchmarklgnobs derived from the 268 MW
PBMR design (Reitsma et al. 2006, Tyobeka, et &720Numerous assumptions were made
regarding the geometry of the PBMR 268 design enlienchmark specification. Some of the

most important simplifications are:
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= Core is assumed to be 2-D (r,2).
» Flattening of the pebble bed’s upper surface
» Flow channels within the reactor parallel

A scaling analysis of the hydrogen production nhogdas completed, and preliminary
transient analysis was investigated. In the PurB8leycle model, the steady state power
required from the heat exchanger is calculatedaviaenergy balance for a desired hydrogen
production rate. For a steady state power of 268tMin the heat exchanger, the hydrogen
production rate is 1034 mol/s.

In a coupled nuclear hydrogen production systetrarasient is initiated on either the nuclear
reactor side or the chemical side of the planter@tare many potential transients that occur in a
nuclear reactor system. Some examples are,

= Startup —or- shutdown,

= Reactivity insertion or removal,
= Off-normal operation, and

= Design basis accident.

In the chemical plant, examples of transient dgviorces are,

= Reaction chamber temperature change,
= Small pipe break or leak,
= Vapor explosion, and
= Chemical plant fire or other event.
In terms of nuclear reactor response, each oetblkemical plant events is a loss-of-heat-
sink accident.
A preliminary investigation of the coupling of thhemical plant and nuclear reactor consists
of evaluating the response of the chemical plart Beedback to the nuclear reactor in a
reactivity insertion or removal. By first studyirte behavior and response of the plant in
simple reactivity transients a formulaic approaghaken to investigation of more serious events.
When unifying two systems which are dynamic andvipi® feedback to each other the
nature of the response is dictated by the reldaiime constants of the plants. A PBMR is a
thermal reactor, thus delayed neutrons are the rtapiofactor in reactor response. A thermal

reactor has a time constant of about 55 secondsedtsh 1996). In the chemical plant, Section 2
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and Section 3 have different response times. iBhikustrated in Figure 6.3. Section 2 has a
response time on the order of 20 seconds, wherea®B 3 has a response time on the order of
500 seconds. The limiting reaction rate in thentlsal plant is that of Section 3. Since the
chemical plant is composed of cyclic processesknasv that the slowest reaction rate will occur
in Section Ill, the HI decomposition section. Thiate provides at least a first-order
approximation of the plant response.

The reason for the large response time of Sectios that HI decomposition requires a very
large volume. This large volume is due to the rexeeaction rate of HI decomposition which is
on the same order as the forward reaction ratehdrsimplified SI model, HI decomposition is
the most challenging reaction in terms of chemkaaétics. In contrast, the chemical kinetics of
the HSO, decomposition is straightforward, but there areynmaterial difficulties due to high
temperature and the highly corrosive nature ofsthlation. The long response time of Section 3
slows chemical plant feedback to the nuclear reacto
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Figure 6.3 - Response time of Section 2 and Seitwna transient event

6.3 Model Integration Scheme
The hydrogen and THERMIX codes have three pointatefaction:

1. Initial steady-state solution
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2. Initiating event coupling

3. In-transient feedback
First, a steady-state solution is attainetboth the THERMIX model and hydrogen model.

Second, a transient is initiated, either in thentleal plant model or in the point kinetics model.
Finally, the THERMIX, point kinetics, and hydroggeneration models all interact in each time

step. The integration scheme is shown in Figute 6.

Steady State Parameters 1 Call THERMIX
P, T, Ve Mg, y; s Tiny My, M Point kinetics model
dX/dt' QHX’ THe,in’ THe,out’ U‘ A‘ mHe

Model Assumption .
_ Initiating 2
P=constant or
- < event & * >
Mg=constant or .

_ time step
m, ~constant

Species Molar
Balance

The”‘?°‘ Global Molar
dynamic & Balance
kinetic data
Equation of 3
State
Reaction
Kinetics

Energy Balance

HX Energy
Balance

Figure 6.4 - Coupled model flow-sheet

Coupling of the codes is performed through the IHDhe data exchanged between the codes
consists of the flow rate and temperature of heltamough both hot and cold legs of the IHX.
The hydrogen model calls THERMIX and the point kicee model every time step and then new

temperature and flow rate values are returneds placess is repeated each time step.
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6.4 Coupled Model Transients

In a coupled nuclear hydrogen production systermymarieties of transients are possible.
A transient event which is driven by the chemidahp might consist of a small leak or break in
piping. Such an event would be a partial loss @hthsink accident. A more catastrophic
chemical plant driven accident, such as an exphpsimuld cause a complete loss of heat sink
for the nuclear reactor.

One interesting reactor driven transient is thataofeactivity removal. As reactivity is
removed, nuclear reactor power and coolant temyeratill drop. The heat sink for the nuclear
reactor is the chemical plant. Section 2 has & fa&h threshold temperature, around 800
(Le Guigou et al. 2006). Below this threshold tengpure, the reaction will not proceed. The
heat transferred through the IHX is split into semsible heat, the latent heat of

vaporization, and the heat required for the endatieechemical reaction.
QHx = Qsensible t Quaporization * Qreaction (6.1)

After a negative reactivity is inserted, such asoatrol rod insertion, the reactor power and

temperature will drop accordingly. As the cooltarhperature drops, the value Qf,gion Will

incur a corresponding drop. Thus, as the reacolaat temperature drops, the reactor will also
lose a portion of its heat sink. The magnitudehef loss of the reaction heat sink should be

investigated.

6.5 Model Transient Test

To test the transient integration of the THERMIXddrydrogen production models, a simple
step reactivity insertion of $ 0.20 is used. Thgiactivity insertion is shown in Figure 6.5. Due
to simplicity, a small reactivity insertion is aggpbcandidate for consideration.

The reactor thermal power and the load of the bgahanger are plotted in Figure 6.6. A
relatively small amount of the power increase isialty sent to the chemical plant, since much
of the additional heat is used to raise the tempegaf the fuel, moderator, and containment of
the reactor. After the response from the reagtivisertion, a new steady state is attained within
several hundred seconds.
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Figure 6.6 - Power response of reactivity insertion

The maximum fuel, average fuel temperature, andagescore temperature are plotted in
Figure 6.7 and Figure 6.8. Integrating the averame temperature, over the first 20 seconds
and comparing the power deposited in the core e¢oaffproximate power required to raise the
temperature of the reactor core by 41 it is determined that the predicted amount oft hea

deposited in the core is reasonable.
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Figure 6.8 - Average fuel and core temperature

The radial and axial fuel and coolant temperatatetbe initial steady state, the peak
temperature, and the final steady state, are shoviAgure 6.9 and Figure 6.10. Since
the reactor neutronics is based on a simple pangtiks model, change in the shape of
the plots is not expected, since the basic flupshaill remain the same. The flux shape

will change in magnitude, hence the changes seEigure 6.9 and Figure 6.10.
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Since the reaction rate of Section Il is too slmaprovide relevant feedback to the
reactor side, only the temperature and reactianobSection 2 are examined. Since the
Sl process is cyclical, the Section Il reactioteravill also significantly dampen the
entire response of the chemical plant. Howeveesthere is some initial concentration
of reactants in the Section Il reaction chambex,H§50, decomposition rate will have a
sharp increase, due to the temperature increasthenIHX. In Figure 6.11 the
temperature in Section Il as well as the reactaia s plotted. These plots illustrate the
quick response of Section Il to the temperaturienlHX.
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Figure 6.9 - Fuel pebble center axial temperature
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6.6 Nomenclature
A: Heat transfer area

m: Molar flow rate

Mg: Number of moles in reactor

P : Reactant pressure

Qux : Heat transferred in heat exchanger
Qreaciion - Chemical reaction heat

Qunsible - Sensible heat transferred to fluid
Quaporization - Latent heat of vaporization

t: Time elapsed

T : Fluid temperature

Tr: Bulk temperature in reactor chamber

U : Intermediate heat exchanger coefficient

Vg : Reactor volume

dX : Reactant X produced by reaction

y : Mole fraction of reactant

[z] : Concentration of chemical species Z
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7. Conclusions

Thermochemical hydrogen production is a methodbtaio hydrogen from water by
a series of reactions. Many types of thermochenhgalrogen production have been
proposed. The Sulfur-lodine (SI) process is ongvatfer splitting methods using iodine
and sulfur as recycling agents. The S| cycle cosisid three chemical reactions
expressed as the following equations.

Section | (Bunsen reactionytHSO,+2H,0 - 2HI+H,SO,
Section Il (Sulfuric acid decomposition)>$0, 2 H,0+SG+1/20,
Section Il (Hydrogen lodide decomposition): 28 Hatl1,

In the SI cycle, all process fluids are recycled an greenhouse gases are emitted.
Also, the SI cycle has been fully flow sheeted apdrated at the bench scale in the US
and Japan. This cycle has the highest efficien62%) of any process that has been fully
flow sheeted. However, the integrated Sl cycle as yet fully demonstrated and the
process economics are not yet verified.

In this report, the SI thermochemical cycle was wated using ASPEN PLUS
version 12. The GA’s flowsheet (Brown et al. 20@&ction I, I, and Il are used as a
reference. The present simulations followed thehoskblogy applied to the GA’s
flowsheet. A step-by-step simulation was perforreiting from the single component
simulation to the whole Section simulation. For thiegle component simulation,
conversed solutions were obtained and the resdts womparable to the GA’s results.
For the whole Section simulation, the convergedtsmh for Section Il was obtained and
the results were also comparable to the GA’s re3iie sensitivity analysis shows the
same behavior as in GA’s report. For the whole iBecsimulation, the converged
solution for Section I, Il and Section Il was obtd and the results were also
comparable to the GA’s result. Various attempts heen tried to resolve the
convergence issue in Section | and Il

A simplified model of the Sl-cycle for transientadysis was developed. Balance
equations for the simplified model were presented parameters for the model were
introduced. An introduction to potential transiestenarios in a nuclear reactor —
chemical plant system was detailed. Continuing owpments to the simplified model

were outlined.

93



A mathematical model was developed for simulatibdymamic response of the
Sl cycle coupled to nuclear heat source. In troslehrecycling of reactants is accounted
for in molar balance. The energy balance considersible, latent, and reaction heat.
Constant reaction chamber pressure is assumed.reélbBon chamber model is used to
analyze the reaction chamber of sulfuric acid,§8;) and hydrogen iodide (HI)
decomposition reactor in Sl cycle. Steady statecentrations of reactants are obtained
from the GA flow sheets and ASPENPIus calculatibransients are initiated from high
temperature helium side such as helium inlet teatpeg or helium inlet flow rate
changes are simulated. The results indicate tleatiynamic response of the SI cycle for
small perturbation in process heat coolant tempega&nd the coolant flow rate. The
results are useful in assessing the transient mhat coupled Sl plant with nuclear
reactor heat exchanger.

A coupling of previously developed chemical plantdels to a THERMIX PBMR
benchmark is described. Steady state results aelimmpary transient results are
presented.

From this study, it is concluded that the respoois&ection Il is practically non-
existent over the time scale of a nuclear reactmisient. The immediate response of
Section Il, however, is important to consider.islconcluded that partial and total loss-
of-heat-sink accidents categorization and analysasvery important to the safety of any
coupled nuclear hydrogen production system.
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8. Accomplishments

 The whole Sections I, Il and lll of the Sl cycleens fully flowsheet and the
results are similar to the GA'’s results.

» Specifically the convergence of the Section Il dicomposition) of the Sl cycle
was achieved. The convergence was performed bg tsnGA strategy and
data. First, the column was converged without thdé¢omposition reaction,
then, the value of the equilibrium constant for ieaction was increased
gradually. Once the column convergence was obtathedperating conditions,
as the pressure, the boiling rate were varied sanabusly and a production of
1kmol/hr was obtained. The sensitivity analysis aig® performed to study the
influence of the side liquid flow rate on the hygem generation rate. Various
attempts has been tried to resolve the convergsaae in Section 1.

A membrane separation technology for the Sectibmdk been considered for
efficient separation.

* A simplified transient model for Sl cycle was fuethdeveloped that included
recycle of reactants. Various transient cases wardied with initiating event
from the chemical plant.

* A model for coupled nuclear reactor (PBMR) and logdmn plant was developed.
The reactor core was modeled with THERMIX code amaint kinetic model
was used for the reactor core.

* Transient analysis of the couple nuclear plant @memical plant was carried out

with reactor initiated events.
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9. Future Work

Implement the membrane separation techniques éoHtrandH2SOs
decomposition processes and modify the flowsheet

Perform comparative flowsheet analysis of the nmedi€ycles

Optimize the flowsheet for each sections for psscefficiency

Perform detailed transient analysis of the simgdifthermochemical process
coupled to nuclear reactor heat transport systerhyfdrogen generation using Sl
cycle.

Operational and Process Control Strategies foHtdrogen Plant

Preliminary Guideline for the Control Logic in Bolant Sides
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Appendix.A Sensitivity Analysis

Sensitivity analysis is a tool for determining hawrocess reacts to varying key
operating and design variables. It can be usedaty one or more flowsheet variables
and study the effect of that variation on othewbeet variables. It is a valuable tool for
performing “what if’ studies. The flowsheet variablthat are varied must be inputs to
the flowsheet. They can not be variables that adeutated during the simulation.
Sensitivity analysis can be used to verify if tlwduion to a design specification lies
within the range of the manipulated variable. Ihdae also used to perform simple
process optimization. Sensitivity blocks are perfed to generate tables and/or plots of
simulation results as functions of feed streamgclblowput, or other input variables.
Sensitivity analysis results are reported in adatnh the Sensitivity Results Summary
sheet. The firsh columns of the table list the values of the vaeabihat are varied,
wheren is the number of varied flowsheet variables enterethe Sensitivity Input Vary
sheet; in this study the only flow sheet varialsighe side liquid flow rate (SIDELIQ).
The remaining columns in the table contain the eslaf variables that you tabulated on
the Tabulate sheet. The tabulated results can peflawsheet variable or any valid
Fortran expression that may depend on flowsheethblas that are either input or
calculated. In this study the tabulated varialalesthe flow rate of water at the bottom
tray (BOTFW), the mole fraction of water at thetbat tray (BOTXW) and the hydrogen
flow rate at the top of the separator (H2PROD)JuFe 4. 11).

The results (Table Al) can be plotted using the ®izard from the Plot menu to
easily visualize the relationships between diffeneariables. Sensitivity blocks provide
additional information to base-case results, buvehao effect on the base-case
simulation. The simulation runs independently @& fensitivity study. Sensitivity blocks
with more than one varied variable generate a mowhe sensitivity table for each
combination of values. The sensitivity analysisrore than one variable should be done
by using separate sensitivity block for each vawnadable. Sensitivity blocks create

loops that must be evaluated once for each rovhefsensitivity table. ASPEN PLUS
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sequences sensitivity blocks automatically. Acags®alar flowsheet variables are in the
units set selected for the sensitivity block. Timésicannot be modified individually for

different variables in the sensitivity. The unit san either be changed for the sensitivity
block (on the toolbar of the Data Browser), or e@i® expression on the tabulate sheet to

convert the variable. Accessed vector variablesvays in Sl units.

Table A.1 Sensitivity analysis results at 71bars BR=36kmol/hr

SIDELIQ | BOTXW | BOTFW |H2PROD
50 0.399 29.733 1.002
52 0.389 28.280 0.990
54 0.380 26.811 0.977
56 0.369 25.323 0.964
58 0.357 23.813 0.948
60 0.344 22.281 0.932
62 0.331 20.724 0.914
64 0.315 19.146 0.897
66 0.299 17.556 0.880
68 0.284 16.093 0.878
70 0.284 15.526 0.878
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