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Hydrogen is proposed by many to be the fuel of the future as ihé key ingredient in a
transition from a fossil fuel-based economy toward a zerb@aemission and sustainable energy
economy. Hydrogen can serve as an efficient energy carriéyftrogen-based technologies (e.g.,
fuel cells and hydrogen internal combustion engine) and teasubstantial reduction of green-
house gas emissions and great environmental benefits. gialican be produced by a variety of
technologies (e.g., steam methane reforming (SMR), caafigation, biomass gasification, elec-
trolysis, partial oxidation, solar thermal cracking) frdassil (e.g., natural gas), non-fossil (e.g.,
biogas) and non-carbon (e.g., water) sources, which lgigtdithe great potential and flexibility of
a hydrogen-based economy. Additionally, hydrogen is a keg$tock for the petroleum refining
and fine chemical manufacturing industries. With curreatesbf-the-art technology, hydrogen is
produced almost exclusively from fossil fuels by SMR. At SNM&sed hydrogen plants, the re-
formers are the most expensive equipment in terms of thetar@nce and operating costs, and
thus, even a small improvement in the reformer thermal efificy to lower operating costs of the
reformer without compromising the expected service liféhef reformer is expected to allow the

plants to achieve a significant profit.



Motivated by these considerations, a systematic framevavr&reating and simulating a com-
putational fluid dynamics (CFD) model for an industrialdsgaformer at an SMR-based hydrogen
plant and, subsequently, a framework for designing anduatialg a real-time furnace balancing
scheme are developed in this dissertation. Specificallyi-& @odel for an industrial-scale re-
former is created in ANSYS Fluent, which is used to improve understanding of the physio-
chemical processes in the tube side and the furnace side oétbrmer as well as their thermal
interactions during the catalytic conversion of methaneenl a furnace balancing scheme is de-
veloped to optimize the reformer input at the nominal tot@hfce-side feed (FSF) flow rate that
minimizes the inherent variability in the outer tube walngerature (OTWT) distributions along
the reforming tube length. Subsequently, a statisticakdanodel identification is developed to
create a computationally efficient and robust model for th&\D distribution as a function of the
FSF distribution, total FSF flow rate and interactions amoeighboring reforming tubes so that
the optimized reformer input can be identified in real-tireally, a real-time furnace-balancing
scheme is developed to optimize the reformer input suchttigateformer thermal efficiency is

maximized without compromising the expected service lffthe reformer.
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Chapter 1

Introduction

1.1 Hydrogen Economy

High levels of atmospheric carbon dioxide, which is a knownsequence of extensive use of
fossil fuels as the primary sources of energy in the lasturgntaire adversely affecting climate
patterns across the world. In a global effort to reduce cqadinissions to mitigate some of the
effects of climate change stricter emissions regulati@avepassed, which have motivated the need
for alternative fuels such as hydrogen. A vision of a carbomssion-free and sustainable energy
system shared by many [4,/37] is aligned with a future hydnagmonomy, in which hydrogen is
used as a transportation fuel. This is because a hydrogemegoholds the potential to allow
a nation to achieve energy security, i.e., to become indig@nof the limited and constantly
depleting foreign crude oil supplies and on political sligbiof countries with large crude oil
reservoirs, and to resolve some effects of climate chantewt halting economic growth. This
vision of a carbon-emission-free and sustainable hydregemomy is viable because hydrogen
can be synthesized from a myriad of commercial thermal paylkwe.g., steam reforming, partial
oxidation, gasification, cracking, pyrolysis, and biolagireactions) that start from a diverse array
of primary energy sources including fossil fuels, biomasd eenewable energy. Additionally,

physical and chemical properties, e.g., a high diffuspatiiigh specific energy content and a wide



range of flammability, of hydrogen make it an efficient traorsation fuel. For instance, hydrogen
can diffuse rapidly into air to create a uniform combustibiixture while releasing 2.75 times
greater heat of combustion per unit mass than hydrocarless fi.

In addition to the vision of a carbon-emission-free andaunsble hydrogen economy, the cur-
rent demand for hydrogen is large, e.g., the annual worlitevlydrogen production in 2008 was
~500 billion Nr?, which is equivalent to 44.5 million metric tons, and copasded to a global
market of more than $40 billion. The demand for hydrogenss axpected to grow at an annual
rate of 5 to 10% because hydrogen is widely used as precursmssaa variety of manufacturing
industries. In petroleum refineries, refining catalyticqasses account for approximately 37%
hydrogen world-wide hydrogen consumption [4]. For examghe hydro-treating process uses
hydrogen to convert olefins to paraffins, and the hydro-érackrocess uses hydrogen to cleave
sigma carbon-carbon bonds; these refining processes bergarne purpose of increasing the hy-
drogen to carbon ratio in the downstream process reactltigjng these downstream processes
to have higher efficiency. Additionally, the hydro-desuttation process uses hydrogen to remove
thiol compounds from the raw natural gas feedstock to pretrencatalysts of downstream pro-
cesses from being deactivated. In fine chemical manufacfundustries, hydrogen is the main
component of synthesis gas; e.g., the production of amneamgiaunts for approximately 49% hy-
drogen world-wide hydrogen consumption. In semiconductanufacturing industries, hydrogen
is used as the gas carrier; for example, the feedstock tasanpl@nhanced chemical vapor deposi-
tion reactor is typically composed of 90% hydrogen and 10%#ei[11]. Moreover, hydrogen is
also a clean and efficient energy carrier for hydrogen-beedthologies. Thus, solving challenges
encountered in commercial production of hydrogen and dpiing the production line has become
of particular interest to both academia and industry [4].

Itis noted that although hydrogen can be derived from a devarray of primary energy sources
with a variety of commercial processes, only a few are ecocaliy feasible. With current state-
of-the-art technology, hydrogen is produced almost exadls from fossil fuels, e.g..~96% of

the world-wide hydrogen production activity uses fosselfuas starting materials![4], by ther-



mochemical processes. Our literature survey recognizésteam methane reforming (SMR), an
endothermic conversion of methane and superheated stéaimyiirogen, is by far the most com-
mon commercial hydrogen production process and accountisddargest share of the world-wide
hydrogen production [27, 6, 18]; in 2007, SMR was resporditt up to 85% of the world-wide
hydrogen production [55]. The reasons for the prevalergeisécentralized SMR-based facilities
to meet the large and growing demand for hydrogen are two{@)dSMR can achieve up to 90%
thermal efficiency on the metric of high heating value![508l arp to 82% of methane conver-
sion [14], and (2) centralized SMR-based facilities witk firoduction rates over 1 million Nin
per day are reported to require the least capital investfifahd have a low production cost (e.g.,
$6.90 per gigajoule (GJ)) compared to hydrogen plants tbaicompeting technologies, e.g., the
production cost via electrolysis can be as high as $98 peB@JBarreto et al.[6] speculated that
SMR would remain the leading technology in world hydrogemdoiction in 2050.

In practice, the process is simultaneously catalyzed amgedaout under high operating tem-
peratures inside hundreds of nickel-based catalyst fillbdlar reactors to achieve a high conver-
sion of methane in a finite packed-bed length, which allovesSMR-based facilities to become
economically viable. To create the high temperature enwirent necessary to achieve a high
conversion of methane, the reforming tubes are housedeirsidnsulated combustion chamber
(which is referred to as a “reformer” in this dissertatiorf)exe the recycled effluent from the pu-
rification units and the fresh natural gas undergo a lean ostidn process. Reformers can be
categorized with respect to the location of burners: togdfisside-fired, bottom-fired and terrace
wall-fired reformer, which in turn dictates interactionsween the tube side and furnace side, the
temperature distribution characteristics of the furnside- flow inside the reformer and the heat
flux profile along the reforming tubes, e.g., bottom-firedrefers are characterized by a constant
heat flux along the reforming tubes [19]. For SMR, the refare@nfigurations that facilitate a
high heat transfer rate to the tube side near the reformibg tolet are expected to require the
shortest reforming tube length to achieve a desired seit-pdithe methane conversion and are

preferable. Therefore, the top-fired configuration is fegly employed at SMR-based hydrogen



plants and is the subject of this dissertation.

SMR-based hydrogen plants typically consist of two majatisas: the synthesis section and
the purification sectior [24]. In the synthesis sectionslir@atural gas feedstock is treated in a
desulfurization unit to remove thiol compounds preventiatalysts used in downstream processes
from being poisoned. Then, the effluent of the desulfuraratinit typically undergoes a catalytic
prereforming process to convert higher hydrocarbons irntrieted feedstock into methane and
byproducts (i.e., carbon oxides and hydrogen), preventiage high hydrocarbons from decom-
posing inside the reforming tubes, which causes coke foomand catalyst deactivation. Next,
the treated feedstock (i.e., the effluent of the prerefognpirocess) and high pressure superheated
steam are fed into the reformer to undergo SMR producingdgeihr. The synthesis gas (i.e.,
the effluent of the reformer) is treated in a water-shift teato remove carbon monoxide and
to produce a small additional amount of hydrogen, and thaeafflof the water-shift reactor en-
ters the purification section in which the process streartrijged off of unreacted reactants and
byproducts (i.e., carbon dioxide) to produce high puritydurct. At SMR-based hydrogen plants,
the reformers are the most expensive equipment in termseahtintenance and operating costs
compared to other major equipment such as the hydrotregiregeforming, water-shift and pu-
rification units. For instance, the re-tubing cost of thenefer is~10% of the total capital invest-
ment [13], and the annual investment to procure fresh niagasafor a SMR-based hydrogen plant
with a production rate of 2.7 million Nfnper day is $62 million[[13]. Therefore, even a small
improvement in the reformer efficiency is expected to sigaiitly lower the reformer operating
cost and improve the plant efficiency, which results in digant financial benefits [32, 56, 13].

Despite the potential economic gain, under the standarchtipg policy of the reformer, the
nominal operating condition is often suboptimal and ishralied to maintain the expected reformer
service life by reducing the total fired duty and comprongdime hydrogen production rate of the
SMR-based plant to keep the reformer in a safe operatinguedrhis is because hydrogen manu-
facturing industry recognizes that the degradation of tierastructure of the reforming tube wall

due to temperature aging accelerates, if the outer tubeteralberature (OTWT) at any location



along the reforming tube length exceeds its design valug2232]. Specifically, the evolution
of the microstructure of the reforming tube wall startingrfr precipitation of primary and sec-
ondary carbides in the austenitic matrix, which leads tegreavitation damage presented in the
form of isolated cavities and coalesce cavities, followgdhe formation of microcracks which
propagate to form macrocracks occurs in an acceleratedirienieading to premature failure of
the reforming tubes. It has been documented that the refasergice life of 100,000 h can be
reduced by half under an operating condition that allowsnilagimum OTWT to exceed its de-
sign value by 20 K for an extended period of timel[49]. Thislaks the relationship between
the reformer service life and the maximum operating tempegaof the reformer or in particular
the maximum outer tube wall temperature (OTWT) along therreing tube length among all re-
forming tubes. For this reason, the SMR-based hydrogert pkas a system of infrared cameras
to periodically sample the OTWTs of the reforming tubes aéw @liscrete locations along the
reforming tube length to monitor the reformer service lgach set of measurements collected at
the fixed height is typically defined as an OTWT distributi@xperimental plant data of OTWT
distributions have revealed that the OTWTs within each OTdéTribution are nonuniform with a
fluctuating range between 30 K to 110K [32], and OTWT profilesig the reforming tube length
can vary noticeably among the reforming tubes. This nowuamity in OTWT distributions poses
a major challenge in the estimation of the optimized firinig due to the high risk of accelerat-
ing the degradation of the microstructure of the reformungetwall. Specifically, the maximum
OTWT along the reforming tube length among all reformingetsiin the reformer operated under
a suboptimal fuel distribution can be higher than that infarreer operated under an optimized
fuel distribution with the same total fuel flow rate [56]. Gaguently, the optimized firing rate
may not be implemented without the proper distribution & dptimized total fuel flow rate, and
the SMR-based hydrogen plant throughput is compromiseet&arthe reformer service life and

to reduce the risk of suffering substantial capital and pobidn losses.



1.2 Dissertation Objectives and Structure

Motivated by the objective to increase the reformer therefi@iency while maintaining the ex-
pected service life of the reformer in the presence of thenatit nonuniformity in OTWT distri-
butions, this dissertation is structured as follows.

Chaptel 2 focuses on developing a computational fluid dyes(@iFD) model for an industrial-
scale reformer in ANSYS Fluent so that we can achieve an jmhdenderstanding of the physio-
chemical processes in the tube side and the furnace siddlas\ileeir thermal interactions during
the catalytic conversion of methane to hydrogen. Spedifictile effects of turbulence on the
furnace-side transport variables is simulated by the stahd- € turbulence model with ANSYS
enhanced wall treatment function. Additionally, the leambustion of the furnace-side feed is
modeled by the finite rate/eddy dissipation turbulence¥uabey interaction model and the global
reaction schemes with the premixed combustion assumphient, the absorption coefficient of
the furnace-side flow is modeled by an empirical correlafamestimating the radiative proper-
ties of a homogeneous gas flow, Kirchhoff’'s law, and Lambe#i® law, and thermal radiative
heat transfer rate between the interior combustion charttiputer reforming tube wall and the
furnace-side flow is modeled by the discrete ordinate metBadilarly, the effects of turbulence
on the tube-side transport variables is also simulated &gténdard — € turbulence model with
ANSYS enhanced wall treatment function. Additionally, taalytic bed of the reforming reactor
is modeled by the continuum approach with ANSYS porous zanetfon, the effectiveness factor
and catalyst packing factor. It is noted that the effectagafactor is used to simulate the heat and
mass transfer resistances between the bulk fluid and thaecsuof the catalyst. Next, the wall of
the reforming reactor is modeled by ANSYS thin wall functiand SMR is modeled by the global
reaction scheme. Subsequently, publicly available SM&edalant data is used to derive equiva-
lent boundary conditions of the reformer CFD model namedtthbe inlet, the burner inlet and the
energy leakage through the combustion chamber refractally @c. As a result, the simulation

data generated by the CFD model for the reformer and the spmreling SMR-based plant data



can be used to validate our proposed assumptions and CFO.mode

Chaptei B focuses on developing a furnace-balancing schedetermine an optimized FSF
distribution at the nominal total FSF flow rate that mininszée inherent nonuniformity in the
OTWT distribution such that the reformer thermal efficieicey be subsequently increased while
maintaining the expect service life of the reformer. Idijiathe CFD model for an industrial-
scale reformer outlined in Chapfer 2 is used to explore thadst-state behavior of the reformer
at the nominal total FSF flow rate with varying FSF distribng. Then, a model identification in
which the algorithm is formulated based on the least squaggession method, properties of ther-
mal radiative heat transfer, the reformer geometry anduheate-side flow pattern is proposed.
Next, the relationship between the FSF distribution andflthwe control system of the reformer
is formulated under the linear valve assumption, and thddorental differences between prop-
erly functional and defective flow control valves (i.e., sttuents of the flow control system) is
discussed. Subsequently, a model-based furnace-bajgoptimizer, which is formulated as an
optimization problem with the valve position distributias the decision variable, and minimizing
the sum of the weighted squared deviations of the OTWTs freetgoint value for all reforming
tubes with the least the penalty term on the deviation of #leevpositions from their fully open
positions as the objective function, is proposed. Finaligjulation data generated in this study
will be used to demonstrate that the optimized FSF distivbutreated by the furnace-balancing
scheme can significantly reduce the nonuniformity in the QTdlistribution in the combustion
chamber even when the reformer is under the influence of convalwe-related disturbances.

Chaptef # focuses on developing a statistical-based mddatification that can be used to
derive a high-fidelity model for the OTWT distribution as anftion of the FSF distribution, total
FSF flow rate and interactions among neighboring reformibgs$ from simulation data generated
by the CFD model for the reformer outlined in Chapter 2. Theletadentification is structured
to have two distributed components, namely, a predictiep sind a correction step, which can
be used simultaneously and independently to derive thagti@ad and correction models for the

OTWT distribution. Initially, an algorithm for the predion step based on Bayesian variable se-



lection, Bayesian model averaging, sparse nonlinear ssgne, reformer geometry and properties
of thermal radiation is proposed so that for each reformutzgf the prediction step can system-
atically identify predictors for the OTWT and simultanelyusollect a corresponding library of
sub-prediction models, which are subsequently combinedetd the prediction model for the
OTWT of the reforming tube. A collection of prediction modébr all reforming tubes is defined
as a prediction model for the OTWT distribution, which is egfed to capture the dependence of
the OTWT distribution on the FSF distribution and total FSf/frate. Next, an algorithm for the
correction step designed based on the ordinary Krigingap@sed so that for each reforming tube,
the correction step creates a spatial model allowing the DTMbe estimated from the predicted
OTWT of the neighboring reforming tubes. A collection of @mtion models for all reforming
tubes is defined as a correction model for the OTWT distrdmytwhich is expected to adjust
the predicted OTWT distribution to account for interaci@mong neighboring reforming tubes.
Subsequently, the data-driven model for the OTWT distrdouis created using the prediction and
correction models for the OTWT distribution, which alloietmodel to account for the effect of
interactions among neighboring reforming tubes whileneating the OTWT distribution based on
the FSF distribution and total FSF flow rate. The model ideatiion is executed on the Hoffman2
shared computing cluster at UCLA to construct the dataedrimodel for the OTWT distribution,
and the results from the goodness-of-fit and out-of-sanmeléigtion tests of the data-driven model
are used to demonstrate the effectiveness of the scheneealith Chaptel 4.

Chaptei 5 focuses on developing a real-time furnace-bamlgrecheme that simultaneously
maximizes total FSF flow rate and identifies the correspandiptimized valve distribution in
real-time such that the reformer thermal efficiency is mazéd within the physical limitation of
the reforming tube wall material. Initially, the framewdidr the furnace-balancing scheme, the
valve-to-flow-rate converter and the statistical-basedehaentification outlined in Chaptel$ 2,
4 and 3 are integrated with a heuristic search algorithmeatera real-time balancing procedure,
which recursively proposes different total FSF flow ratddiwked by optimizing the correspond

valve distribution until key operational specificationgy.ethe reformer throughput is maximized,



and the OTWT along the reforming tube length of all reforminlges must not exceed the design
temperature of the reforming tube wall, are satisfied. Syinsetly, a CFD model for the reformer
outlined in Chaptdr]2 is used to represent the on-line uniteaSMR-based hydrogen plant and is
used to characterize the previously unstudied dynamiorespof the reformer to a step change
input in the total FSF flow rate, based on which an optimaktetyato implement the optimized
total FSF flow rate to maximize the reformer throughput witheausing additional damage to the
reforming tubes in the process is proposed. Finally, a dasky $n which the balancing procedure
is implemented on the reformer initially operated underrtbeinal reformer input is discussed,
and the results are used to demonstrate that the furnaaedad scheme successfully determines
the optimized reformer fuel input to increase the refornmeoughput while meeting the OTWT
limits.

Chaptef 6 summarizes the main results of the dissertation.



Chapter 2

CFD Modeling of a Reformer

2.1 Introduction

In Chaptei 1L, we have established that the reformer senfcis Isensitive to the maximum oper-
ating temperature of the reformer and more specifically tagimum outer tube wall temperature
(OTWT) along the reforming tube length and among all refoigrtubes. Due to the inherent vari-
ability in the OTWT distribution and the risk of acceleragithe temperature aging process of the
reforming tube wall as outlined in Chaptér 1, the maximizeedfiduty cannot be implemented
without an optimized spatial distribution of the total FS&wlrate in a sense of minimizing the
nonuniformity in the OTWT distribution. Therefore, as alprenary step to developing a robust
real-time tool to maximize the reformer thermal efficienttys Chapter focuses on developing a
CFD model for an industrial-scale reformer (details giveSectio 2.2) in ANSYS Fluent so that
we can achieve an in-depth understanding of the physioda¢piocesses in the tube side and
the furnace side as well as their thermal interactions duhe catalytic conversion of methane to
hydrogen. Initially, we discuss the modeling methodologydreating the reformer CFD model
which explains the selection of appropriate models to sieudll essential transport phenomena
and chemical reactions typically observed in the reformigh an affordable computational cost

and reasonable computing time. Specifically, the stanklard turbulence model with the AN-
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SYS enhanced wall treatment function, finite rate/eddyipisg®n (FR/ED) turbulence-chemistry
interaction model and global kinetic models of combusti®h [46] are integrated to simulate the
non-premixed combustion characteristics (details giveBactiori 2.4]1). Additionally, an empir-
ical correlation[[43], Kirchhoff’'s law and Lambert Beeraw are used to simulate the furnace-
side radiative properties as a function of the furnace-tedeperature, and the discrete ordinate
method [3] is used to simulate the rates of radiative heatfea between the furnace-side flow,
the combustion chamber refractory walls and the outer meifoy tube walls (details given in Sec-
tion[2.4.2). In the reforming tubes, the effects of turbeken the tube-side transport variables is
simulated by the standakd- ¢ turbulence model with ANSYS enhanced wall treatment fuomcti
Additionally, the catalytic bed of the reforming reactomsdeled by the continuum approach with
ANSYS porous zone function, the effectiveness factor amalyst packing factor. It is noted that
the effectiveness factor is used to simulate the heat and traassfer resistances between the bulk
fluid and the surface of the catalyst. Next, the wall of themafing reactor is modeled by ANSYS
thin wall function, and SMR is modeled by the global reacsocheme. The boundary conditions
for the reforming tube inlet (referred to in the followingteas “tube-side feed”), burner inlet (re-
ferred to in the following text as “furnace-side feed”), asmmbustion chamber refractory walls
are derived from typical plant data [35]. Finally, the siaion results generated by the reformer
CFD model are rigorously validated by comparing them with @éivailable data in the literature,
converged solution produced by a single reforming tube CFRideh[34] and simulation results

generated by a reforming Gibbs reactor of a commercial gtetate process simulator.
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2.2 Reformer geometry

The reformer investigated in this work is developed base@miindustrial-scale top-fired, co-
current reformer designed by Selas Fluid Processing Catipor (Fig.[3.2). The reformer is ap-
proximately 16 m wide, 16 m long and 13 m tall and produces ghBBon Nm? of high-purity hy-
drogen along with 1.7 million kg of superheated steam @3 15 K and 4580 kPa) per day [35].
The reformer contains seven rows of forty-eight reforminlgets of which the external diameter,
internal diameter and exposed length areslein, 126 cm and 15 m, respectively. Inside these
reforming tubes, commercial nickel-based catalyst peletg., alpha-alumina-supported nickel
oxide denoted ahbliO — aAl,O3) are used as packing material. At the combustion chambkr cei
ing, these rows of reforming tubes are separated by eight obtwelve burners which are fed with
a furnace-side feed composed of a fuel stream containinganet hydrogen and carbon monox-
ide, and an oxidizer stream containing combustion air. Diesrof burners which are adjacent to
the combustion chamber refractory walls and a single rowefdfrming tubes (for brevity these
burners are denoted as “outer-lane burners”), are fed witlvar FSF flow rate than the rows of
burners which are adjacent to two rows of reforming tubesl{fevity, these burners are denoted
as “inner-lane burners”). Specifically, the FSF flow ratetw buter-lane burners is 60% of that
of the inner-lane burners to avoid causing “over-firing”le outer lanes and “under-firing” in the
inner lanes, which would occur if the total FSF flow rate werergy distributed to all burners. At
the reformer floor, the rows of reforming tubes are separayettie rectangular intrusions known
as flue gas tunnels or coffin boxes which extend from the fitite back of the combustion cham-
ber along the rows of reforming tubes with a height of 3 m frowa floor. Additionally, there are
thirty-five extraction ports evenly distributed in a row adpeach side of the flue gas tunnels that
allow the furnace-side flow to enter the flue gas tunnels, hed to exit the combustion chamber
through the front openings of the flue gas tunnels. In thiskywee will focus on the development

of a CFD model of the reformer described above.
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Figure 2.1: The isometric view of an industrial-scale, fopd, co-current reformer with 336 re-
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X

forming tubes, which are symbolized by 336 smaller circ8 burners, which are denoted by
96 larger circles, and 8 flue gas tunnels, which are repreddnt 8 rectangular intrusions. The
outer-lane burners are burners on the right and left boueslaf the figure, while the inner-lane

burners are slightly larger than the outer-lane burnergerfigure.
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2.3 Reformer mesh

In the CFD study of the reformer, the reformer volume is deddnto small and discrete subdo-
mains also known as grids (a collection of grids is refercealsta mesh), within which spatial vari-
ations are, though not negligible, significantly less deasian those in the overall domain. Then,
the reformer mathematical model (i.e., two sets of highlg-finear coupled integro-differential
equations with seven independent variables) is numeyicallved by the finite volume method
within each grid to characterize the fluid-flow and temperafields. Then, the numerical solu-
tions of the grids are patched together to reconstruct thaigo of the original domain. Hence,
creating a mesh with acceptable mesh quality is a criticgd that determines the success level
of CFD modeling because a CFD model built from a poor qualigsimhas a slow speed of con-
vergence([7] and is more likely to converge to an inaccuratation as mesh quality directly
determines solver discretization error [3].

There are two common meshing strategies in ANSYS ICEM, ite,unstructured tetrahe-
dral meshing strategy (for simplicity, it is denoted as ‘wastured meshing”) and the multiblock
structured hexahedral meshing strategy (for simpliditig, denoted as “structured meshing”). The
unstructured meshing procedure creates a collection afopneantly tetrahedral grids that are
arranged in an irregular pattern, while the structured nmgsprocedure creates a collection of
hexahedral grids that are arranged in a pattern specifieldeoyser of the mesh creation software.
Although unstructured meshing is generally more proficé@pproximating complicated geome-
tries than structured meshing, the ANSYS ICEM environméiets an O-grid Block function that
can be utilized to enhance the ability of structured mestorgpproximate curvy geometry char-
acteristics by re-arranging existing grid lines into @rshape to effectively improve the overall
hexahedral mesh quality. In the creation of the reformemhegral mesh in this work, the O-
grid Block function can be used for meshing of the burner getoies, which have a frustum-like
structure, and the reforming tubes, which have a cylintlstacture. As shown in Fig§. 2.2[a),

[2.2(b) and 2.2(¢), the structured meshing procedure wighQkgrid Block function can capture
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the geometries of the reformer components (e.g., the ilamerburners, outer-lane burners and
reforming tubes) that cannot be represented with straiigis | Therefore, because we can capture
all aspects of the reformer geometry with the structurechingstechnique, and because for wall-
bounded systems like the reforming tubes, a CFD model boith fstructured meshing generally
generates a converged solution closer to experimentabaatalso is expected to have a superior
speed of convergence compared to other CFD models built fnastructured meshing when the
system is decomposed into the same number of discrete @84 [15]. Therefore, the reformer
mesh is created using structured meshing in this work. Tloel ggreement of our CFD results
(presented in Sectidn 2.8) with typical plant data (comgiameSectiori 2.10) utilizing this mesh-
ing strategy shows that the meshing method employed wasiatiefpr obtaining results that are
consistent with typical plant data.

In the reformer mesh, the grids are not uniformly distribué&d are more dense in regions
expected to have large momentum, material, and tempergtadients, such as in the neighbor-
hood of the reforming tube walls (where heat transfer from ftirnace side to the tube side is
expected to create temperature gradients that must beredpghrough a denser mesh as shown
in Fig.[2.3) and in the regions directly under the burners toarespond to the flames (where the
mixing-limited nature of non-premixed combustion is exélcto create species and flow char-
acteristics that should be captured with a denser mesh amshoFig[2.4). This design of the
reformer mesh aims to reduce the stiffness of the spatidigmgs of the transport variables, which
allows the ANSY'S Fluent CFD solver to obtain the numericalison of the reformer CFD model
with a shorter computing time.

In CFD, the reformer mesh must be discretized into a sufficiember of grids so that the CFD
simulation data becomes mesh-independent. In this effode multiblock structured hexahedral
meshes with the approximate sizes of 13, 29 and 41 millide eet used for the mesh-independent
study to estimate the baseline size of the grid, and threeegponding reformer CFD models
are created and denoted as the coarse-mesh CFD model, CF® amoldfine-mesh CFD model,

respectively. It is worth noting that the simulation of theacse-mesh CFD model is unstable
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even when a conservative mode of ANSYS Fluent solver is uBleé.converged CFD simulation
results generated by the reformer CFD models are used tordatethe appropriate mesh size
for the present work. The difference between the simulagsnlts (e.g., the average temperature
profiles of the furnace-side flow) of the coarse-mesh CFD rhadéd CFD model is noticeable.
The comparison between the simulation results of the CFDemardd fine-mesh CFD model
shows that they are nearly identical while the fine-mesh CKldehrequires a longer computing
time to obtain the converged solution. Our studies showsdahaesh size of about 29 million
cells produces mesh-independent results. Specificalyraformer mesh contains 289,252
hexahedral grids, 8898 168 quadrilateral faces and 84, 930 nodes.

The quality of the resulting mesh is evaluated utilizingttiree mesh quality evaluation criteria
(the minimum orthogonal factor, maximum ortho skew and elsp&io) suggested by the manu-
facturer ANSYS Inc. of the commercial CFD software packatyjiézad to develop the reformer
CFD model in this work (other potential mesh evaluationeei@ not specified by ANSYS Inc.
were not utilized because ANSYS Inc. did not indicate reca@mded ranges for such properties
that would suggest appropriate mesh quality based on sheh atiteria). ANSYS Inc. suggests
that if the values of the three suggested criteria for aldeubains (i.e., mesh quality) are within
the recommended ranges shown in Tablé 2.1, the mesh can $idead to have reasonably good
quality and can be used to generate CFD results. Becausalileswof the minimum orthogo-
nal factor, maximum ortho skew, and maximum aspect ratiorenadl subdomains are within the
ranges recommended by ANSYS Inc., the mesh of the industaek reformer is considered to
have reasonably good quality (this is further validateditgygood agreement of the CFD data gen-
erated using this mesh and typical plant data as discus&etiior 2.10). Although the minimum
orthogonal factor and maximum ortho skew of the reformerhrage close to the lower limits as
shown in Tablé 2]1, the average orthogonal factor (0.968)amerage ortho skew (0.035) of the
reformer mesh are close to the ideal values of 1.000 and Qr@8pectively. Hence, we use the

reformer mesh with approximately 29 million cells to cretite reformer CFD model.
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(b) (c)

Figure 2.2: Isometric view of the hexahedral structuredimesthe outer-lane burner (a), inner-
lane burner (b) and reforming tube (c). This figure demotesrthat the meshes of both the inner-
lane and outer-lane burners, as well as the mesh of the rgfgriubes, created by the O-grid
Block function of ANSYS ICEM have the exact geometries of tberesponding components. In

Fig.[2.2(c), the radial direction of the reforming tube ialecl up by 20 times for display purposes.

Table 2.1: Mesh quality of the reformer mesh.

The reformer mesh g?;(;mmended
Minimum orthogonal factor 0.181 0.167—1.000
Maximum ortho skew 0.819 0.000—0.850
Maximum aspect ratio 285 1.000— 1000
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Figure 2.3: A sample of the top view of the hexahedral stmgéctunesh of the reformer, where a
row of reforming tubes is adjacent to two inner-lane burnbrs-ig.[2.3, the reforming tube inlets

and burner inlets are assigned with different color for igpurposes.
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Figure 2.4: A sample of the vertical cross section of the hedaal structured mesh of the reformer.
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2.4 Furnace chamber modeling

2.4.1 Combustion kinetic model and turbulence-chemistry radel

In the combustion chamber, reducing agents in the furnaleefsed are oxidized to their highest
oxidation states generating carbon dioxide, water andge lamount of thermal energy, which is
used to drive SMR inside the reforming tubes. The chemidttizi® combustion phenomena is a
complex network of sequential elementary reactions geatiby the concentrations of free rad-
icals. For instance, the complete mechanism of the hydrogerbustion phenomena generating
water involves more than 20 elementary reactions with variatermediates, and the correspond-
ing detailed kinetic model consists of more than 20 distheetction rates [59]. Although it is
possible to implement such a detailed kinetic model in tierneer CFD model, the CFD model
would be no longer meaningful for industrial applicatiosstavould take a long computing time
to generate the CFD simulation data. As a result, globaltkimeodels for the combustion of
methanel[46] and hydrogen| [5] are used to model the combusfithe furnace-side feed to re-

duce the computational requirement for simulating therreéy CFD model:

Global kinetic model of methane combustion:
R
CHa(g) + 1.502(g) — CO(g) + 2H20(g),
Ry = 10"%%[CHy]"*%[0,]®** exp(—20643 Teomn) (2.1a)

CO(g) +0505(g) — COz(g)

Ry = 101997/C O+ 0] "exp( — 11613 Teomp) (2.1b)

Rz = 10M349[CO,)exp(—62281/ Teomp) (2.1c)
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Global kinetic model of hydrogen combustion:
Ha(g) +0.505(g) ~% H,0(g)

Ry = 4.61 x 10"[H,] [Oz]exp(—1008Q Teomp) (2.2a)

whereRy, Ry, Rz andR, (kmol m—3 s~1) are the intrinsic volumetric reaction rat8semp (K) and

[i], i = CO,,CO,CHjz, Hy, O, (kmol m~3) are the temperature and species molar concentrations of
the furnace-side flow. It is worth noting that because theigagbkinetic formulas (Eq$. 2142.2)

are in the Arrhenius form, they can be directly integrated the reformer CFD model.

In the reformer, the furnace-side feed composed of two s¢patreams, i.e., the fuel stream
and the oxidizer stream, is combusted inside the combusiiamber to generate the required fired
duty for SMR. The intrinsic nature of non-premixed combuostis turbulent mixing-controlled,
i.e., the rate of the chemical reactions is relatively fagtan that of mixing on which the observed
reaction rates of furnace-side species depend. In the nel@raof this section, we demonstrate a
modeling strategy that allows the reformer CFD model to $ateuthe behavior of non-premixed
combustion processes of the furnace-side feed. Speagfficalihe reformer CFD model, the fuel
stream and air stream of the furnace-side feed are assurbediell-mixed as shown in Talle 2.2
prior to being fed into the combustion chamber, and the catitnn phenomena of methane and
hydrogen are modeled by the premixed combustion model. Menvthe intrinsic nature of non-
premixed combustion phenomena must be shown in the sironlagisults generated by the re-
former CFD model. This issue is resolved by using the firatie/feddy-dissipation (FR/ED) model
as the turbulence-chemistry interaction model to simullagereaction rates of the furnace-side
species. In particular, the FR/ED model utilizes the gldad¢tic models of combustion phenom-
ena (shown in Eqé. 2.1 ahd P.2), finite rate formula (shownjiiZE3¢) and eddy-dissipation rates
(shown in Eqd._2.342.30) to estimate the observed reaction rates of the fursideespecies [3].

The formulation of the FR/ED model is presented as follows:

21



Ecomb.__. Y.
RJZVi,jMiApcombﬂ’mmaz( X ) (2.3a)

Kcomb Vg, jMx
Ecomb Y Yp
i = Vi.iMjAB 2.3b
Rij i,j M pcombkcombzrl}l Vi M ( )
R.j = Vi,iMiR; (2.3¢c)

whereR; j (kg m—3 s andy; j are the observed reaction rate and stoichiometric coefficie
species in reactionj, M; (kg kmol1) is the molecular weight of speciésYy andMy, are the
mass fraction and molecular weight of a specified reackamt, ; is the stoichiometric coefficient
of a specified reactar® in reactionj, A= 4.0 andB = 0.5 are the default empirical constants
of the FR/ED model[[42]Keomb (M? s72) and &comp (M? s~3) are the turbulence kinetic energy
and dissipation rate (which will be discussed in Sedtiof), X4 is the mass fraction of a product
species? in reactionj, R; (kmol m~3 s71) is the intrinsic volumetric reaction rate of reaction
j from Eqs.[2Z.-2.2, pcomb (kg m~3) is the density of the furnace-side flow,is the index of
the product species involved in reactiprand N represents the number of chemical species in
reactionj [3]. When the FR/ED model is integrated in the reformer CFDdeipthe reaction
rate of each furnace-side species is calculated based dghréeedifferent methods presented in
Eqgs.[2.3B 2.3b arild 2]3c for which the smallest estimatesponding to the slowest rate is set
as the observed rate [38]. In other words, in the reactioitéid zone, the observed reaction rates
of the furnace-side species are computed by the finite rateula (Eq.[2.3c), whereas in the
transport-limited zone, they are computed by the eddyihsien formulas (Eq$._2.8a ahd 213b).
Particularly, because the furnace-side temperature oR382t the inner-lane/outer-lane burner
inlets is relatively low compared to the typical operatingnface-side temperature, the finite rate
formula is expected to predict slower reaction rates ofdueaside species than those estimated
by the eddy-dissipation formulas. This is because the aobir temperature values of combustion
phenomena derived from the chosen kinetic models (Egk{22) are substantially larger than

the FSF temperature, and the concentrations of reactirgjespare diluted by the presence of inert
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furnace-side species (i.e., nitrogen and argon), whiclwatcfor ~61% of the FSF molar flow
rate. Furthermore, the contour plots of furnace-side catipns and energy released from the
combustion of the furnace-side feed (presented in SeCti@hdenerated by the reformer CFD
model indicate that the oxidation rates of methane and lyairaletected in the vicinity of the
inner-lane/outer-lane burner inlets are slow, which masclvell with the expected observations.
The results suggest that the reaction rates of furnacespideies estimated by the FR/ED model
in these regions mimic the effect of initial mixing of fuelgxidizer streams in non-premixed
combustion phenomena. As the oxidation of the furnacefsiel@ gradually proceeds to produce
combustion products (i.e., carbon dioxide and water), tiibadpy of reactions is released causing
the temperature of the furnace-side flow to increase, wHiolws the combustion phenomena to
eventually overcome the activation energy barrier. Tlweegfin the flame bodies, the finite rate
formula is expected to yield higher estimates for the reaatates of the furnace-side species than
those based on the eddy-dissipation formulas. As a rekalpremixed combustion model coupled
with the FR/ED model allows the reformer CFD model to simeithe turbulent-mixing controlled

characteristics of non-premixed combustion phenomena.

2.4.2 Radiative heat transfer modeling

In high-temperature applications such as SMR, the cortabiof thermal radiation to the total
heat transfer rate cannot be neglected. In Olivieri et &l],[thermal radiation has also been re-
ported as the dominant mode of heat transfer in a reformdraazounts for about-95% of the
total heat transfer rate to the tube side. This is becausatbg at which thermal energy is trans-
ferred by conduction and convection are known to be apprataty proportional to the difference
in temperature, while the rate of thermal energy transfielbseradiation is proportional to the dif-
ference between the temperatures raised to the fourth pdwerefore, in the high-temperature
combustion chamber of the reformer, thermal radiation wdod expected to contribute signifi-
cantly to heat transfer.

The study of radiative heat transfer is not often conduckpagementally for reformers because
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Table 2.2: Furnace-side inlet operating conditions of theei-lane burner in whichl ..

represents the mole fraction of spedi@s the furnace-side feed.

Pressure (kPa) | 131.3

Temperature (K) 532.9

Flow rate (kg/s) | 1.1358
Xcng?binlet 0.0039
X2 nbinlet 0.1610
Xeombinlet 0.0071
XcNSmbinlet 0.6008
XcHgmbinIet 0.0592
Xoorninlet 0.0972
Xgoombinlet 0.0208
X pinlet 0.0501

of the severe operating temperature of 2050 K inside themafoand the absence of an accurate
means to measure the radiative heat transfer rate. Addilyptthe only experimental data type
related to the total heat transfer rate which can be collefitam an on-line reformer may be
the OTWT at a finite number of designated locations (e.gedlalong the heated tube length of
125 m) [13]. This data is expected to carry a high degree of uaitey because of the way by
which the OTWT is measured, which involves a system of iefllacameras that gains access
into the reformer to monitor the OTWT through peepholes emdbmbustion chamber refractory
walls [35]. Therefore, the study of radiative heat transfeeformers has been conducted primarily
by a modeling approach.

To model thermal radiation, it is essential that the roleadfiating media in thermal radia-
tion is well understood. Specifically, radiating media, gfhcan consist of various patrticle types
(e.g., neutral molecules, ionic molecules, free electan atoms), participate in thermal radia-

tion by absorbing or emitting radiative energy in the formet#ctromagnetic waves for which the
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corresponding energy content denotedy,e can be evaluated as follows:

Ewave= - Vwave (2.4)

whereh is Plank’s constant andyave (S71) is the frequency of an electromagnetic wave. When
a radiating particle absorbs/emits radiative energy, sodts/emits an electromagnetic wave, and
its energy increases/decreases correspondingly by therdmbd the electromagnetic wave. In
air-fired reformers, radiating media (e.g., the furnackediow) can be assumed to be neutral
molecules, and thus, the furnace-side flow can absorb atie@ieagnetic wave if the radiative en-
ergy content of the electromagnetic wave is equal to thesitian energy required for the energy
level to elevate to higher discrete bound states which spaed to the vibrational, rotational and
electronic modes. Hence, radiative heat transfer in theafte-side flow is spectrum dependent be-
cause the furnace-side flow only absorbs/emits radiatigeggrat certain frequencies in the entire
spectrum. In the furnace-side flow, monatomic molecules (argon) and diatomic molecules
(e.g., oxygen, nitrogen, hydrogen and carbon monoxide) beaconsidered to be transparent to
radiation [43]. As a result, the furnace-side flow can beté@as aH,0 —CO, flow in the sense
that the radiative properties of the furnace-side flow caodmsidered to depend only on those of
H>O andCO, (i.e., the furnace-side flow must be modeled as a radiatpa@iticipating medium
with radiative properties developed from thoséHD andCOy,).

The combustion modeling literature suggests that the tigdiproperties of the furnace-side
flow can be estimated with the line-by-line model (LBLM),t&dtcal narrow band model (SNBM)
and exponential wide band model (EWBM); nevertheless,mxaf the excessively high required
computational cost of utilizing these models for largelscystems, they are not compatible
with CFD models developed for industrially-oriented apgtions [43]. In the present work, a
more computationally efficient empirical model developedi3], which is designed for air-fired
combustion systems, is utilized. The empirical model usegsemperature, composition and total
pressure of the furnace-side flow and the characteristienson of the combustion chamber in

the estimation of the total emissivity of the furnace-siasvil The results reported in [43] show
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that the total emissivity of an air-fired combustion systeitalated from the empirical model is
within 5% of the data generated by the SNBM, and the computing tirdedeeased by a factor
of at least ten. Hence, the following empirical model for tb&l emissivity of the furnace-side
flow is expected to offer a significant reduction in the conmuytime and to predict sufficiently

accurate estimates of the furnace-side total emissivity:

g = aioj + a1 X?ér?b“‘ a12i - X(c:oorznb+ a3 X?ér%b‘ X(c:oorznb (2.52)
Vcomb

L=36- 2.5b
Acomb ( )

+as- [In (Péomﬂ_)]z-i-a(a"n (Teomb) - In (Pct:omﬂ-)

wherea; ; anda; are the model constants of the empirical model as shown ife[Z&B,x 2%, and

XC ©

~orp are the mole fractions of water and carbon dioxide in thedoenside flowVcomp~3303.5

m3, Acomb~5204.4 n? andL ~2.3 m are the volume, total surface area and characteristierd
sion of the combustion chamber, respectively, ﬁ’ébqu and g,q are the total pressure and total
emissivity of the furnace-side flow. The empirical model lo¢ furnace-side total emissivity is
designed for air-fired combustion systems, and as a rebaltiotal pressure inside the furnace
chamber in[[43] as well as in the present work is assumed tmbstant and is taken to be near
atmospheric pressure of 100 kPa (i.e., 1 bar).

Though the correlation of EG.2.5 dependsiff2, andxt2%  which vary in the flame region
of the furnace-side, the flame physical volume (i.e., thetrea zones of the combustion of the
furnace-side feed) accounts for a small fraction of thel tadume of the combustion chamber.
Therefore, the region within whick,q would vary due to the changes& i =1,...,6, would
be expected to be small compared to the dimensions of thadarside within which radiation is

occurring. Furthermore, the difference in the furnacesidmposition between the combustion

product and the furnace-side feed is small, which is dueddettt that the inert gases (i.e., nitrogen
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and argon) of the furnace-side feed accountf6d..0% of the total molar flow rate, while the fuel
(i.e., methane and hydrogen) only accounts$ad .0%. Specifically, the differences in the average
mole fractions oH,O andCO, between the furnace-side feed and the combustion prodangeh
from 0.0039 to~0.170 and from 0.0972 te-0.175, respectively. As a result, the change;ia
between its value at the furnace-side inlet conditions aeccomplete oxidation condition of the
furnace-side feed is not expected to be necessary to acfmusithin the radiation calculations,
especially given the small flame volume over whégky varies. Therefore, to reduce computation
time,xcHoZ,r?b andxggznb are both approximated as constants at 0.170 and 0.175¢cteghe in cal-
culatingég aq according to Ed. 215. Moreover, the characteristic dimamisiof the reformer, which
is estimated by Ed. 2.5b based on the volume and total enelessuface area of the combustion
chamber, is also a constant, als, . As a result, the furnace-side total emissivity reduces to
a function only of the furnace-side temperature (it is ndteat the approximation of a constant
furnace-side composition in calculatirsg,y does not imply that other properties of the furnace-
side flow should be modeled to be independent of compositmaeling the composition of the
furnace-side is important in capturing, for example, theasbed reaction rates of the furnace-side
species, which determines the heat release profile of théwustion of the furnace-side feed).

Next, the absorption coefficient of the furnace-side flowatated to the value &f 54 from the
empirical model of Ed. 2]5 through Kirchhoff’s law and LamiBzer’s Law as follows:

IN(1— &aq)

0= (2.6)

where g; is the absorption coefficient of the furnace-side flow. Itrigoortant to note that the
correlation of the absorption coefficient in £q.12.6 infeall assumptions that are used to develop
the correlation of the total emissivity, and thereforesitlso a function of only the furnace-side
temperature. Subsequently, an absorption coefficient skttavithin the operating temperature
range of the reformer is obtained by the correlations of Edsand 2.6 and is fit with a second-
order polynomial function by using a least-squares linegrassion method. The result of this fit

is
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0a=210x108.T2  —2.06x 10 % Teomp+ 0.456 (2.7)

which will be utilized in the reformer CFD model.

The next step in modeling radiation within the furnace s&lehoosing a suitable radiation
model. The present work is facilitated by the ANSYS FluenD&®lver, which only supports a
limited number of thermal radiation models. Specificalliy&YS Fluent uses one of five radiative
heat transfer models (i.e., RosselaRd; 1, discrete transfer radiation model (DTRM), surface to
surface (S2S) model and discrete ordinate model (DOM)) timase the energy transferred by
thermal radiation in high-temperature applications inskhihermal radiation cannot be ignored.
Among the five radiative heat transfer models, the DOM is tlostwersatile model [3]. In par-
ticular, the DOM can estimate heat transfer by radiatiomiviabsorbing, emitting and scattering
media and between the participating media and opaquetsansiparent walls. In addition, unlike
the Rosseland and— 1 approximation which are only applicable for high optidatkness sys-
tems, the DOM can be used in any high-temperature applicatmuding the reformer in which
the optical thickness is not well-defined because of the ¢exmeformer interior. Unlike the S2S
model which ignores the presence of the participating medeDOM can account for the effect
of the absorbing and emitting furnace-side flow. Additibyyainlike the DTRM which uses the
ray tracing technique and is more prone to error due to ractsf the DOM converts the partial
integro-differential radiative transfer equation (RTH)wseven independent variables into a finite
number of transport equations of radiation intensity, Wwhdepends on the solid angle discretiza-
tion parameters of the DOM. In particular, by default in eachant space the azimuthal division
is equal to two, and the polar division is equal to two, whidloves the DOM to generate 32
partial differential equations of radiation intensity rEsponding to 32 discrete direction vectors
S specifying the directions at which energy is transferreddiation. As a result, the radiative
heat transfer rate obtained by solving the equations oftiaah intensity is expected to require
a relatively lower computational cost than is required teclly solve the RTE. In this work, ra-

diative heat transfer between the furnace-side flow, cotrdushamber refractory walls and outer
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Table 2.3: Empirical constants of the correlation of thenfge-side flow total emissivity with

temperature. These constants are used in the calculatar{ied.[2.548)([43].

a10,i a1 a1zj 13

1 —2.756 —-12091 -2.074 890

2 1.0155 3827 Q0649 —-2.48

3 0.284 —-1.024 Q0421 -0.64
=4 —0.085 —-0.286 —-0.047 Q17

5

6

0.0104 -0.067 -0.016 Q19
—0.0272 0162 -0.061 Q08

reforming tube walls will be quantified by the discrete oetgnmethod (DOM). The description
of the DOM of an absorbing, emitting and non-scattering gyay can be found in[3].

It is critical to a successful modeling task to realize thed internal emissivity of the wall
surface is an intrinsic property of the surface, and theegfib only depends on the surface’s char-
acteristics, e.g., the surface texture, instead of theasermaterial. In the reformer CFD model,
the emissivity coefficients for the wall surfaces are assitode independent of the furnace-side
temperature and are constant. Specifically, the emissiogyficients of the reforming tubes, re-
fractory wall and tunnel wall are chosen to b&® 065 and 065, respectively, and additional

physical properties of the refractory wall and tunnel wadl shown in Tablé 214 [35].

Table 2.4: Properties of the combustion chamber refractaiis.

Density (kg m~3) 3950
Heat Capacity(J kg~* K1) 718
Thermal Conductivity W m—t K=1) | 2.6
Emissivity 0.65
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2.5 Reforming tube modeling

In the present work, the 336 reforming tubes are modeled éy#eudo-homogeneous reactor
model, the reforming tube walls are modeled by the ANSY Swafi model, the catalyst network
is modeled by the continuum approach and its effects on the-side flow are modeled by the
ANSYS porous zone function. These modeling strategies welized due to their success in
generating CFD data with good agreement with typical platé dor a single reforming tube with
an assumed OTWT profile (i.e., the furnace-side and itsaotams through heat transfer with the
tube-side were not simulated) in [34]. In the remainder &f ection, the modeling strategies of

the kinetic model of SMR and the catalyst network are present

2.5.1 Reforming Reaction Kinetic Model

On the macroscopic scale, SMR consumes the thermal enesguqed by the combustion of the
furnace-side feed to convert steam and methane into hydiggcarbon oxides in the presence of
a nickel-based catalyst network, and the tube-side cortipo$s reported to be close to the equi-
librium composition at the reforming tube exit [64]. On thécroscopic scale, the reactants are
transported from the bulk of the tube-side flow to the surfafdee catalyst network by convective
mass transfer driven primarily by the reactant concemtnagradients, which are generated by the
external diffusion resistance of the catalyst network. T likeey diffuse down the second reactant
concentration gradients from the surface of the catalystaoré through the catalyst medium to
the catalyst active sites, where SMR occurs to generatedsieed hydrogen along with carbon
oxides. The reactant concentration gradients within thalyst are generated by the internal dif-
fusion resistance of the catalyst network. Finally, thedpiais diffuse from the catalyst active sites
back to the surface of the catalyst network, and eventuatigrge back into the tube-side flow.
A kinetic model that provides a rate formula for each micogsc event of SMR is unsuitable
for the reformer CFD simulation because it would be expetbeaquire a significant compu-

tation time. Therefore, a global kinetic model of SMR progan [64], which is derived based
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on the Langmuir-Hinshelwood mechanism (i.e., the hetaregas catalysis kinetic model) and is
formulated in kg (kg of catalyst)} s~1, is utilized to lessen the computational demand without

substantially sacrificing the accuracy of the simulaticsufts:

CHy(9) +H20(g) = CO(g) + 3H2(9),

3
Ho CO
k Prube) Prube
Rs = ﬁ P prz0 % /DEN? (2.8a)
2 1
(ptube>
CO(g) +H20(g) = COz(g) +H2(9),
ko CO H,0 pHZb pcgz 2
Re = —,~ | PtubePtube —— e~ | /DEN (2.8b)
tube 2
CHa(g) +2H20(g) = CO2(9) +4H2(9),
4
Hap CO,
ks 2 Ptube) Prube
Ry=——~ pﬁj';)g(pﬂfkg) - —< 2 /DEN? (2.8¢)
2 3
(ptube>
K HZO
DEN = 14 20Ptube 11080+ Ky, i o+ Kor, POp (2.80)

tube

whereKn,, Kch, andKco are adsorption constants fét;, CHs andCO, Ky,o is a dissocia-
tive adsorption constant dfi,O, Ki, Ky, and K3 are equilibrium constants of the reactions in
Eqs[2.8H, 2.8b arid 2]8k;, ko andks are forward kinetic constant coefficients of the reactians i
Eqs[2:8H2.8b, arid 218c, respectiv&EN is a dimensionless parameter aglf.., P, prao,
pso. and pﬁfgze are the partial pressures dp, CHy, H,0, CO andCO; in the tube-side flow, re-
spectively. This kinetic model is widely accepted|[33] amftequently used in CFD modeling and
first-principles modeling of SMR because it accounts forahmunt of the available catalyst. The
kinetic model can also be modified to account for the exteandl internal diffusion resistances
of the catalyst network by multiplying the kinetic formulagth a universal effectiveness factor

of 0.1 [62]. However, unlike the global kinetic models of the nmath and hydrogen combustion
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phenomena, because the empirical kinetic formulas sho&n.[2.8 are not in the Arrhenius form,
they cannot be directly integrated into the reformer CFD etoNevertheless, ANSYS Fluent al-
lows these non-Arrhenius form kinetic formulas to be in&tgd into the CFD model by means
of user-defined functions, i.eDEFINE.VR RATEandDEFINE_.NET_REACTIONRATE to
simulate the formation and consumption rates of the tude-somponents. In [64], the complete
list of the possible chemical reactions in SMR is providetich does not contain any gas phase
reaction. Additionally, the components of the tube-side/flae., methane, superheated steam,
carbon oxides and hydrogen) of SMR are naturally stable ahaet undergo chemical reaction
in the absence of the nickel-based catalyst. Thereforeplgase reactions are not considered in
the present work.

Inside the reforming tubes, the catalyst network with a amif packing pattern disrupts the
tube-side flow and enhances the mixing processes of thesidbdlow, and the Reynolds number
at the reforming tube entrances is calculated te-6,000 based on the tube-side feed informa-
tion detailed in[[34]. Therefore, the tube-side flow is expddo be turbulent, and it is necessary
to utilize a suitable turbulence-chemistry interactiond@ldo simulate the tube-side species reac-
tion rates under the influence of turbulent effects. Two ulebce-chemistry interaction models
offered by ANSYS Fluent that may be appropriate for modelurqulent effects on the tube-side
species reaction rates are the FR/ED model and the EDC n@delne hand, the FR/ED model is
expected to require less computation time, but is knowntimese observed reaction rates that de-
viate significantly from experimental data for some reaiwith multiple dependent elementary
reaction rates [3]. In contrast, the EDC model is expectéetmore accurate because it can utilize
detailed multi-step reaction kinetic models to determime formation and consumption rates of
the tube-side species in the turbulent reacting flow, butimsputationally expensive. Additionally,
the EDC model with default parameters is a robust turbulehenistry interaction model, and
can be directly applied for a wide variety of reaction-liedtand diffusion-limited systems [41].
The description of the EDC model can be found.in [3]. Althotiggnobserved reaction rates of the

tube-side species calculated from the EDC model are exgbezteave higher accuracy than those
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calculated from the FR/ED model of Hq. .3, it is preferaldeihdustrial applications to avoid
integrating the EDC model in the reformer CFD model whendoas not significantly impact the
solution accuracy due to the corresponding increase ineitpeired computational cost. In Sec-
tion[2.6, the numerical error associated with the FR/ED rhiodée solution of the reformer CFD
model is evaluated to determine that the FR/ED model is anogpiate chemistry-turbulence

interaction model for the tube-side flow.

2.5.2 Porous Zone Design

In the reforming tubes, the nickel-based catalyst pelletsused as the packing material, and
hence, it is essential to the development of the reformer @BDel that the effects of the catalyst
network on SMR are well understood. Specifically, the catatgtwork facilitates the formation of
hydrogen from the naturally stable and slowly-reactingtshile reactants, i.e., steam and methane,
and it also enhances the rate of convective energy transfer the reforming tube walls to the
tube-side flow by increasing the contact area. Additionallg catalyst network interferes with
the tube-side flow, increases the residence time of the gid®e- species and reduces the free
volume. Furthermore, a pressure difference between thedige flow at the reforming tube inlet
and outlet cannot be neglected due to the presence of thgstatatwork inside the reforming
tubes. Therefore, the effects of the catalyst on the mometad energy transport equations
of the tube-side must be accounted for. In the present waekréforming tubes are modeled
by the pseudo-homogeneous reactor model in which the sbéde(i.e., the catalyst network) is
modeled by the continuum approach, and the effects of ttadysanetwork on the tube-side flow
are modeled by the ANSYS porous zone function. The porous zorction modifies the standard
governing equations of the pseudo-homogeneous reactoelnmdccount for the presence and
effects of the catalyst network on the tube-side flow (whidh e discussed in Sectidn 2.7.2).
Although the modeling strategy does not require the catpbitets and the random packing pattern
of the catalyst network to be modeled, the simulation dategged by the reforming tube CFD

model is expected to capture the gradients of the tube-sidgaosition and state variables at
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the macroscopic scale typically larger than the equivaliemiension of the catalyst pellet [45].
The modeling strategy has been shown to be valid for packedactors in which the effective
characteristic dimension of the catalyst pellets is les& th mm [54]. We have found that a
reforming tube CFD model created from this modeling appnozen simulate the macroscopic
effects of the catalyst network on the tube-side flow (elg, gressure drop across the catalyst
network and the increase of the tube-side residence timergea by the reforming tube CFD
model are consistent with the typical plant data) [34]. la teformer CFD model, the modeling

parameters of the porous zone function are estimated frersetimi-empirical Ergun equatidn [17]:

AR e _ 150tybe (1 — V)ZV n 1.750upe (1 —Y) V2
Ltube D% y3 oo tube Dp y3 o tube

(2.9)

where AR, pe (kPa) is the pressure difference of the tube-side flow adtssatalyst network,
Voo tube (M S71), Prube (kg M~3) and piupe (kg m~1 s71) are the average superficial velocity, density
and viscosity of the tube-side flow at the reforming tubetimled outlet, respectivel\,i pe Of
12.5 m is the reforming tube lengtly,=0.609 is the porosity of the catalyst network aid
(m) is an effective diameter of the catalyst pellets. Basedhe pressure drop of the tube-side
flow across the catalyst network from typical plant datapm@ing tube geometry and available
physical properties of the catalyst network reported_ir],[8d4e Ergun equation is employed to
estimate the effective diameter of the catalyst pelletenlthe modeling parameters of the porous

zone function required by the reformer CFD model are catedlas follows,

D
a= —150(1_ y)2 (2.10a)
B 35(1-vy)
B= _Dp % (2.10b)

wherea 1 ~ 8,782 800 ni 2 is the viscous resistance coefficient of the catalyst ndtand ~
1,782 n 1is the inertial resistance coefficient of the catalyst nekwti is noteworthy that because

the semi-empirical Ergun equation is suitable for a wideggeaaf Reynolds numbers and various
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packing patterns [3], itis not necessary to model the dedagihcking of the catalyst network within
the reformer. In this CFD model, the catalyst network ingdeh reforming tube is assumed to
have a uniform packing structure and to be functioning prig{ee., no deactivation or sintering
occurs). Hence, the coefficients of viscous resistancerartial resistance of the catalyst network

can be assumed to be constant and uniform along the axiahdrad directions.

Table 2.5: Johnson Matthey’s Katalco 23lQ catalyst properties.

Density (kg m~3) 3960
Heat CapacityJ kg * K1) 880
Thermal Conductivit W m~ K—1) 33
Particle Diametefmm) 35
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2.6 Equation of state and turbulence-chemistry interactio model

In this section, we present the procedure by which the thdymamic and turbulence-chemistry
interaction models are selected for the reformer CFD modieke modeling considerations that
motivate the analysis of multiple equations of state andui@nce-chemistry interaction models
are discussed. Finally, a strategy to obtain the necessangmcal evidence, which is subsequently
analyzed to determine the solutions for the modeling chghs, is proposed.

The first modeling consideration is the choice of an equaticstate for describing the ther-
modynamics of the furnace-side and tube-side flows in tteemedr. In the combustion chamber of
the reformer, the maximum temperature of the furnace-sae i8 approximately 2050 K due to
the thermal energy released by the rapid oxidation of thesfte-side feed, and the operating pres-
sure is designed to be nearly at atmospheric presswE3@ kPa. Therefore, the furnace-side flow
can be assumed to possess incompressible ideal gas chati@steOn the contrary, the thermo-
dynamic behavior of the tube-side flow is speculated to dewignificantly from that governed by
the incompressible ideal gas law due to the high operatiegspire inside the reforming tubes (i.e.,
~3,000 kPa), which is-25-28 times higher than that of the combustion chamber [$plecif-
ically, the tube-side density at high operating pressurthefreforming tubes is expected to be
significantly different from the estimated density by thedmpressible ideal gas law using the ref-
erence state of 298 K. It is critical to the development ofréfermer CFD model that the adopted
equation of state accurately predicts the thermodynanfitsribulent reacting flows inside both
the combustion chamber and reforming tubes because SMRés®d to reach equilibrium at the
reforming tube outlets. In an effort to choose an appropmgjuation of state, two potential ther-
modynamic models, i.e., the compressible ideal gas anetlgas Soave-Redlich-Kwong (SRK)
equations of state, are selected. It is important to notettieareal gas SRK model predicts more
accurate fluid properties than the compressible ideal gatehand is frequently employed for
determining fluid thermodynamic properties for industapplications. Nevertheless, the required

computational cost of the real gas SRK model is higher thah dhthe compressible ideal gas
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model; the former thermodynamic model should be integrattedthe reformer CFD model only
when the latter model is proven to be inadequate for obtgiagturate results.

The second modeling consideration is the selection of amogpiate turbulence-chemistry

interaction model. As discussed in Secs. 2.4.1[and]2.5¢1FR/ED and EDC models are two
viable models for these phenomena, but the FR/ED model naupe inaccurate results, though
it is expected to have a lower computational time than the Edel.

To evaluate whether the less computationally intensiveatiogl strategies (compressible ideal
gas and FR/ED models) can be expected to produce sufficetlyrate results, we could develop
one reformer CFD model that uses the more computationangive modeling strategies (i.e.,
the SRK and EDC models) and one that uses the less compuatatioriensive modeling strate-
gies. The results could then be compared to analyze the ingpathe CFD numerical results
of utilizing the more rigorous SRK and EDC models comparedtiiizing the less accurate (but
more suitable in terms of computational cost, computingetiand memory capacity for industrial
applications) compressible ideal gas and FR/ED models.eltlesless, the available computa-
tional power (i.e., 80 cores on UCLAs Hoffman2 Cluster) andmory capacity (i.e., 20.0 GB
on UCLAs Hoffman2 Cluster) are not expected to be sufficiensimulate the reformer CFD
model with the more computationally intensive modelingt&gies in a timely manner because
the reformer mesh is composed of, 299 252 hexahedral grids, 8898 168 quadrilateral faces
and 30584, 930 nodes. Consequently, it is not practical to employ thermeer CFD model that
uses the more computationally intensive modeling strategs a means to obtain the necessary
numerical evidence, which would subsequently be used asis foa selection of the appropriate
models. As an alternative for assessing the expected ofdaagnitude of differences in the
CFD numerical results when employing the more computaliph@ensive versus less computa-
tionally intensive modeling strategies, we would like t@ wspart of the reformer domain (e.g.,
a single reforming tube) to analyze both types of thermodyoand chemistry-turbulence inter-
action models. However, the transport phenomena of themafg tubes of the reformer CFD

model are coupled and thus a single reforming tube from tfegmeer model could not be simu-
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lated individually. Therefore, a CFD model of a single inula¢-scale reforming tube developed
from our previous work [34] using modeling strategies sanib those employed for modeling the
reforming tubes of the reformer CFD model is readily avddadnd will be used in the remainder
of this section for assessing whether the more or less catipnally intensive modeling strategies
will be chosen for the reformer CFD model.

Before utilizing the industrial-scale reforming tube fr¢8#] to assess the appropriateness of
the more and less computationally intensive thermodynamicturbulence-chemistry interaction
models for the reformer CFD model, the differences betwienndustrial-scale reforming tube
mesh and modeling strategies and those of the reformer CRi2lnace discussed to demonstrate
the large reduction in the computation time offered by thdustrial-scale reforming tube CFD
model. Three key differences between the reformer meshnahugirial-scale reforming tube mesh
are the shape of the subdomains, the number of the subdoaralribe mesh quality. Specifically,
the industrial-scale reforming tube mesh developed in {84he 2-D axisymmetric quadrilateral
structured mesh, and the reformer CFD mesh is the 3-D heralstdictured mesh. Additionally,
the industrial-scale reforming tube mesh consists' 28 thousand subdomains, and the reformer
mesh has-29 million subdomains, which corresponds to a cell countitha 1264 times higher
than that of the former mesh. Moreover, the mesh quality efitidustrial-scale reforming tube
mesh reported in_[34] is nearly ideal based on the three stggeriteria (i.e., the orthogonal
factor, aspect ratio and ortho skew) and is better than fitheaeformer mesh shown in Talhle P.1.
Therefore, the industrial-scale reforming tube CFD modeles as an effective tool to quantify the
magnitude of the numerical error introduced in the CFD satiah data when the computationally
less intensive modeling strategies (i.e., the compresgiehl gas model and the FR/ED model) are
implemented, and the industrial-scale reforming tube CFidehis expected to have a faster speed
of convergence than that of the reformer CFD model, makieg@tialysis possible in a reasonable
time frame.

In this effort, two industrial-scale reforming tube CFD nedslare developed, one of which

utilizes the SRK and EDC models, and the other of which usestimpressible ideal gas and
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FR/ED models (for brevity, the former and latter CFD modellshe referred to as the original and
simplified tube CFD models, respectively). In this studibalundary conditions of the tube CFD
models (i.e., the OTWT and the tube-side feed conditioresilarived from typical plant data [34],
and the modeling strategies are identical to those of trermefr CFD model. The simulation
results generated by the original and simplified tube CFD efsodre shown in Table 2.6. The
deviations of the simulation results generated by the sfragltube CFD model with respect to
the data generated by the original tube CFD model are camrside be insignificant. However, the
computational benefits of utilizing the simplified tube CFDarl compared to using the original
tube CFD model are noticeable. Specifically, the originBet€FD model takes 1100 iterations
and 650 seconds of computing time to reach the convergetiaolwhile the simplified tube CFD
model only takes 871 iterations and 320 seconds. This relsaWs that the simplified tube CFD
model offers a 20% reduction in the number of iterations aB@% reduction in the computing
time required for the simulation to reach the convergedtswiand yields similar simulation data
compared to the original tube CFD model. As a result, the cesgible ideal gas and FR/ED
models are integrated in the reformer CFD model to deschibehermodynamics and reaction
rates of individual species in the turbulent reacting flowsath the tube-side and furnace-side
flows.

The most prominent difference in the modeling strategigb®fndustrial-scale reforming tube
mesh and of a reforming tube in the reformer CFD model is tiairtdustrial-scale reforming tube
assumes a tube wall temperature profile along the reformibg kength whereas the reforming
tubes in the reformer exhibit a temperature profile depeinderthe furnace-side environment
which is simultaneously calculated. Though these diffeesrin the mesh and modeling strategies
exist, they are not expected to significantly impact the oolenagnitude of numerical differences
in the CFD results for the industrial-scale reforming tusag the more and less computationally
intensive modeling strategies compared to the order of madmof the differences that would be
observed using a reforming tube from the reformer modeltHéumore, the order of magnitude

of the results utilizing a single reforming tube would be ested to be indicative of the order of
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Table 2.6: Simulation results of the original and simplifiebe CFD models in whicR;ypeiniet and
Kfubeout,et represent the radial-weighted average inlet pressure athet snole fraction of specids

in the tube-side flow.

Original tube | Simplified tube | Difference (%,

CFD model*] | CFD model with respect tox)
APube (KP2) 204.2 210.3 3.00
ﬁtube,inlet (kPa) 2958.2 2964.3 0.21
A heat
flux (kWm 2) | 69506 68.423 1.56
)z:_l'szeoutlet 0.470 0.469 0.33
)ZITJZb(t)aoutlet 0.341 0.341 0.00
)_(teiggoutlet 0.043 0.044 3.44
X Deoutlet 0.088 0.087 1.18
X boutlet 0.058 0.059 1.43

magnitude of differences that would be expected on the davsade as well, particularly since
the equation of state is not expected to pose an issue onreckiside due to the relatively low

pressures in that domain.
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2.7 Governing equations of reformer

The reformer mathematical model consists of two sets oflhigbn-linear coupled partial integro-
differential equations with seven independent variabtediscussed in Sectign 2.1. Specifically,
one of the two equation sets represents the combustion a@ramddel, and the other is the re-
forming tube model. In this section, we present the equatafrcontinuity and of momentum,
energy, and species material conservation that employredess or variables calculated from the
modeling strategies discussed in the prior sections tcachenize the mass, flow, heat and species
transport within the reformer. The physical propertiesrafividual species in these equations
in the tube-side and furnace-side flows are imported fromAIR8YS Fluent database materials.
Subsequently, the physical properties of the tube-sideunn@ce-side flows are computed based
on those of the corresponding constituents, ideal gas giaw (in the case of the thermal con-
ductivities and viscosities) and kinetic theory (in theecatthe diffusion coefficients). Inside the
combustion chamber and reforming tubes, the flow profilespeeulated to be turbulent as dis-
cussed in Seck. 2.4.1 and 2]5.1, and thus, the state var{ghde, temperature, pressure, internal
energy, enthalpy, and entropy) and fluid properties (i.elQaity, density and species concentra-
tion) fluctuate about their corresponding time-averagddeg In the present work, the standard
k — € turbulence model developed from the Reynolds-averageeN&tokes (RANS) equations
and the Boussinesq hypothesis is integrated in the refo@fBrmodel to characterize the furnace-
side and tube-side turbulent reacting flows, which allovesréformer CFD model to simulate the
effects of turbulence on the transport and chemical reagtieenomena [29, 36] 3]. The standard
k — € model is selected because it is a robust turbulence modelgutires lower computational
resources compared to the realizakle € model (i.e., relatively longer computing time), RNG
k — € model (i.e., 15% more computing time) and Reynolds stresdem@.e., 50%-60% more
computing time), and it is expected to yield reasonably eateupredictions for a wide range of
turbulent flows[3]. Additionally, th&k — € model is expected to be suitable when there are not

extreme pressure gradients within the fluid [3], which we dbexpect to observe on either the
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tube side or furnace side of the reformer because the ragiogelen the pressure drop and the inlet
pressure of the tube-side feed and furnace-side feeds¥e and~0%, respectively, based on the
typical plant data' [35]. In the present work, the enhancelll tngatment option of the standard
k— € model is used to improve the model accuracy at the regiongineavalls. Therefore, though
the ideal dimensionless distance from the wall to the fitstrior node (denoted by y+) everywhere
in the reformer mesh is recommended by ANSYS Fluent te-bgethe use of th&— € model with
enhanced wall treatment allows the accuracy of the CFD dabe tess sensitive to the y+ value,
which allows for the y+ value of the reformer mesh to be grethizn 1 and allows the cell countin
the reformer mesh to be reduced compared to the case that tredue is~1. In the present work,
the initial guess of the grid size is obtained from NASA'sodss grid spacing calculator based
on the Reynolds number of the furnace-side flow at the inaee-lburner inlet (Re = 240,000),
the diameter of the inner-lane burner inlet and the desieddevof y+, which varies between 30
and 60. The grid size is further adjusted by a trial-andfeapproach during the trial simulations
of the reformer CFD model to ensure that the convergencerieritiefined in Section 2.8 can be
reached. From the simulation results, the average y+ valutiee outer reforming tube wall and
the interior wall of the combustion chamber obtained from@D simulation data were 20.8 and
58.9, respectively. The reformer mathematical model agtsdior transport phenomena frequently
observed in high-operating-temperature applicationgufiteon to the essential reformer-related
considerations discussed at length in Secs. [4.4.1]2.42 &d 2.5]2. In the remainder of this

section, the combustion chamber model and the reforming tuddel are presented.

2.7.1 Furnace Chamber

The combustion chamber model developed in this work canlatethe mixing-controlled char-
acteristics of non-premixed combustion phenomena, tiadiaeat transfer between the furnace-
side flow, outer reforming tube walls and combustion chamégactory inner walls, in addition
to other heat transfer mechanisms observed in reformegs @nvective and conductive heat

transfer). Based on the above considerations and thosasdisd in Section 2.4 and Sectlon|2.6,
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the combustion chamber model including the continuity ¢éiqna(Eq.[2.11h), the momentum
(Eq.[2.11b), energy (E§. 2.11c) and species (Eq. 2.11d)eceaion equations, and the turbu-
lence model (Ed.2.1le and Eqg. 2]11f) required for charaaerthe heat and fluid-flow fields as

well as composition inside the combustion chamber are ftated as follows:

Continuity equation:

0
E(pcomb) + 0 (PcomtVecomb) = 0 (2.11a)

Momentum conservation equation:
17}
ot

Energy conservation equation:

0
ot

(pcombvcomb) +0- (pcomtycombvcomb) = _Dpcomb+ H ‘?comb‘f' pcomtg (2-11b)

(pcomlEcomb) +0- (vcomb(pcomtEcomb‘f' Pcomb)) = (2-110)

ff i =
O- [ eome-I-Comb (Z hlcomb‘ﬁ:omb) + (Tcomb‘vcomb) +§g()rr):1b+ U Grad
[

Species material conservation equation:
0

ot = (PcombY, omb) + U (PcomBcombY, omb) = (‘j(i:omb) + Rizomb (2.11d)
Transport equations of the stand#rd € turbulence model:
0
ot —r (PcomiKeomb) + 0 - (PeomtkcomtVeomb) = (2.11e)
U
{(Ucom + (;)Iinb> chomb} + Gléomb-i- GEomb— PcombEcomb
0
E(pcombecomb) + 0 (PcomtEcomtVeomb) = (2.11f)
t
>
0- {(Ucomb‘i‘ “comb) D“:comb} +C18Lmkaomb CoePcomby, comb (2.119)
O¢ Keomb Keomb
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St ,
‘j(i:omb: <p00mlpgymb+ combb> OYeomb (2.123)

S(}hom
= 2
Tcomb= Hcomb [(Dvcomb+ D\_/;cromb) - éD '\_/'comd} (2.12b)
2
Vv P
Ecomb= Ncomb+ %mb_ —comb (2.12¢c)
Pcomb
hCOmb: ZYC]omtrléomb (2.12d)
J
i Teomb .
homi Teomb) = /T f Cé,,comde with Trer = 29815K (2.12e)
hf
) —_ ]
Seomb=— 3. i Reomb (2.12f)
J
j S ki gk
Riomb= Zvcém omb (2.129)
ff
Keomb= Keomb+ Keomb (2.12h)
C t
Keomb = %"Hmmb (2.12i)
t
2
Heomb = Peomiy c oml; (2.12))
com
k comh
GCOmb: _pcomb\éombl\/comb] Tj (212k)
t
Heomb9 Tcomb
Glomb= B0 %’t“b%;m (2.121)

whereVeomp (M s 1), teomb (kg m™ts74), U(t;omb(kg mts1), K?g.;b(W m-t Kb, chomb(W m-!

K™, Komp (W m™1 K1), Cp comb (3 kg™t K1), Teomb (K) and Peomp (kPa) are the furnace-side
flow mass-averaged velocity, laminar flow viscosity, tudnilflow viscosity (calculated as shown

in Eq.[2.12)), effective thermal conductivity (estimatesishown in Eql_2.12h), laminar thermal
conductivity, turbulent thermal conductivity (estimagesishown in Ed. 2.1Ri), specific heat capac-
ity, temperature and pressure of the furnace-side flow icdingbustion chamber, respectivelys

the universal gravitational accelerati@ympis the stress tensor (estimated as shown il Eq. 2.12Db),

andl is the unit tensor. The combustion chamber model accountlfreformer-relevant modes
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of momentum, energy and material transport phenomena uhdenfluence of chemical phe-
nomena and turbulence to characterize the dynamics of thalodr. Specifically, the turbulent
mass diffusion flux of specids J.,,, driven by concentration gradients, is shown in Egq.2.12a,

i
whereY,

,andDyy bare the furnace-side mass fraction and laminar mass difiusefficient

com
of specied, respectively. It is necessary to note that the rﬁ?ﬁ) , in which S¢,,,and il

are the turbulent Schmidt number and turbulent viscosittheffurnace-side flow, is used to ac-
count for the effect of turbulence on the mass diffusion flismecies, and therefore, it can be
written aspcomecombwhereDCOImb is the turbulent mass diffusion coefficient. Additionaliiye
specific internal energyE.,mp Of the furnace-side flow which can be computed as the sum of
the furnace-side specific sensible enthalpy{n which depends on the furnace-side specific sen-
sible enthalpy of speciegat temperatur@comb(hiomb(Tcomb)), specific kinetic energyvgomb/Z)

and external work per unit weight of the furnace-side flovlP{omp/ Pcomn), is shown in Eq.2.12c,
Eq.[2.12d and Eq._2.1Re. It is important to note that the vafuges = 29815K in Eq.[2. 128k is

chosen automatically by ANSYS Fluent’s parallel/pressased solver, ang! pis the heat

capacity of specieg in the combustion chamber. In addition, from @llﬂlo(@é%gﬂ%omb

p,com

-0 (Zi hicombj(i:omb>’ O (Teomb: Veomb) @and - Grag represent four distinct mechanisms, i.e., con-
duction, species diffusion, viscous dissipation and tamharespectively, through which energy
is transferred. Furthermore, the overall rate at whichrtfarenergy is released from combus-
tion processes inside the combustion chanﬁ%ﬁ]”b is computed as shown in Eq. 2.112f in which
Riomband hf represent the overall volumetric consumption/formatiate and enthalpy of forma-
tion of specieg, andvcomband I{’cfmbare the stoichiometric coefficient and volumetric consump-
tion/formation rate of speciegin reactionk. It is noteworthy thaIR'ébjmb is determined by the
FR/ED turbulence-chemistry interaction model (Sectich®. Transport equations of the stan-
dardk — € turbulence model are presented in Eq. 2.11e and Eq.12.1&fhich Keomp and Ecomp
are the turbulence kinetic energy and turbulence dissipatite of the furnace-side floy, is the
coefficient of thermal expansion of the furnace-side flow= 1.3 ando, = 1.0 are the default

values of the turbulent Prandtl numbers kggmpandéecomb Cre = 1.44,Cye = 1.92,C, = 0.09 and
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Pr; = 0.85 are default constants of the standirde turbulence model, respectively, a@, .,
andG® ., represent the generation of turbulence kinetic energyeriumace-side flow due to the
mean velocity gradients (Elg. 2.12k) and buoyancy effectPEL®]). The standarkl— € turbulence
model can capture the characteristic parameters of turbrdacting flow profiles. Specifically, in
Eq.[2.12Kk, the terwpcombm is the Reynolds stress representing the effect of turbu-
lence on the velocity profile of the furnace-side flow thas@si from the RANS equations, and
V.

combi

that all default constants of the stand&rd ¢ turbulence model are determined empirically by

is the time-averaged fluctuating componentigfn,in the x; direction. It is worth noting

experiments for fundamental turbulent flows, and have beews to be suitable for a wide range

of wall-bounded and free shear flow applicatidns [3].

2.7.2 Reforming Tube

In the present work, the effects of the catalyst network anttlbe-side transport phenomena
are accounted for by the ANSYS porous zone function, whiclughes the additional momentum
sink term in the momentum conservation equation of the neifag tube model to simulate the
interference effect of the catalyst network, which decesabe superficial velocity and increases
the residence time of the tube-side species. In additienetiergy conservation equation of the
reforming tube model is affected by the porous zone functioimclude an additional transient
term to account for the thermal inertia of the catalyst neknaind to use the effective thermal
conductivity to account for the presence of the catalysivogk. Moreover, the tube-side species
material balances of the reforming tube model use the dwedfattiveness factory) to account for
the internal and external mass transfer resistances obth#/st network and the catalyst packing
factor (1— y) pcat) to convert the surface reaction rates from [Eqgl 2.8 to votuimeeaction rates
(i.e., kg n3h~1) that are employed within the FR/ED turbulence-chemistitgriaction model
for use within the species material balances. These appatins of the effects of the catalyst
network on the transport equations and species balancesalger utilized in the development of

the industrial-scale reforming tube CFD model for which siraulation results have been shown
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to be in good agreement with typical plant data [34], and these approximations are expected
to be sufficient for the reforming tubes of the reformer CFDdelo The reforming tube walls are
modeled by the ANSYS thin wall model in which the thermal seance of the reforming tube
wall and the temperature profile across the reforming tuldkethiekness can be estimated without
meshing the reforming tube wall explicitly. In the simudatiof the reforming tube CFD model, the
ANSYS thin wall model creates an artificial wall thicknesstfte reforming tubes, and the ANSYS
Fluent solver utilizes the 1-D steady heat conduction equab determine the reforming tube wall
thermal resistance based on the specified artificial watktiess and material of the reforming
tubes. This modeling strategy is utilized because the Wadkhess is negligible compared to other
dimensions of the system (the ratio of the reforming tubeosgg length and wall thickness is
~1250:1, and the ratio of the reforming tube diameter and thadkness is~13:1). This modeling
strategy for the tube wall affects the boundary conditidriibe reforming tube walls when solving
the heat transfer equations. Radiation is neglected in nieegg balance equation for the tube
side [54] 33| 45] because the nickel-based catalyst netesxgrnds the contact area between the
tube-side flow and the inner reforming tube wall, with theutethat convective heat transfer is
expected to be the dominant mode. Based on the above caatgisrand those discussed in
Section2.b and Sectidn 2.6, the governing equations imguthe continuity equation and the
momentum, energy and tube-side species balances, andhhénce model required to simulate
SMR inside the reforming tubes, are constructed in a sinmilanner to that of the combustion
chamber, which has been described in Sedtion2.7.1. Addili the governing equations of the
tube-side flow have also been explicitly presented in ouenepublication([34], and therefore,

they are not repeated here for brevity.
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2.8 Process simulation

Intuitively, the CFD solution of the reformer CFD model wddde obtained by simulating the re-
former CFD model until convergence criteria are satisfieowelver, the reformer CFD model has
been found to be very sensitive to the initial guess (e.g.stimulation of the reformer CFD model
with the initial guess automatically generated by the ANS¥&nt standard initialization func-
tion based on the boundary conditions of the CFD model isaftestable and is likely to quickly
diverge). Although ANSYS Fluent allows a conservative moéi¢ghe ANSYS Fluent solver to
be selected to prevent the reformer CFD simulation fromrdivng, this strategy often results in
a substantial increase in the required computing time toutate the converged solution of the
reformer CFD model, and therefore, forfeits the potentighe reformer CFD model for industrial
interests. In this work, a step-by-step converging stsatbgt allows the implementation of an
aggressive mode of the ANSYS Fluent solver to compute treemedr CFD steady-state solution
is proposed as shown in Fig. 2.5. Specifically, the steptbg-sonverging strategy is an optimized
procedure that is designed to resolve the instability isdtiee reformer CFD simulation, to accel-
erate the rate of convergence and to minimize the requiregbating time to obtain the converged
solution of the reformer CFD model. Initially, an isothedpr@on-reacting (INR) reformer CFD
model is created by deactivating the combustion phenonradative heat transfer and SMR ki-
netic models in addition to excluding the energy conseovagiquations from the furnace-side and
tube-side models. Then, the simulation of the INR reforméb@nodel is initialized with the ini-
and furnace-side feeds, and is solved by the aggressive aidde ANSYS Fluent solver. In this
work, the reformer CFD simulation is said to reach the cageéisolution when the global normal-
ized residuals of all transport variables computed ovesudldomains of the reformer between two
consecutive iterations are less tharm4,athe mass flow rate integrated over all boundaries of the
reformer CFD model is approximately zero, the total heatdfer rate integrated over all bound-

aries of the reformer CFD model is less than 1% of the refotmtat fired duty and the absolute
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residuals of the furnace-side temperature at five diffdaations inside the combustion chamber
are less than 1 K. Next, the converged solution of the INRrneéw CFD model is utilized as an ini-
tial guess for the succeeding non-reacting (NR) CFD modedse even though the composition
and temperature fields in the INR reformer CFD model are hiffefrom those in the NR reformer
CFD model, their velocity and turbulence fields are expetdae similar([[3/ 60]. Analogously,
the converged reformer CFD solution in each preceding stejilized as an initial guess for the
reformer CFD model in the subsequent step until the condesgkution of the complete reformer
CFD model is obtained.

The solution of the reformer CFD model is obtained aftét2 hours of computing time by
the ANSYS Fluent parallel solver with a computational powe80 cores on UCLAs Hoffman2
Cluster. During the initialization procedure of the ref@nCFD model, the ANSYS Fluent solver
arbitrarily selects one of the available 80 cores as a hastags and designates the remaining 79
cores as compute-node processes. It is noteworthy thatatephocess is only responsible for
interpreting the user’'s commands given in the graphical igerface (GUI), then redistributing
them to all compute-node processes by a message-passany,lie.g., the Message Passing In-
terface (MPI). Thus, the reformer mesh is partitioned ir@goédrts corresponding to the number
of available compute-node processes, and each partitimgistong 0f~368,345 grids is assigned
to a different compute-node process. Then, the compute-poxtesses consider each grid within
the corresponding partitions as an open system in whichetleemer mathematical model is dis-
cretized by the finite volume method and numerically solvatil the convergence criteria are
satisfied. The corresponding solutions of the grids arembaoed to generate the simulation re-

sults of the reformer CFD model.
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2.9 Simulation results

In this section, the steady-state simulation results oféf@rmer CFD model with the furnace-
side and tube-side operating conditions and properties@srsin Table$ 2J22.7 are presented.

Two cross-sectional planes (i.e., the frontal and latelaigs) of the combustion chamber as
shown in Fig[2.6 are designated along which the properfidtgedurnace-side flow are presented.
Specifically, the furnace-side temperature contour magierél and frontal planes) are shown in
Fig.[2.7. The contour maps of the thermal energy releasetidpxidation of the furnace-side
feed are shown in Fig. 2.8. In addition, the furnace-sidecigl magnitude vector plots are shown
in Fig.[2.9, and the furnace-side species contour maps aversin Figs[2.102.13.

The properties of the interior of a reforming tube are digpthfor a cross-sectional plane along
the axial direction of a reforming tube. Because the dinmansf the heated reforming tube length
is ~85 times longer than that of the reforming tube diameterdldel dimension of the reforming
tube cross section is scaled up by 20 times for display pegpo$he tube-side pressure contour
map is shown in Fid. 2.14. The radially uniform pressure fgadfiside the reforming tubes is the
result of the uniformly packed catalyst network assumpteord the definition of the porous zone
with uniform coefficients of viscous resistance and inérgaistance of the catalyst network along
the axial and radial directions as presented in Setio2.5.

Lastly, the average composition profiles of the tube-side fice shown in Fig, 2,15, and the
average temperature profiles of the outer and inner refgrtube walls and the furnace-side and
tube-side flows are shown in Fig. 2116. Hig. 2.16 suggeststieamaximum temperature of the
outer reforming tube wall 01180 K is below the maximum allowable operating temperabfire
~1300 K [53]; if the outer reforming tube wall were to exceed thaximum temperature for a

sufficient length of time, the reforming tube would rupturemmquickly than if it were kept below
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Step 1: INR reformer CFD model

X Energy conservation equation
Combustion phenomena
Radiative heat transfer
SMR kinetic model

Tube-side feed
Furnace-side feed

XXKKX

Step 2: NR reformer CFD model
v' Energy conservation equation
¥ Combustion phenomena
¥ Radiative heat transfer
% SMR kinetic model

Step 3: Reformer CFD model
v' Energy conservation equation

v Combustion phenomena
X Radiative heat transfer
X SMR kinetic model

Step 4: Reformer CFD model
V' Energy conservation equation
v" Combustion phenomena
v" Radiative heat transfer
X SMR kinetic model

Step 5: Reformer CFD model
V' Energy conservation equation
v" Combustion phenomena
v" Radiative heat transfer
v" SMR kinetic model

Solution of the
reformer CFD model
>

Figure 2.5: Step-by-step converging strategy designeesolve the initial instability issue of the
reformer CFD simulation, accelerate the rate of convergamcl minimize the required computing
time to obtain the converged solution of the reformer CFD etauwhich the models witv” are

activated, and those witl™ are disabled.

this maximum temperature.
2.10 Discussion

In computational fluid dynamics study, a converged solusarot necessarily a physically correct
solution, and therefore, the simulation results produgethb reformer CFD model are inspected
by the well-established knowledge of the phenomena tylgioalserved in reformers and validated

by the typical plant data [35, 13,152,116/ 21] 49] in the rerdairof this section.
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| Frontal plane |

|Lateral plane |

Figure 2.6: The frontal and lateral cross-sectional pldrte@combustion chamber.

We begin by checking that the modeling strategies employedytzed the effects expected.
For instance, the furnace-side feed composition in Taler®licates that it is lean-fuel (i.e., the
ratio of air to fuel of the furnace-side feed is higher tham stoichiometric ratio). Therefore, it is
expected that the fuel will be fully oxidized and that oxygeti remain in the flue gas. Fig5. 2.110,
[2.11 and 2.2 demonstrate that the composition of the fersate reducing agents in the CFD
solution are effectively zero everywhere except in the tteaczones, and Fid. 2.13 shows that
oxygen is not completely consumed, as expected. Additigriaé characteristics of non-premixed
combustion phenomena that are expected in the furnacesidiscussed in Sectibn 2.4.1 can be
observed in the converged reformer CFD solution. In padicirigs.[2.162.12 reveal that the
furnace-side compositions in the vicinities of the inreamd and outer-lane burners are almost
identical to those in the furnace-side feed, and[Eid. 2.8vshbat the oxidation rate of the furnace-
side feed in these regions is close to zero. These resultesuthat the reformer CFD model

correctly simulates the initial mixing of the fuel and airestms of the furnace-side feed, in which
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Figure 2.7: Lateral (left) and frontal (right) furnace-sitemperature contour maps predicted by
the reformer CFD simulation in which the parameters of thetside feed, furnace-side feed and

combustion chamber refractory walls are consistent wipicgl plant data [35].

the observed oxidation rate of the furnace-side speciegioted to be relatively slow. Moreover,
the characteristics of top-fired reformers can be seen ipriggented solution of the reformer CFD
model. Particularly, Figs. 2.7 and 2]16 indicate that theimam furnace-side temperature is
located in the upper part of the reformer[[12] 13], and [Eif. @emonstrates that the flame length
is consistent with the typical values betweeA.5 m and~6 m [35]. Furthermore, the simulation
data of the reformer CFD model indicates that approximdBl¥% of the thermal energy released
by this process is transferred to the reforming tubes, 3% bfchvdissipates to the surrounding
air through the chamber refractory walls and the remaindevtoch exits the reformer at the
combustion chamber outlets, which is in close agreementtytical plant data [3%, 12]. Finally,
the solution of the reformer CFD model suggests that SMR & equilibrium at the reforming
tube outlets as expected. Specifically, Fig. 2.15 showstigaslopes of the composition profiles,
which are indicative of the net reaction rates of the tuloe-species at the reforming tube outlet,

are close to zero.

53



: Burner #3
1330 : Row #:

01 02 03 04 05 06 07 08

; r0

o AL
(wr) oqny SUTWLIOJAI Y} UMOP 92UBISI

+ t +
[oe)

—
S

-131

—
8}

- T

-350

Figure 2.8: Lateral (left) and frontal (right) contour magfsenergy released by the furnace-side
oxidation predicted by the reformer CFD simulation in whitle parameters of the tube-side

feed, furnace-side feed and combustion chamber refravtalig are consistent with typical plant

data [35].

We next compare our numerical results with those from tygtant data. When typical plant
data is employed to justify the validity of the simulatiorsuéts produced by the reformer CFD
model, the data needs to be normalized to unity as follows:

= — — (2.13)
Zmax— Zmin

wherez andZz* are the original data and corresponding normalized daspergively, andznax
andzmin are the maximum and minimum values of the data set of intefldss is because many
variations of top-fired reformer geometries are employetheprevious experimental and com-
putational works of SMR, and the typical plant data are comigeeported in deviation forms
for proprietary reasons. Fid. _2]17 and Hig. 2.18 comparentiemalized CFD data with the
normalized typical plant data presented [in![35] and [13]islhoted that we refer to the data

from [35] and [13] as typical plant data though it is genedatem a first-principles reformer
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Figure 2.9: Lateral (left) and frontal (right) contour magfghe furnace-side velocity magnitude
predicted by the reformer CFD simulation in which the partarseof the tube-side feed, furnace-

side feed and combustion chamber refractory walls are stamgiwith typical plant data [35].

model in which the combustion of the furnace-side feed wassimoulated simultaneously with
the reforming tubes, and a predefined heat released profdeused. In addition, the reforming
tube models from those works are modeled by the 1-D plug flagtog model and thus ignore
the radial spatial gradients of transport variables anceffext of the flow pattern on the reform-
ing tubes. Nevertheless, the models from [35] and [13] esnplaumber of adjustable empirical
constants (e.g., the heat-release length, the predefimalgii@ heat-release profile, the gray gas
model, and the convective heat transfer coefficients) tteatuned so that the estimated temper-
ature profile of the outer reforming tube wall is consisterthwhe experimental data recorded
by the high-cost monitoring IR cameras of an on-line refarniéhus, we consider that the data
from these works can be considered to be sufficiently closxperimental plant data to be uti-
lized in validating the reformer CFD model. Therefore, ttagdadfrom [35] and([13] is used to
validate the proposed modeling strategies that lead todgtelodpment of the reformer CFD model

from Sectior 2.4, Sectidn 2.5, Sectionl2.6 2.7. Speltjfidég. [2.17 shows that the com-
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Figure 2.10: Lateral (left) and frontal (right) methane mfvaction contour maps inside the com-
bustion chamber predicted by the reformer CFD simulatiowhiich the parameters of the tube-
side feed, furnace-side feed and combustion chamber tefyawalls are consistent with typical
plant datal[35].

position profiles of the tube-side species along the refogniube length vary in a manner that
is consistent with the previous work, which justifies the ichoof the global kinetic model of
SMR with the universal effectiveness factor and the FR/ERIehfor accounting for turbulence-
chemistry interaction. Additionally, Fif. 2.8 demongtsathat the average temperature profiles of
the furnace-side flow and outer reforming tube wall alongéngth of the reforming tube closely
resemble the corresponding profiles reported in the previeformer study, which validates the
choice of the radiative property correlation and heat fiemsiodel, as well as the neglect of ra-
diation in the tube side and the use of the porous zone funéiomodifying the heat transfer
equations in the reforming tubes. Specifically, the OTWosatthe reformer CFD model and [13]
are similar, and the temperature profiles for the furnade-8ow have a similar shape in the sense
that both demonstrate a maximum furnace-side temperdtatéstiocated in the upper part of the

reformer (i.e., a characteristic of top-fired reformers)ffddences between the furnace-side flow
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Figure 2.11: Lateral (left) and frontal (right) hydrogen ledraction contour maps inside the
combustion chamber predicted by the reformer CFD simulatiowhich the parameters of the
tube-side feed, furnace-side feed and combustion chanelfreictory walls are consistent with

typical plant data [35].

temperature profiles of the CFD simulation and [13] are etquesince in[[18], the effects of the
furnace-side flow pattern on the temperature of the furrsaabeflow are ignored as the combustion
chamber is assumed to behave like a plug flow reactor. Asiadditvalidation of the reformer
CFD simulation results, the values of a number of propedfabe tube-side flow from [35] are
compared with those from the reformer CFD model in Tablé Ad’show good agreement.

The converged reformer CFD solution is validated by the CRfagenerated by the industrial-
scale reforming tube CFD model developedlin![34]. The ingaisscale reforming tube CFD
model is updated with the same modeling parameters as beddn Sectioh 2]2, Sectign 2.5 and
Section 2.6, and implemented with the tube-side feed cimmditand outer reforming tube wall
profile (Fig.[2.16) of the reformer CFD model. Tablel2.7 irdés that the differences between the
CFD data generated by the reformer CFD model and updatedtimaltscale reforming tube CFD

model are not significant.
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Figure 2.12: Lateral (left) and frontal (right) carbon maite mole fraction contour maps inside
the combustion chamber predicted by the reformer CFD sitoulan which the parameters of
the tube-side feed, furnace-side feed and combustion atrarefsactory walls are consistent with

typical plant data [35].

Furthermore, the converged reformer CFD solution is védiday the data generated by a
standard reforming Gibbs reactor model of a steady-staigess simulator (e.g., Pro/Il) as shown
in Table[2.T. Because the tube-side reactions have beenndémaied above through Fig, 2115 to
have approximately reached equilibrium at the reactoregutlis expected that the mole fractions
at the tube outlet from the CFD simulation would correspornth the results from the Gibbs
reactor simulation. The reforming Gibbs reactor model svjgted with the Gibbs reactor feed
stream and duty, which are set to the tube-side feed and grage/thermal energy absorbed by
each reforming tube of 34890 kW derived from the reformer CFD solution, respectivélijne
differences in the results between the reformer CFD modétlaareforming Gibbs reactor model
are demonstrated in Takle R.7 to be small. It is importanbte that the solution of the reforming
Gibbs reactor model can only be obtained after the solutioth@ reformer CFD model has

already been computed from which the total energy absorpeath reforming tube is extracted.
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Figure 2.13: Lateral (left) and frontal (right) oxygen méigction contour maps inside the combus-
tion chamber predicted by the reformer CFD simulation incliithe parameters of the tube-side

feed, furnace-side feed and combustion chamber refravtallg are consistent with typical plant

data [35].

One might suggest that the total energy absorbed by eacimiefp tube can be back-calculated
given the tube-side composition at the reforming tube tsitleowever, prior to the completion
of the reformer CFD simulation, neither the amount of thdremergy absorbed by the reforming
tubes (i.e., the energy uptake of a reforming Gibbs reactmtat) nor the tube-side composition at
the reforming tube outlets (i.e., the approximated yiel®bIR) are available to be used as inputs.
Hence, it is evident that the reforming Gibbs reactor moslabt designed to replace the reformer
CFD model.

Next, the area-weighted average heat flux across the refgrinbe wall predicted by the
reformer CFD model is compared to that of the typical plartadaported in the literature as
shown in Tabld 2]8. The average heat flux in Tdblé 2.8 from [8Fstimated based on the
outer and inner reforming tube wall temperature profilesoregal in that work, the reforming tube

thermal conductivity of 106600 J nt! h=1 K—1 and the typical reforming tube wall thickness
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Figure 2.14: Tube-side pressure contour map predicteddyefiormer CFD simulation in which
the parameters of the tube-side feed, furnace-side feed@nustion chamber refractory walls

are consistent with typical plant data [35].

of 0.015 m. From Tablé 218, the area-weighted average heat flassthe reforming tube wall
predicted by the reformer CFD model is consistent with thahe typical plant data.

Finally, the reformer CFD model is implemented with the fare-side feed distribution of an
on-line reformer provided by a third party, and the corresfing converged CFD data is obtained
by the proposed step-by-step convergence strategy asdestin Section 2.8. Subsequently, the
CFD data is compared with the recorded plant data, which @RNT distribution at a fixed axial
location (as shown in Fig. 2.19) and is collected by a systéfR @ameras situated around the
reformer as discussed in Section 24.2. The OTWT distputionstructed based on the CFD
simulation and information of the approximate views of tRecemeras is consistent with the plant
data provided by the third party as the maximum deviatiomgti@cation is~3% and the average
deviation is~1.2% as shown in Fi§. 2.20. The blank spaces shown i Figira@@sent reforming
tubes for which no temperature measurements were provided the reported data. However,
from the good agreement of our CFD data with the available,dat can be confident that our CFD
results for these additional reforming tubes are indieati’the actual operating conditions. This

highlights the utility of CFD modeling for obtaining inforation regarding operating conditions
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Figure 2.15: Radial-weighted average tube-side composifpredicted by the reformer CFD sim-
ulation in which the parameters of the tube-side feed, terside feed and combustion chamber

refractory walls are consistent with typical plant data][35

that are perhaps not available from standard process mimgjttechniques (e.g., the outer wall
temperature at alt locations down the reforming tube length, for every refargntube) which
may be required for assessing whether potentially dangewparating conditions exist (e.g., any
reforming tube outer wall temperature exceeding the mawinoperating temperature at aay
location) and modifying the process inputs to ameliorathsionditions when they are detected.

Based on the above, the simulation results produced by tbewwer CFD model are demon-
strated to be consistent with phenomena observed in referamel to be in close agreement with
the typical plant data. As a result, the converged solutibthe reformer CFD model can be
considered to be a reasonably reliable representationpargmental data and can be utilized to
characterize the velocity, turbulence, composition angpirature fields inside the reformer.

In this work, we focus on presenting only modeling stratedleat are expected to be most
suitable for modeling the expected transport and reactimmpmena among the choices offered
by Fluent for the purpose of demonstrating how a high-figdélifFD model of a reformer can be

devised. Showing how initial modeling strategies can bectet for reasonably accurate results

61



1400
<
.
S 1200
©
o
Q
5
=000~ L7 — Furnace-side mixture |
LT e -~ Outer reforming tube wall |
PGS -~ Inner reforming tube wall |
L Tube-side mixture .
\ \ \ \ \ \
8000 2 4 6 8 10 12

Distance down the reforming tube (m)

Figure 2.16: Average temperature profiles of the furnade-fliow (solid line), outer reforming

tube wall (dashed line), inner reforming tube wall (dasltetb line) and tube-side flow (dot-

ted line) predicted by the reformer CFD simulation in whitle tparameters of the tube-side
feed, furnace-side feed and combustion chamber refravtaltg are consistent with typical plant
data [35].

within a reasonable time frame is a significant contributbthe present work, because the cou-
pling between the various transport and reaction phenomnmegyad between the tube and furnace
sides prevents CFD results of the entire SMR from being geedrfor comparison with typical
plant data until all phenomena have been included withit©fRB simulation. Therefore, we focus
only on the selection of initial modeling strategies th&wwlCFD data to be obtained that shows
good agreement with typical plant data. Fine-tuning of thadets for various phenomena (e.qg.,
re-running the CFD simulation with alternative models sashalternative turbulence-chemistry
interaction models to analyze whether this improves theement of the CFD results with typ-
ical plant data) could be performed, particularly by indystith significant plant data that can
be used for distinguishing between the differences in aayuat this fine-tuning step, but given
the already significant agreement with typical plant datanging the modeling strategies chosen

would not conceptually change the novelty of the work (depilg a step-by-step guide for ob-
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taining a high-fidelity CFD model of an industrial-scaleawher), and thus is not pursued. The
good agreement of the typical plant data with our CFD sinntatesults indicates that all sim-

plifications and assumptions made in the development ofe¢ftemer CFD modeling strategies
and meshing as described in Sécsl[2.2-2.7 were sufficieobtaining a CFD model that can be
considered to be a reasonable substitute for experimesiizl d

In this work, we assume that the furnace-side feed is unifodistributed among all inner-lane
burners and among all outer-lane burners, which resultgnmeetry in the furnace-side feed dis-
tribution and geometry that could have been exploited fersimulation. However, the intended
application of the reformer CFD model is for allowing the kexadion of reformer operating param-
eters to improve the economics of operation when such apgrettanges cannot be fully evaluated
any other way (for example, furnace balancing, which isroing the furnace-side feed distribu-
tion so that the temperature distribution of the outer mefag tube wall at a given length down the
reforming tubes becomes more uniform). Evaluating the rap8tnal operating conditions may
require the flexibility of simulating asymmetry within theactor (e.g., an asymmetrical furnace-
side feed distribution). Furthermore, the FSF flow rate whedaurner is controlled by the percent
opening of the corresponding valve, and therefore, vadlated disturbances (e.g., the valve stick-
iness) can cause an unintended asymmetric furnace-sidaligteibution. For such reasons, it is
beneficial to simulate the entire reformer, without exphgjtsymmetry, in the development of the
reformer CFD model.

The comparison of the Gibbs reactor simulation results bodd from the outlet of a reform-
ing tube in the reformer CFD model in Taldle 2.7 does not indithat steady-state simulations
that are standard in the chemical process industries caa asrsubstitutes for a CFD model of a
reformer. The CFD simulations reveal details about thetogaxperation (e.g., the flame length,
maximum and minimum temperatures of the reforming tubesralany given axial location in the
reformer, and the effect of changes in the burner feed flogsrah these maximum and minimum
temperatures) that cannot be obtained from steady-statdations such as a Gibbs reactor, and

cannot even be obtained from standard experimental meaeuate that are taken at SMR plants
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(e.g., temperatures of specific reforming tube walls atifipeaxial locations determined from in-
frared cameras). It is also notable that due to the effecteefyeometry on the flows and heat
transfer within the SMR (for example, asymmetry in the floidfieithin the furnace side is ob-
served in Figl.2]9 due to the flue gas tunnel exits being Idcateonly one side of the reformer,
which creates non-identical environments for the refogrubes throughout the reformer despite
the fact that they are fed with identical feeds), as well asrnkeractions of the flow and heat trans-
fer with the observed reaction rates, our prior works |([3# cannot predict the effects seen in a
reformer as the present work can because they utilize diffegeometries and modeling strate-
gies. Therefore, the novelty of the present work hinges erfdlt that because it demonstrates
how a reformer CFD model can be developed and validated i(igevelops neither a simplified
model like a Gibbs reactor nor even a smaller-scale CFD moitlelemonstrates a methodology
for obtaining high-fidelity data regarding the operating@ditions throughout a reformer that can
be considered to be representative of the actual condiwther the SMR but cannot be obtained
any other way. The development of such a model is signifidaerefore for industry, because
it provides a methodology for optimizing process operatiotih highly reliable data that is not
otherwise available and allows problematic operating ¢ to be evaluated and mitigated.
Furthermore, the discussion of why the CFD modeling stiategyere chosen demonstrates how
expected phenomena within a reactor can be evaluated tofali@ppropriate modeling strategies
to be chosen for CFD simulation of other reactors of indaktniterest for which such high-fidelity

data would be beneficial.
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Table 2.7: Validation of reformer CFD model.

Industrial-scale Reformer Reforming Typical

reforming tube CED model Gibbs reactor | plant data

CFD model model [35]
APype (KPa) 194.29 106.22 N/A 146.9
ﬁﬁiﬁﬁﬁ:ﬁfﬁ 70.659 69.523 N/A 67.125
ﬁﬁmommt 0.4734 0.4687 0.4686 0.4713
X029 et 0.3380 0.3419 0.3411 0.3377
X et 0.0389 0.0430 0.0433 0.0453
X Deoutlet 0.0905 0.0883 0.0872 0.0889
K02 e 0.0574 0.0576 0.0589 0.0559

Table 2.8: Validation of reformer CFD model by availablentldata from literature

Average heat flux (kW m?)
Reformer CFD model 70
Industrial-scale reforming 71
tube CFD model [34]
[35] 67
52] 45-90
[16] 79
[21] 76
[49] <80
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Figure 2.20: Distribution of the percent difference in thEV@T between the reformer CFD data
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computed by the ratio of the deviation of the CFD data fromdbesponding plant data to the

corresponding plant data.
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2.11 Conclusion

The present work detailed the development of a CFD model eéans methane reformer and
presented a methodology for analyzing expected transpdntesaction phenomena to choose mod-
eling strategies within the CFD software that result in ChDuation data that can be considered
to be a substitute for experimental data. The reformer msidallates the essential transport phe-
nomena observed in industrial high-temperature apptinatas well as reformer-relevant physi-
cal and chemical phenomena. Specifically, the stankard turbulence model, FR/ED model
and global kinetic models of hydrogen/methane combustierevgelected to simulate the non-
premixed combustion characteristics, the reaction rdtéeedurnace-side species and the thermal
energy released from the oxidation of the furnace-side fewder the influence of turbulence.
Then, a correlation between the furnace-side radiativpgtees and temperature, Kirchhoff's
law, Lambert Beer’s law and the discrete ordinate methoecwhpsen to simulate radiative heat
transfer within the furnace-side flow and between the fuergide flow and solid surfaces inside
the reformer. Next, the standakd- € turbulence model, FR/ED model and global kinetic model
of SMR were utilized to simulate the reaction rates of theetalule species under the influence of
turbulence. Lastly, the modeling strategy of the reforntimges utilized an approximate repre-
sentation of the catalyst network to simulate the presehcatalyst particles inside the reforming
tube and the effect of internal and external diffusion latidns on the observed reaction rates of
the tube-side species. We recognize that the computingréquered to complete a simulation of
the reformer CFD model by ANSYS Fluent on 80 cores of UCLASR@n2 cluster is significant
(i.e., approximately three full days), yet the upfront istreent (i.e., time) makes it possible for
us to determine the optimized operating conditions of therneer. Specifically, the simulation
results generated by the reformer CFD model with the tutbe-and furnace-side feed derived
from typical plant data are demonstrated to be consistaht ptienomena observed in reformers
and to be in close agreement with typical plant data. In aadithe simulation data generated by

the reformer CFD model, in which the tube-side and furnage-feed distributions provided by a

69



third party are used as boundary conditions, is shown to bose agreement with the plant data

recorded from the on-line reformer at the hydrogen manufagy plant. Therefore, the reformer

CFD model can be considered to be an adequate represergatiom on-line reformer and can

be used to determine the risk to operate the on-line refoanen-explored and potentially more

beneficial operating conditions.
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Table 2.9: Notations
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Chapter 3

Temperature Balancing in Steam Methane
Reforming Furnace via an Integrated

CFD/Data-Based Optimization Approach

3.1 Introduction

In Chaptef 2, a CFD model for an industrial-scale reformeleigeloped in ANSYS Fluent to fur-
ther our understanding of the physiochemical processdseitiube side and the furnace side as
well as their thermal interactions during the catalytic\vesion of methane to hydrogen, which
allows us to investigate the root causes of the inherenaldity in the outer tube wall temperature
(OTWT) distribution among the reforming tubes at a fixed heag outlined in Chaptét 1. Specif-
ically, a potential root cause is found to be an asymmetricdoe-side flow pattern as speculated
in the SMR literature; for example, Zheng et al.|[65] showat #h maldistribution of the furnace-
side flow in the reformer can cause flame impingement, whiehtes local hot-spots along the
reforming tube length and causes the OTWT distribution teehea higher degree of variability.
The hot-spot temperatures may significantly exceed theydesmperature of the reforming tube

walls, which consequently reduces the reformer serviee lifsing the reformer CFD model, we
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have found that the asymmetric furnace-side flow patterhageésult of an asymmetric reformer
geometry. For example, the reformer considered in this yaekeloped and validated in Chaptér 2
and shown in Fid. 312, is designed such that the furnaceesitlets of the combustion chamber are
situated on the front side of the refractory wall. Hence,abgmmetric furnace-side flow pattern
is an intrinsic characteristic of the reformer and cannatdselved without having to redesign the
reformer geometry and to rebuild the reformer. However,i@pet al. [48] demonstrates that the
nonuniformity in the OTWT distribution under the influencktloe asymmetric furnace-side flow

pattern can be reduced by redistributing the “furnace{gdd” whose definition is restated in Sec-
tion[3.2.1, so that the total FSF flow rate can be subsequertigased to improve the reformer
thermal efficiency.

Motivated by the above considerations, this Chapter facwsedeveloping a model-based
furnace-balancing scheme to determine an optimized fersate feed (FSF) distribution at the
nominal total FSF flow rate to lessen the variability in the@T distribution along the reforming
tube length in the reformer. The concept of ‘furnace balagids well-founded, and in particu-
lar, Kumar et al.[[32] and [31] are noteworthy examples of ynproofs of concept in literature,
which address the problem of the optimized FSF distributibievertheless, the features of the
high-fidelity reformer CFD model, model identification pess and furnace-balancing optimizer
clearly differentiate this work from those in literatureh& remainder of this manuscript is struc-
tured as follows: in Section 3.2, an overview of the modadshfurnace-balancing scheme is
presented, of which the algorithm of each component is leetan Secs[ 3.2]1, 3.2.2, 3.2.3 and
[B.2.4. In Section 3.211, the physical description, procesdeling and process simulation of the
high-fidelity reformer CFD model are presented. Specificdhe reformer CFD model is cre-
ated from a multiblock structured hexahedral reformer megh ~41 million grids that has a
reasonably acceptable mesh quality, and the correspori@hiiydata generated from the simu-
lations of the reformer CFD model is verified to be mesh-iraelent. The modeling strategies
of the reformer CFD model are selected from a pool of potentiadels such that the chosen

models can simulate characteristics of the transport aethidal reaction phenomena observed
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inside the reformer during hydrogen production and regaireasonable computational resource.
In addition, Chapter]2 demonstrates that the CFD simulafimta generated from the simula-
tions of the reformer CFD model is in good agreement withowsisources in the literature. In
Section 3.2.2, the impact of the furnace-side flow patternthenOTWT distributions along the
reforming tubes is investigated, and the concept of a hgatime is introduced and is utilized
to allow the model identification process to embed the cheristics of the reformer geometry
and knowledge of the potential effects of the furnace-siole flattern on the OTWT distribution
into the data-driven model. The data-driven model derivethfthis ‘hybrid’ model identification
process (i.e., amodel identification strategy that usesnmétion on the reformer geometry and ef-
fects of the furnace-side flow pattern on the OTWT distridms), which represents the reasonably
accurate relationship between the OTWT distribution aedR8F distribution inside the reformer
CFD model, can be obtained from a small set of CFD training.ddtis feature of the model
identification process highlights contributions of thegaet work to the existing SMR modeling
literature. In Sectioh 3.2.3, the relationship betweenR8E distribution and the flow control sys-
tem of the reformer and the fundamental differences betvpeeperly functional and defective
flow control valves (i.e., constituents of the flow contros®m) are presented. In Sectlon 3.2.4,
the algorithm of the furnace-balancing optimizer, of whible decision variables are the valve
positions of the properly functional flow control valves piesented. Then in Sectién 3.3.1, the
proposed furnace-balancing scheme is deployed with thergdson that the reformer is properly
functional, and the CFD data corresponding to the optimz8# distribution generated by the
proposed furnace-balancing scheme is used to evaluaterftsimance. Finally in Sectidn 3.3.2,
the proposed furnace-balancing scheme is deployed foagein which the reformer is subjected
to two different valve-related disturbances, and the CHa darresponding to the reoptimized FSF
distribution, generated by the proposed furnace-balgnatheme, is used to evaluate its ability to

compensate for the additional constraints imposed by steriances.
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3.2 Furnace-balancing scheme

The furnace-balancing scheme consists of four processestate by the rectangular boxes in
Fig.[3.1 (i.e., data generation, model identification, a etdzhsed furnace-balancing optimizer
and a termination checker). It is designed to search for ghenized FSF distribution such that
the nonuniformity in OTWT distributions along the reformgitubes and the overall maximum
outer reforming tube wall temperature (i.e., the maximuniaily averaged outer wall temper-
ature among all reforming tubes along their heated length)n@inimized, which facilitate the
subsequent increase of the total FSF flow rate to the refawraarhieve higher production rates of
hydrogen and superheated steam without shortening therrefervice life.

Ideally, the initial FSF distribution used by the furnacdancing scheme is chosen to be the
nominal FSF distribution of the on-line reformer at hydmgeanufacturing plants; however, the
industrial data concerning reformer operational settiagjmited, e.g., although the total FSF flow
rate is available for public access, to the extent of our kedge the FSF distribution of the re-
former has never been reported. Additionally, it is evidbat the OTWT distribution is dependent
on the asymmetric furnace-side flow pattern as discusseddtd®[ 3.1, and the quantitative rela-
tionship between them has not yet been revealed; thereferdp not have sufficient information
to form an educated initial guess of the optimized FSF diistion. As a result, the initial guess
of the optimized FSF distribution is assumed to be a uniforstridution (i.e., the furnace-side
feed is uniformly distributed among the inner-lane burreard among the outer-lane burners, and
this distribution is referred to as the uniform FSF disttibn.) Hence, the reformer CFD simu-
lation result computed using the uniformly distributedniace-side feed serves as a basis for this
investigation. Initially, the uniform FSF distributionisiplemented as the boundary condition of
the reformer CFD model in the data generation process of¥ly.The corresponding CFD data
generated from the simulation of the reformer CFD modelasest in the reformer CFD database
(which is the Hoffman2 computing cluster at UCLA in this whrkSubsequently, the CFD data

in the reformer CFD database is used by the model identificgirocess to derive a data-driven
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model, which is a single input/single output (SISO) modeit tuantifies the impact of the FSF
distribution on the OTWT distribution. Next, the model-bdgurnace-balancing optimizer utilizes
the data-driven model to predict the optimized FSF distrdmusuch that the degree of nonunifor-
mity in the OTWT distribution is minimized. Then, the optired FSF distribution is re-applied as
the boundary condition of the reformer CFD model in the dataegation process and is also used
as the input of the data-driven model to generate two setseobptimized OTWT distribution.
Thereafter, the termination checker process utilizes thheesponding two data sets to evaluate
the accuracy of the data-driven model and the performanteediirnace-balancing scheme such
that when the difference between the two data sets is wittindr when the performance of the
furnace-balancing scheme is no longer improved, the textioin checker process signals for the
furnace-balancing scheme to be terminated and the lashizetl FSF distribution to be applied
to the on-line reformer. In the remainder of this sectioe, data generation, model identification

and model-based furnace-balancing optimizer procesdksexpresented.
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3.2.1 Data generation

The first step of the furnace-balancing scheme (i.e., treegiateration process) utilizes a reformer
CFD model developed in Chaptdr 2 from which the CFD simutatiata is generated and is con-
sistent with various sources in the literature.

The reformer has a width 6¢16 m, length of~16 m and height of~13 m. This unit consists
of 336 reforming tubes, 96 burners and 8 flue-gas tunnelsagrsim Fig[3.2. Inside the reformer,
336 reforming tubes are arranged as seven rows of 48 uniteindich commercial nickel-based
catalyst pellets are used as packing material. At the ¢edirthe reformer, 96 burners are posi-
tioned as eight rows of 12 units. Among the 96 burners, thex@4 outer-lane burners which are
adjacent to one row of 48 reforming tubes and 72 inner-lamadya which are adjacent to two
rows of 48 reforming tubes. The outer-lane burners are dedi¢p be smaller and to have lower
maximum flow capacity compared to the inner-lane burnersthétfloor of the reformer, eight
flue-gas tunnels are placed parallel to the rows of reforrmubgs. On each side of the flue-gas
tunnels, there is a row of 35 evenly spaced rectangularaidraports. The reformer produces
2,800,000 Nm of high-purity hydrogen and 1,700,000 kg of superheateanstper day with an
annual operating cost of 62,000,000 dollars.

In CFD study, mesh generation is the most critical and timesaming process because a CFD
model created from a poor quality grid requires more contpral resources and a longer com-
putational time to calculate a converged simulation resultl the result is likely to carry a large
numerical error([B]. The choice of meshing strategy (ilee $tructured multi-block hexahedral
meshing) for creating the reformer mesh and the critergg, (maximum orthogonal factor, mini-
mum ortho skew, and maximum aspect ratio) for evaluatingg¢fe@mer mesh quality are identical
to those in Chaptél 2 and, therefore, will not be repeatetrvrity. However, the current reformer
mesh in this work is designed to be finer than that in Chaptee2 the total number of grids is in-
creased from-29 million to ~41 million) and to have significantly better mesh quality qared

to the mesh in Chaptéf 2 as shown in Tdbld 3.1. Although tremefr CFD model built from
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the finer reformer mesh is expected to require a longer caatipagl time than the reformer CFD

model in Chaptel]2 with the computational resources that awe lat our disposal (i.e., 80 cores
on the Hoffman2 cluster), the CFD data generated by the mureéormer CFD model is expected

to be a more accurate representation of the experimental @hé increased accuracy resulting in
the increased computational time is essential becauseabgitade of the reduction in the overall

maximum outer reforming tube wall temperature in a balanmedormer is expected to be small

(if not negligible) compared to its typical value. It is inmpant to note that though the current
multiblock structured hexahedral reformer mesh withl million grids has a minimum orthog-

onal factor of 0.459 and a maximum ortho skew of 0.541, whicty mot appear to be suitable
when the accuracy of the CFD data is the primary interesaviégsage orthogonal factor of 0.964
and average ortho skew of 0.036 are nearly ideal, which dsthie initial concern of the impact

of the mesh quality of the CFD data accuracy.

In Chapter 2, the modeling strategies of the reformer arsamdased on the transport and
chemical reaction phenomena expected inside the reforom@rgdhydrogen production and are
selected to require a reasonably powerful computatiosalnee and moderate computing time to
create the reformer CFD model. In particular, the reformeD@odel is able to simulate the non-
premixed combustion characteristics of the furnace-sidé $tream by using the standadcd- ¢
turbulence model with the ANSYS enhanced wall treatmenitefirmte/eddy dissipation (FR/ED)
model and global volumetric kinetic models of methane/bgén combustion in air [5, 46]; there-
fore, burners in the reformer CFD model are supplied withvile#-mixed feed (i.e., the furnace-
side feed), which is created by mixing the fuel stream andctmebustion air stream. Addition-
ally, the reformer CFD model is capable of simulating radeaheat transfer between within the
furnace-side flow, combustion chamber refractory walls@urtér reforming tube walls by using an
empirical correlation between the furnace-side radiginaperties and temperature [43], Lambert
Beer’s law, Kirchoff’s law and the discrete ordinate metti8d Furthermore, the reformer CFD
model can simulate the SMR process in the tube side by meahg standardk — ¢ turbulence

model, FR/ED model and global kinetic model of the SMR predéd]. Moreover, the reformer
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CFD model can also simulate the effects of the catalyst mitawothe tube side flow by employing
the ANSYS porous zone function for which the parameters stimated from the semi-empirical
Ergun equation and relevant typical industrial data [34].

It has been established that the simulation of the reforntdd @odel is sensitive to initial
guesses (e.g., when the simulation of the reformer CFD medeitialized by the ANSYS stan-
dard initialization based on the boundary conditions of @ model, it quickly diverges), and
for that reason in Chaptet 2, a step-by-step convergintgglyas proposed to counter the numeri-
cal instability issue and to accelerate the rate of converg®f the simulation, which reduces the
computational time devoted to generate the converged CE étence, the converging strategy
is again utilized in the present work to obtain the CFD datthefreformer CFD model in which
the uniform FSF distribution is implemented as the boundardition, and the CFD data is ex-
pected to be determined by the ANSYS Fluent parallel solfter &3 days on the 80 private cores
on UCLA's Hoffman2 Cluster. Although subsequent simulasi@f the reformer CFD model, in
which the optimized FSF distribution is implemented as thralary condition, could be executed
with the converging strategy, we have found that we can éunteduce the computational time to
slightly more than a day by utilizing a CFD data set storedhenreformer CFD database as an ini-
tial guess for the simulations and executing with a two-st@pverging strategy. Specifically, the
data generation process of each iteration of the furnalziag scheme begins with the simula-
tion of the isothermal, non-reacting (INR) reformer CFD rabavhich is initialized based on the
reformer CFD data and is solved by the aggressive mode of H&YS Fluent solver to generate
an intermediate solution that contains information of teesiflow fields (i.e., the velocity and tur-
bulence fields of the furnace-side and tube-side flows) ob#tienced reformer CFD model. This
is because despite the differences in the composition andeaeature fields of the furnace-side
and tube-side flows computed by the INR reformer CFD modetlamdeformer CFD model, their
furnace-side and tube-side flow fields are expected to bdasifBi [60]. Finally, the simulation
of the (complete) reformer CFD model is initialized basedlomintermediate CFD data (which

contains information of the new flow fields in addition to tkeenperature and species fields from
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the reformer CFD data of a prior iteration) and is solved l®y dlggressive mode of the ANSYS
Fluent solver until the convergence criteria, which arepaeld from Chaptérl2 and described in the
next paragraph, are met.

Typically, after the global normalized residuals of the senved transport variables are on
the order of 104, the total mass flow rate integrated over all boundaries efréfiormer CFD
model is~0 kg s1, the total heat transfer rate integrated over all boundari¢he reformer CFD
model is less than 1% of the reformer total fired duty, and treokute residuals of the temper-
ature of the furnace-side flow at five different locationgdesthe combustion chamber are less
than 1 K, the simulations would be terminated. In the pres@mk, the simulations are continued
because we recognize that the global normalized residualaanzero which indicates that the
CFD data fluctuates around the true steady-state solutitmeateformer CFD model, and there-
fore, the averaged CFD data of many converged CFD data gbtsiisost accurate representation
of the reformer steady-state solution. In the effort of agqg the more accurate CFD data for
each reformer CFD model, the simulation is kept running foadditional 300 iterations, which
correspond te-5%—10% of the total computational time, and the correspondiRB @ata is pe-
riodically saved in the reformer CFD database every 10@ti@ns creating a total of four CFD
data sets for each reformer CFD model, of which the average d@zfa is utilized by subsequent
processes of the furnace-balancing scheme. Although fbeg &f obtain the more accurate CFD
data results in increased computational time, the traflesafitical because the reduction in the
maximum outer reforming tube wall temperature due to thexiped FSF distribution is expected

to be substantially smaller than the overall average ouddirtemperature of the reforming tubes.

3.2.2 Model Identification

The second step of the furnace-balancing scheme (i.e., thielndentification process) utilizes
the cumulative reformer CFD database collected from the gameration process to derive a data-
driven model describing the relationship between the OTWstribution at a specified distance

away from the reforming tube inlets and the FSF distributiarthe present work, we have found
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Figure 3.2: The isometric view of an industrial-scale, fwpd, co-current reformer with 336 re-
forming tubes, which are represented by 336 slender cylin@® burners, which are represented

by 96 frustum cones, and 8 flue-gas tunnels, which are repexséy 8 rectangular intrusions.

that the relationship can be assumed to be linear, and tlaeddi@en model can still provide a
reasonably accurate prediction of the OTWT distributiohicl is generated by the reformer CFD
model, given a sufficiently large reformer CFD database. rd@foee, the radially average outer
reforming tube wall temperature of th# reforming tube at the fixed distance away from the
reforming tube inletT; (K)), which is an element of the OTWT distribution, can be regpmated

by a linear combination of the FSF flow rates of all 96 burnees, the FSF distribution) as follows,

95

T=Y aF (3.1)
J; iFi

whereF; (kg s71) is the furnace-side feed flow rate of tf& burner andaj; (K kg~'s) is the
empirical coefficient of the data-driven correlation cepending to thé'" reforming tube angt"
burner, which is to be determined by the model identificapimtess. In this study, the outer-lane/

inner-lane burners and reforming tubes are indexed ffm 05" and 6" — 335" in the specified
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Table 3.1: Reformer mesh quality

Current mesh Mesh in Chapterl2 Recommended range
Number of grids (millions) 41 29
Min orthogonal factor 0.459 0.181 0.167~1.000
Max ortho skew 0.541 0.819 0.000-0.850
Max aspect ratio 28.5 28.5 1-100

patterns as shown in Fig._3.2. As a result, the model ideatifin process created based on our
assumption of the linear relationship between the OTWT &l #istributions is an optimization
problem with 32256 decision variables. Due the sheer nurabdecision variables, the model
identification process is expected to be a computationalpemrsive algorithm. Hence, in the
remainder of this section, the concept of a heating zondiisedaced in an effort to decrease the
computational time for deriving the data-driven model, anthodified formulation of the model
identification process is presented.

In high-temperature applications, thermal radiation esdbminant mode of heat transfer, and
the reformers are commonly referred to as radiant heat egehnal[32]. Olivieri et al.[[4]7] shows
that radiative heat transfer accounts f695% of the total heat transfer in the top-fired reformer
investigated in that work, which suggests that the OTWTridhistion is primarily controlled by
thermal radiation. This is because the rate of energy tearesf by thermal radiation between
two blackbodies at different temperatures is commonly rremtias being proportional to the dif-
ference in temperatures raised to the fourth power @é‘.lj“)), while the rate of heat transfer
by conduction and convection between them is proportiomahé temperature difference (i.e.,
A(T)). However, the rate of heat transfer by thermal radiaticereeses drastically with increas-
ing distance between two blackbodies because it is prapatito the radiation intensity, which
is inversely proportional to the distance between the tveakidodies raised to the second power.
This idea allows us to assume that when the distance betwspaciied burner and reforming

tube is sufficiently large, the furnace-side feed flow ratehef burner has negligible impact on
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the average outer reforming tube wall temperature. In tiidys the distance between a specified
burner and reforming tube is defined as the distance betwegprojection of the burner centroid
and the projection of the reforming tube centroid onto arly Berizontal cross-sectional plane.
To quantitatively determine the local radiative heating@fon the OTWT distribution due to the
furnace-side feed flow rate of each burner, we consider thenimg simplifying assumptions:
each burner creates a heating zone represented by a blndrizal volume as shown in Fig. 3.5,
the heating zones of the burners have an identical size aqkeskand the FSF flow rate of the
it burner only affects the average outer wall temperatureagaddi the reforming tubes which are
located inside the heating zone of ti&burner.

On the other hand, it has been established that the furndeeiew pattern can influence
the OTWT distribution, e.g., a maldistribution of the fuceaside flow pattern in the reformer
can potentially cause flame impingement, which might makedtter wall temperature values
of some reforming tubes to exceed the design temperatuosingathe OTWT distribution to
have a higher degree of nonuniformity as discussed in S€&tib. Hence, it is desired that the
model identification process can create a data-driven ntbdels also capable of accounting for
the effect of the furnace-side flow pattern on the OTWT disition. We begin by utilizing the
existing reformer CFD data reported in Chapter 2 to constiue velocity vector fields of the
furnace-side flow pattern as shown in Hig.|3.3, which allowgaiform a hypothesis regarding
the underlining mechanism by which the furnace-side flowd fegfects the OTWT distribution.
Specifically, Fig[.3.B indicates that the hot combustiordpuais (i.e., the furnace-side flow) enter
the flue-gas tunnels through the extraction ports and movartbthe reformer outlets. The existing
furnace-side flow pattern appears to cause the wall temperaf the flue-gas tunnels to increase
with decreasing distance toward the reformer outlets awstio Fig.[3.4. Additionally, Figl 314
shows that the minimum wall temperature of the flue-gas tuoh&240 K is greater than the
maximum temperature of the reforming tube wall of 1183 K g®orted in Chaptel]2, so it is
reasonable to assume that the reforming tubes might readdi@onal radiative heating from the

neighboring flue-gas tunnels. However, the magnitude chtltitional heating transferred to each
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reforming tube from the neighboring flue-gas tunnels depemdthe location of the reforming
tube with respect to the reformer outlets. Particularlgause the flue-gas tunnels are at higher
temperature toward the reformer outlets, the reformingsuhbat are situated closer to the reformer
outlets are expected to receive higher amounts of additradative heating from the neighboring
flue-gas tunnels. It is important to note that the existingdge-side flow pattern (Fig._3.3) also
suggests that the additional radiative heating receivatibyeforming tubes that are situated near
the reformer outlets can be from the combustion producté@fburner that is situated near the
reformer back wall. The analysis motivates us to develogiigaones with the shape shown
in Fig.[3.5 in the effort of making the data-driven model asvaf the furnace-side flow pattern
and its effects on the OTWT distribution. It is important tot& that when a larger cylindrical
heating zone is utilized in the model identification pro¢essch burner is assumed to influence
more surrounding reforming tubes in addition to those thmatsituated in the direction toward
the reformer outlets and in the two adjacent rows of refogntubes, which may allow the data-
driven model to be more accurate with respect to the refolkdd data at the cost of increased
computational time. We conducted a study with various dsiars of the burner heating zone to
determine the appropriate dimension of the cylindricalvag (i.e.rcy), and we have found that
atrey ~3.4 m, we are able to form 336 sets of the tube-burner relsttips, which are denoted by
S andi € [0,335 such thatS contains the FSF flow rates of the burners on which the outér wa
temperature of thé" reforming tube depends. The tube-burner relationshipsoeethe number of
decision variables of the model identification algorithronfr 32256 to 6865 and, thus, allow the
data-driven model to be created within a reasonable comgtithe interval.

The data-driven model is designed to account for the refogeemetry characteristics (i.e.,
the burner and reforming tube arrangements) and is designedve the potential to account
for the influence of the furnace-side flow pattern on the OTWiéIribution by using the concept
of a heating zone. The data-driven model utilizes a given &S#ibution to predict an OTWT
distribution that is close to that taken from a reformer Chdudation result in the least squares

sense. The model identification process based sets of the reformer CFD data taken from the
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reformer CFD database is formulated as follows,

n-1 /335 2
min Y Z(Tk — eSt)z (3.2)
a1 €[0,00) ,m k.m :

m=0 \ k=0

subject to
95
Tem= > akjFim (3.3a)
j=0
agj = 0 if Fj,m Q_f S (3.3b)
akj = Oj if FLm, |:|7m c SK anddkj = dki (3.30)
dej\ P :
d_k' - Okj = Okj > Okj if Fj,ma |:|7m €& anddkj > dy (3.3d)
i

whereTy m andi“fﬁqt are the average outer wall temperature ofidHeeforming tube taken from the
m" reformer CFD data set and the corresponding value gendgitédte data-driven model given
the mi" furnace-side feed distribution as shown in Eq. B.3a, reimsdy; Fjm is the furnace-side
feed flow rate of thg!" burner derived from thet" reformer CFD data seff = 4.0 is an empirical
constant of the data-driven model estimated from the stfidiyeoburner heating zon€; is the
distance between tHé" reforming tube and th¢" burner andiy; is the distance between th&
reforming tube and th#" burner. In Eq§3.343.3d, the ranges df i, j andmare 0— 335, 0— 95,
0—95 and 0- n, respectively. The cost function (Eq. B.2) of the model tf@ation penalizes the
deviation of the average outer wall temperature of eachimafg tube generated by the data-driven
model from that derived from the corresponding reformer Gfeia set. Specifically, Eq._313b
suggests that if th&" reforming tube is not situated within the heating zone of jfeburner
(Tkm # Tkym(ijm)), the data-driven model will assume that the furnace-segel flow rate of the
it burner does not affect tHé" outer reforming tube wall temperature. Additionally, EQB®

indicates that if the distance between #& reforming tube and thé'" burner is equal to that
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between th&" reforming tube and thé" burner, the data-driven model then presumes that the
effects of the burners on tHé" outer reforming tube wall temperature are the same. Siyilar
Eq.[3.3d shows that if the distance betweenidieeforming tube and thg" burner is greater than
that between th&" reforming tube and th&" burner, the data-driven model then infers that the
effects of thejt" burner on thé" outer reforming tube wall temperature are weaker than thbse

theit" burner.

Figure 3.3: The velocity vector field of the furnace-side floattern in the vicinity of the? burner
row in the reformer is constructed from the reformer CFD dafmrted in Chaptér 2. The outlets
of the reformer are situated at the bottom right corner aaghkarced in the direction of the velocity

vectors inside the flue-gas tunnels.

3.2.3 Valves and flow rate relation

Although the FSF distribution is used as the boundary carddf the high-fidelity reformer CFD

model and is chosen as the input of the data-driven modednnat be directly controlled and is
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Figure 3.4: The temperature contour map of tHelde-gas tunnel, which is situated directly under
the 4" burner row in the reformer, is shown. This contour map iste&om the reformer CFD

data in Chapterl2. In Fi§. 3.4, the outlets of the reformerséteated at the bottom right corner.

not typically measured in industrial practice. Indeed,F&& distribution is controlled by a system
of flow regulators consisting of a finite number of flow contvalves. Specifically, because the
burners in the reformer are interconnected, a fractionauarhof the FSF flow rate of th¢"
burner can be redistributed to other units by partiallyicigshe corresponding flow control valve.
This suggests that the optimized FSF distribution can bduymed by appropriately adjusting the
percent open positions of all flow control valves in the floguiator system, which is referred to
as the valve position distribution. Hence, the merit of tighHidelity reformer CFD model and
of the data-driven model for the furnace-balancing appbca which aims to reduce the degree
of the temperature nonuniformity in the combustion chanamek to increase the reformer thermal
efficiency, is evident.

In an industrial setting of commercial-scale hydrogen patidn, it is unconventional for a
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Figure 3.5: A representation of a burner heating zone wlsaireated by the highlighted burner
in red. The burner heating zones are displayed by a bluednidal volume (where the reforming
tubes are heated via thermal radiation from the furnacefsv) and a green rectangular volume
(where the reforming tubes are heated via thermal radi&tion the neighboring flue-gas tunnels).
It is assumed that only the reforming tubes located withelitirner heating zones have the outer

wall temperature values dependent on the FSF flow rate ofuthresh

furnace-side feed flow rate of a burner in the reformer to bevidually regulated due to the sheer
number of burners. In the present work, we assume that eeenf $nvo consecutive burners in a
row of twelve burners is controlled by a flow control valvedaherefore, it is also reasonable to
assume that the same FSF flow rate is delivered to these buudxlitionally, we assume that the
FSF distribution is regulated by two distinct linear flow tahvalve models with different maxi-
mum capacities. Among the flow control valve models, oneevahodel with a larger maximum
capacity is used for the inner-lane burners, and the otHee vaodel with a smaller maximum
capacity is implemented in the outer-lane burners suchvwthanh valves are at the same opening

position, the FSF flow rate of the outer-lane burners is 60%aifof the inner-lane burners. Based
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on the burner arrangement in the reformer and the capatityatthe inner-lane valve model and

the outer-lane valve model, the valve-position-to-flowergonverter is formulated as follows,

[F]=6-[X]-[Y]-[V] (3.4)
subject to
V] € IR~ (3.5a)
X] € IR%6x9 (3.5b)
Xij = 0.6; i = j wherei € [0,11] U[84,95]
Xij = 1.0; i = j wherei € [12,93
Xij = 0.0; i # ]
Y] € IR96x48 (3.5¢)
Yij = 1.0; I =2jUi=2j+1wherej € [0,47]
Yi; = 0.0; I # 2jNi #2j+1 wherej € [0,47]
[F] € IR9%~1 F > 0Vie 0,95 (3.5d)
S RRIE 59

whereRq (kg s71) is the total mass flow rate of the furnace-side feed to trarmeér,d is the valve-
to-flow-rate proportionality coefficient and is dependenttioe valve position distributionF]| is

a vector of the FSF flow rate through each burner (the FSHhlision), [X] is a transformation
matrix that identifies the types of the flow control valves.(ithe inner-lane and outer-lane valves)
in the reformer|Y] is a transformation matrix that describes the burner agaremnt in the reformer
and [V] is a vector of valve positions (the valve position distribo). A characteristic of the
valve-to-flow-rate converter is that an FSF distribution ba produced by different valve position

distributions by changing the inlet pressure of the furrside feed to the reformer. To illustrate
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this idea, we utilize a fictitious simplified interconnectialv system which consists of four inner-
lane burners and is supplied with the constant total FSF fragsate of 4.0 (kg S1). When both
flow control valves regulating the four inner-lane burneesat 100% open, the total FSF flow rate
to the simplified interconnected flow system is evenly distied, i.e., the FSF flow rate to each
inner-lane burner is expected to be 1.0 (kd)s When both flow control valves regulating the four
inner-lane burners are 80% open, the FSF flow rate to eachlisune burner is still required to be
1.0 (kg s'1) to maintain the constant total FSF mass flow rate of 4.0 (K because of the two
following reasons: the FSF flow rates of the two inner-lane ftontrol valves that are at the same
valve position are equal, and the FSF flow rates of the tworitare burners that are regulated by
a flow control valve are also assumed to be equal. The prim#ferehce between the two case
studies is in plant’s efficiency, as the magnitude of thetiptessure of the furnace-side feed to the
reformer is expected to be higher in the second case studghwhbrresponds to a higher energy
input to the compressor system leading to an increase ingébng cost of the reformer and a
reduction in the plant’s efficiency.

In the reformer, the flow control system has 48 flow controlgalamong which 36 valves are
designated to regulate the FSF flow rates of the 72 innerbaneers, and the valve position of
each flow control valve must be adjusted to create the optithiZSF distribution. Therefore, the
reformer thermal efficiency becomes susceptible to comnaiwewelated problems (e.g., valve
stickiness) as these disturbances prevent the valve gosiistribution that is designed to produce
the optimized FSF distribution from being implemented. His istudy, when a flow control valve
is said to become defective, we assume that the flow conthed \mecomes stuck, and hence, the
valve position cannot be adjusted, which prevents the tgrsade feed from being distributed

according to the optimized distribution.

3.2.4 Model-based furnace-balancing optimizer

The third step of the furnace-balancing scheme (i.e., thedamibased furnace-balancing optimizer)

utilizes the data-driven model (Eq._3.10b), the valve-paosito-flow-rate converter (Ed._3.10a)

92



to derive an optimized FSF distribution that aims to reduee degree of nonuniformity in the
OTWT distribution. The furnace-balancing optimizer isidegd as a multivariable optimization
problem in which the decision variables are the positionthefproperly functional flow control
valves. Additionally, the furnace-balancing optimizerdissigned to handle defective valves in
the flow control system by adjusting the number of decisiomatdes. For instance, if a flow
control valve of the @ and #! outer-lane burners becomes defective, there are 47 furattialves

in the flow control system, and therefore, the number of detisariables decreases from 48
(which corresponds to the total number of the flow controVealin the reformer) to 47. During
the initialization of the furnace-balancing optimizerexttfile documenting the current status of
the flow control valves is provided, based on which the fuedlbalancing optimizer identifies
the defective valve(s) and the corresponding stuck vahagtipa(s) to determine the number of
decision variables.

The decision variables of the furnace-balancing optimaersubjected to the practical con-
straint of the flow control valves (i.e., Hg. 3.10f, which id@rced to avoid extinguishing the flame)
and the physical constraint of the flow control valves (i&&,3.10€). In addition, we assume that
the total furnace-side feed derived based on typical imdistata is kept constant & (i.e.,
Eq.[3.10t), when the optimized FSF distribution is compuf€hlis strictly controlled operating
window of the reformer allows the radial average tempeeatirtheit" reforming tube at a fixed
distance away from the reforming tube inlet to be expressed lmmear combination of the FSF
distribution as shown in E€._3.10b.

In the development of the furnace-balancing optimizereftarconsiderations regarding the
characteristic of the valve-to-flow-rate converter musgiven. Specifically, the valve-to-flow-rate
converter allows a FSF distribution to be produced by diffievalve position distributions between
which the primary difference is in the plant’s efficiency hase the valve position distribution
deviates further away from the default distribution (ii@.which flow control valves are fully
open) and thus requires a higher inlet pressure of the ferame feed to the reformer leading to a

higher energy input to the compressor system, an incredble wperating cost of the reformer and
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a reduction in the plant’s efficiency. In the present workuargitative assessment of the deviation
of a valve position distribution{]) from the default distribution|{]o) is computed as the 1-

norm of the difference betweg¥]o and|V], i.e.,||[V]o — [V]||;. Therefore, the furnace-balancing

optimizer is designed to minimize the degree of nonuniftyrm the OTWT distribution in a
manner that requires the least duty of the compressor systeraximize the plant’s efficiency and
reformer service life by penalizing the weighted quadrdéuiation of the outer wall temperature

values of all reforming tubes from the set-point tempe&{lix, g),

335 ,
kZOWk (Tave— T, (3.6)

and also penalizing the deviation of the optimized valvatmosdistribution (V]) from [V]o,

a7

IVIo—=[V]llL = .;(Vi,max—vi) (3.7)

The objective function of the furnace-balancing optimimarst signify that minimizing the de-
gree of nonuniformity in the OTWT distribution has by far thighest priority and should not be
compromised by the minor benefit of minimizing the duty of toenpressor system. This idea is
translated into mathematical expression of the penaltycat®d with the task of minimizing the
compressor duty in the objective function of the furnackdbeing optimizer by normalizing the
deviation of the optimized valve position distributiontindV o, which is subsequently scaled by
multiplying with the product of the penalty associated vitike task of minimizing the degree of

nonuniformity in the OTWT distribution and a weighting fac(y),

47

335 Z (Vi,max— M)

%Wk (Tave— T 47: : (3.8)
|ZO (Vi max— Vi.min)

As a result, the objective function of the furnace-balagaptimizer is formulated as shown in

Eq.[3.9, in which the first term represents the penalty aasetiwith the task of minimizing the
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degree of nonuniformity in the OTWT distribution, and thes®d term represents the penalty
associated with the task of minimizing the compressor diitg set-point temperaturgx, g) can

be computed based on the OTWT distribution from any of theipus CFD data sets from the
reformer CFD database as shown in [Eq. 3.10d because thdl average outer wall temperature
at the fixed distance away from the reforming tube inlets {geeied to be constant despite the
degree of nonuniformity in the OTWT distribution. Additialty, the initial guesses for the decision
variables of the furnace-balancing optimizer are set todf¥d.open (i.e., when the penalty on the
control action is minimized) to allow the furnace-balamrimptimizer to initially shift the focus
on minimizing the degree of nonuniformity in the OTWT dibtrtion and to avoid being stuck,
which could happen when it is initially forced to accomplistth objectives simultaneously. The

model-based furnace-balancing optimizer is formulatefdksws,

47
335 335 _Z (Vi,max— Vi)
es est2 =
v g %Wk Tave — T +V%Wk Tave—Te™) (3.9)
j= {07 AT\ Vyet iZo(\/i,max—\/i,min)
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subject to

[F]=36-[X]-[Y]- V] (3.10a)
95
Tkest: ;akij VF;j € [F] (3.10b)
=
95
Fj = Fot,j = {0,--,95} (3.10¢)
2,
1 335
Tave= 552 ) Tkm (3.10d)
336k;
Vi min = 60% i={0,.--,47} (3.10f)
Vi max < Vi max < Vi, max i={0,---,47}\Vyet (3.109)
Vi def (3.10h)

whereVyet is the set of indices of defective control valves, is the weighting factor of th&h
reforming tube (which is used to compute the penalty aststiaith the deviation of the predicted
outer wall temperature of tHd" reforming tube '(keSI) from Tayg), y is the weighting factor of the
penalty associated with the control activh(theit" component ofV)) is the valve position of the
it flow control valve (which regulates the FSF flow rates of tAig" and (2i + 1)™" burners) and
Fi (the j'" component ofF]) is the optimized FSF flow rate of thj& burner. The idea of assigning
the deviations 01I'k‘33t from Tay g of the reforming tubes different weights in the penalty assted
with the degree of nonuniformity in the OTWT distributionntivated by the fact that the local
environments of the reforming tubes are not all identicad| specifically, the additional radiative
heating provided for the reforming tubes from the neightgtilue-gas tunnels is expected to
decrease with increasing distance away from the reformggtsuHence, we want to compensate
for the nonuniform additional radiative heating along tbess of 48 reforming tubes by giving

the most weight to the offsets of the reforming tubes thatladurthest away from the reformer
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outlets (e.g., the 47 reforming tube). Specificallyy, is designed to monotonically decrease with

the position py) of thek!" reforming tube in a row of 48 reforming tubes as follows,

px = k—48- {%J ke {0,1,---,335 (3.11a)

Wi = W' exp[—Bw - (47— py)] Pk €{0,1,---,47} (3.11b)

where |- | represents the ‘floor’ operator, angl'® and 3, are the parameters afi. These
weights, combined with the form of the heating zones for thtadriven model discussed in
Section 3.2.2, allow the furnace-balancing optimizer tocanit to some extent for the reformer
geometry, furnace-side flow pattern and its potential imibgeon the OTWT distribution. There-
fore, the furnace-balancing optimizer is expected to zealhat the burners situated near the re-
fractory back wall might have long range effects on the outalt temperature of the reforming
tubes near the reformer outlets. As a result, the optimi&dedistribution is expected to lessen the
degree of nonuniformity in the OTWT distributions along tleéorming tubes and to reduce the
overall maximum temperature of the outer reforming tubd,waiich creates room for improving
the thermal efficiency of the reformer. It is important to mdhatwﬂfxz 10.0, By = 0.05 and

y = 0.1 are determined based on a trial-and-error approach batiatgest reduction in the degree

of nonuniformity in the predicted OTWT distribution is olpged.
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3.3 Simulation Results

In this section, the average of four CFD data sets produceabédoyeformer CFD model, in which
the uniform FSF distribution is used as the boundary comdlitare utilized to analyze the exist-
ing degree of nonuniformity in OTWT distributions at difégt locations along the reforming tube
length as shown in Table 3.2. We note that the spread of the DiiMfributions only raises our
concerns about the reformer life service when the averagpdsature of the OTWT distribution
at a fixed distance away from the reforming tube inlets is anrébgime of the maximum value
of average temperatures of the OTWT distributions along¢fi@ming tube length. This is be-
cause if the average temperature of the OTWT distributitigh, the radially averaged maximum
temperature is likely to exceed the design temperatureeof@¢forming tube wall, and therefore,
the service life of the reformer is shortened. Additionalymar et al. [[32] shows that OTWT
distributions along the reforming tube length and the gpadlistribution of the furnace-side tem-
perature can be made to become more uniform by reducing tpreeef nonuniformity in just
one OTWT distribution. In the remainder of this section, weus on the OTWT distribution that
is ~6.5 m away from the reforming tube inlets as it has a relatingh overall average temper-
ature (1165.08 K, which i8-99% of the maximum value in the average outer wall tempegatur
profile), temperature range (67.7 K) and standard devigdohK). Only the OTWT distributions
and the corresponding FSF distributions are utilized byntbeel identification to create the data-
driven model as discussed in Section 3.2.2. Next, the mioaisdd furnace-balancing optimizer
uses the status of the flow control system, the valve-postbeflow-rate converter and the most
up-to-date data-driven model to search for the optimizeld &iStribution to minimize the degree
of nonuniformity in the OTWT distribution. We note that eatdita set utilized by the model iden-
tification process requires 3.640-% GB of storage space, while the original reformer CFD data,
from which the OTWT distribution and FSF distribution aréraxted, requires 112 GB of storage
space, and therefore, the data-driven model might not teetalgrecisely predict the behavior of

the reformer when the training data set is not sufficienttyda Hence, once an optimized FSF
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distribution is obtained from the furnace-balancing ofen, the optimized FSF distribution is
simultaneously used as the boundary condition of the redo@¥D and as the input of the data-
driven model, and the corresponding data is utilized in #mmination checker process, in which
the accuracy of the data-driven model and the performantieecfurnace-balancing scheme are
evaluated. In the present work, the performance of the @a+ilancing scheme is assessed based
on the percent reduction in the standard deviation of the @Tgtribution generated by the re-
former CFD model, in which the optimized FSF distributiorused as the boundary condition,
compared to that generated by the reformer CFD model, intwihie uniform FSF distribution is
used as the boundary condition.

Each iteration of the proposed furnace-balancing schernveddy Ipopt [61] generates an
optimized FSF distribution and quantitatively estimates teduction of the degree of nonunifor-
mity of the OTWT distribution within 30 hours using 80 coresWCLA Hoffman2 Cluster, and
~90% of the computational time is designated to the data géparprocess. The termination
checker process triggers a terminating signal after sratitens of the furnace-balancing scheme.
It is worth noting that subsequent attempt to re-optimize FISF distribution to compensate for
the influences of common valve-related problems can be guicsimed after fewer iterations of the
furnace-balancing scheme as the data-driven model darsiad the entire reformer CFD database

is expected to accurately predict the reformer behavior.

3.3.1 Casestudy A

In this subsection, the performance of the furnace-batenstheme is investigated under the as-
sumption that the flow control system is fully functionak(j. the furnace-balancing optimizer
has 48 decision variables). The simulation results geeératiring the first six iterations of the
furnace-balancing scheme are presented and discussed.

The evolution of the data-driven model is shown in FigJ 3.6jch indicates that the data-

driven model progressively becomes a more accurate repeg®m of the reformer CFD data
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with more iterations of the furnace-balancing scheme dua ltarger reformer CFD database.
Fig.[3.6 shows the predicted OTWT distributions generatethb data-driven model match well
with those generated by the reformer CFD model with just fiaming data sets from the reformer
CFD database, which validates our hypotheses of the imgpabedurnace-side flow pattern on
the OTWT distribution, the size of the cylindrical heatingne, the altered shape of the heating
zone and the assumption that the radial average tempeuttine it" reforming tube at a fixed
distance away from the reforming tube inlet can be expreasellinear combination of the FSF
distribution.

Next, the evolution of the OTWT distribution at a distanc f away from the reforming
tube inlets is shown in Figs. 316, 8.7 dnd|3.8, which reveatl tie reformer CFD model, in which
the optimized FSF distribution is used as the boundary ¢mmgihas a less severe degree of
nonuniformity in the OTWT distribution after the first itéi@n of the furnace-balancing scheme.
Fig.[3.8 is created to allow data visualization (allowing 886 reforming tubes in the reformer to
be represented by a table consisting of 336 rectangulas, aéliwhich each location in the table
maps to a unique reforming tube in the reformer) so that thi®@peance of the furnace-balancing
scheme and the degree of nonuniformity of the OTWT distiilsucan be evaluated qualitatively
at a glance (e.g., if Fig. 3.8 has a high number of red and grelsy, the OTWT distribution is
highly nonuniform). Figl.3.8 shows that the OTWT distrilautigradually becomes more uniform
with more iterations of the furnace-balancing scheme. fipalty, by the 29 iteration, the under-
heated region near the reformer outlets in the OTWT distidbuof the @" iteration (i.e., the
reformer CFD model of which the uniform FSF distribution sed as the boundary condition)
is completely eliminated, by thé™Miteration the other noticeable under-heated region near th
refractory back wall in the OTWT distribution of thé"Gteration is completely removed, and by
the 8" iteration the severity of the two over-heated regions in@A&VT distribution of the
iteration is reduced. Figb. 3.6 ahd13.7 are utilized to qgtetively evaluate the performance of
the furnace-balancing scheme and the degree of nonuntfjpahthe OTWT distribution. From

the 2" iteration onward, Fig$. 3.6 afid 8.7 show that the tempezaange and standard deviation
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of the OTWT distribution decrease compared to those of thédration. Specifically, at the'®
iteration of the furnace-balancing scheme, the temperatamge and standard deviation of the
OTWT distribution are reduced from 67.7 K and 9.7 K to 25.7 Kl @8 K, respectively. The
reduction in the standard deviation of the OTWT distribatitwe to the optimized FSF distribution
with respect to the basis is 51%.

Finally, the evolution of the overall maximum outer wall teemature of the reforming tubes
is shown in Fig[.3.0, which indicates that the reformer CFDdelpin which the optimized FSF
distribution (generated at any iteration of the furnackdbeng scheme) is used as the boundary
condition, has a lower maximum outer reforming tube wall penature compared to that of the
oM iteration. Specifically, at the'Biteration of the furnace-balancing scheme, the overallimax
mum outer temperature of the reforming tubes is reduced frfd&7.2 K to 1191.5 K (by 5.6 K).
We would like to note that although the magnitude of the rédadn the overall maximum outer
reforming tube wall temperature is much less than the ovavarage outer wall temperature of
1121.6 K, the contribution of our present work for indugtaigplications that strive to improve the
thermal efficiency and service life of the reformer remaiggsi$icant for the reason noted in Sec-
tion[3.1. Due to the reduction in the overall maximum outéomaing tube wall temperature, the
total FSF mass flow rate to the reformer can potentially beemed to achieve a higher operating
temperature of the furnace-side flow without reducing tlierreer service life, which leads to a
lower rate of methane leakage (i.e., unreacted methaneflighdr production rates of hydrogen

and superheated steam. As a result, the thermal efficienttye a&former is improved.

3.3.2 Casestudy B

In this subsection, the performance of the furnace-batgretheme is analyzed when the flow con-
trol system is subjected to two different valve-relatedudizances, which are categorized based on
the number of defective valves. We consider the reformenf@ase Study A after six iterations
of the furnace balancing scheme have been executed witala#s/fully functional. Though the

termination checker of the furnace balancing scheme itelicthat the balancing procedure could
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Table 3.2: OTWT distribution obtained from the reformer C&Ddel in which the uniform FSF

distribution is used as the boundary condition.

Distance down Standard
reforming tubes (m) Tave (K) | Tvax (K) | Tmin (K) | e viation (K)
1.0 971.9 998.7 948.3 10.8

2.0 1035.3 | 1064.3 | 1010.8 | 11.6

3.0 1086.0 | 1114.6 | 1052.1 |11.5

4.0 1123.2 1150.1 | 1076.5 | 11.7

5.0 11494 | 1172.7 | 1097.1 | 11.2

6.0 1161.6 | 1179.6 | 1110.6 | 10.1

6.5 1165.1 | 1183.2 | 11155 | 9.7

7.0 1168.5 | 1186.5 | 1121.1 | 9.3

8.0 1174.0 | 1192.3 | 1130.5 | 8.8

9.0 1179.3 | 1197.2 | 1138.1 | 8.0

10.0 1168.8 | 1187.6 | 1128.7 | 7.9

11.0 1164.1 1183.4 | 1125.0 | 8.1

12.0 1162.5 | 1181.7 | 11246 | 8.2

be terminated after thé'Biteration if no significant changes in the plant dynamicsuoeed, we
assume that the valve-related disturbances occur afted'thiteration of the furnace-balancing
scheme has been executed and that the furnace-balancemedchtherefore required to continue
iterating to determine an optimized FSF distribution gittemchange in the valve availability. The
predicted optimized valve position distribution produtsdhe furnace-balancing optimizer in the
6" when there were no defective valves cannot be utilized tsecthe valve positions of the de-
fective valves cannot be adjusted to the optimized postibtence, the valve position distribution
that is sent to the valve-position-to-flow-rate convertegénerate the boundary conditions of the
reformer CFD model is non-optimal. As a result, the OTWTrilisttions obtained by implement-
ing the FSF distribution determined at tH& &eration prior to the occurrence of the valve-related
disturbances are expected to have a high degree of nonuitijoivhen implemented in a CFD
model that accounts for the valve-related disturbancesitaa furnace-balancing scheme is con-

tinue. We will impose two different valve-related distunicas after the'8 iteration and will refer
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Table 3.3: OTWT distribution obtained from the reformer CFiddel in the 8" iteration in which
the optimized FSF distribution is used as the boundary ¢immdi

Distance down Standard
reforming tubes (m) Tave (K) | Tvax (K) | Tmin (K) | e viation (K)
6.0 1160.1 | 11779 | 11489 |55

6.5 1163.4 | 1178.6 | 11529 | 4.8

7.0 1166.6 | 1180.0 | 1155.1 | 4.3

8.0 1171.8 | 1185.4 | 1160.1 | 4.5

9.0 1177.0 | 11915 |1162.8 | 5.0

10.0 1166.8 | 1184.1 | 1155.1 | 4.9

11.0 1162.2 | 1181.4 | 1151.8 | 5.3

12.0 1160.7 | 1180.9 | 1150.2 | 5.6
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Figure 3.6: Evolution of the maximum, average and minimumpgerature values of the OTWT
distribution at a distance 6.5 m away from the reforming timbets during the first 6 iterations of
the furnace-balancing scheme, which are generated by fiener CFD model (black symbols)

and by the data-driven model (red symbols).

to the iteration of the furnace-balancing scheme assunmieditst type of valve-related distur-

bance occurs after thé'6teration as the  iteration, and to the iteration of the furnace-balancing
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Figure 3.7: Evolution of the standard deviation of the OTW&tribution at a distance 6.5 m away
from the reforming tube inlets during the first 6 iteratiofishe furnace-balancing scheme, which
are obtained from the reformer CFD model. The percent rémluct the magnitude of the standard
deviation of the'" iteration with respect to the'®iteration (i.e.,ai%o"o) in the first 6 iterations is

also shown.

scheme assuming the second type of valve-related disttetmoturs after the!'Biteration as the
9" jteration (according to the above analysis, we expect figmit OTWT distribution nonunifor-
mity in both the ¥ and the 8" iterations). In the re-balancing iterations of the furrhegancing
scheme (i.e., the'8and 14" iterations), the text file documenting the status of the flontml
system is updated, which notifies the furnace-balancingogpegr of the defective valves. Addi-
tionally, we simulate the two disturbances by assumingttiedefective valves of the flow control
system are arbitrarily selected, in which the correspamdinck valve positions are modified from
the optimized valve position by 5%80%. The simulation results generated in tHe 8", 9" and
10" iterations of the furnace-balancing scheme are presentédiacussed.

In the case in which the reformer CFD model is subjected togisivalve disturbance, a flow
control valve is assumed to become defective. In partictiarvalve regulating the FSF mass flow

rates of the 48 and 44" inner-lane burners is chosen: and while tHei@ration of the furnace-
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Figure 3.8: Evolution of the OTWT distribution at a distart&cé m away from the reforming tube
inlets during the first 6 iterations of the furnace-balagcacheme, which are obtained from the
reformer CFD model, is displayed by comparing the OTWT ilistions in the &' (a), 29 (b), 4"

(c) and 8" (d) iterations. In Fig[_3]8, the top row of each subfigure esponds to the reforming
tubes that are the closest to the reformer outlets, and ti@boow of each subfigure corresponds

to the reforming tubes that are the furthest away from therneér outlets.

balancing scheme suggests that the optimized valve pos#i®7%, the stuck valve position is
70%. The CFD data generated by the reformer CFD model, intwihie flow control system is
under the influence of the single-valve disturbance, is wsexhalyze the degree of nonunifor-
mity of the OTWT distributions in the high temperature rega@long the reforming tube length.
Comparing Table 314 with Table 3.3 reveals that the OTWTrithistions expectedly become more
nonuniform at the ¥ iteration compared to thé'Biteration. Specifically, the temperature range
and standard deviation of the OTWT distribution at the lmga6.5 m away from the reforming
tube inlets in the ' iteration increase by 34.6 K and 4.6 K. The results suggesttte furnace-
balancing scheme must be made aware of the constraint imhfbysine single-valve disturbance

to properly reoptimize the FSF distribution.
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Figure 3.9: Evolution of the overall maximum outer wall tegngture along the reforming tube
length among 336 reforming tubes in the reformer during trst & iterations of the furnace-

balancing scheme, which are obtained from the reformer CeDem

In the 8" iteration, as the text file documenting the status of the flontol system has been
updated, the furnace-balancing optimizer is aware of ttiectige valve, which allows the num-
ber of decision variables to be reduced from 48 to 47 as disclim Section 3.214. We note that
the furnace-balancing optimizer is designed to handle wimgnumber of decision variables, and
this ability of the furnace-balancing optimizer makes thbce-balancing scheme especially ap-
pealing for industrial applications that are interested¢amtrol and automation. The CFD data
generated by the reformer CFD model, in which the reoptichiz8F distribution is used as the
boundary condition, is used to investigate the ability @f flwrnace-balancing scheme to compen-
sate for the impact of the single-valve disturbance ocognm the flow control system.

Fig. [3.10 shows that the OTWT distribution at a distance 6.away from the reforming
tube inlets produced in thé™Biteration is more uniform than that produced in tH& iferation.
Specifically, the under-heated region near the reformdetstin the OTWT distribution of the!?
iteration is completely resolved in th&'8teration, and the severity of the over-heated region in

the 7" iteration is significantly lessened in th& &eration. Additionally, the OTWT distribution
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in the 8" iteration shown in Fid. 3.10(p) resembles the optimized QTastribution in the &' it-
eration shown in Fig. 3.8(d) even though the correspondpigmized valve position distributions
are completely different as shown in Tablel3.8. This is bsedahe FSF distributions produced by
these optimized valve position distributions in ti&#nd 8" iterations are very similar. Moreover,
Table[3.5 shows that the degree of nonuniformity in the OTWsTridhutions in the high temper-
ature regions along the reforming tube length in tHei®@ration is reduced with respect to the
corresponding quantities in th&iteration. Specifically, in the OTWT distribution at the &iion

6.5 m away from the reforming tube inlets of tH8 Beration, the temperature range and standard
deviation decrease to 24.1 K and 4.5 K. Therefore, the @it assessment (Fig. 3110) and quan-
titative analysis (Table_3.5) of the degree of nonunifoyniitthe OTWT distribution between the
6", 7" and 8" iterations indicates that the furnace-balancing schemeensates for the impact
of the single-valve disturbance occurring in the flow corggstem.

In the case when the reformer CFD model is subjected to a-tfalee disturbance after thé"e
iteration, three flow control valves become defective. Irtipalar, the three valves which control
the FSF mass flow rates of thé' @nd Pt outer-lane burners and of the™2439, 824 and 8¢
inner-lane burners are selected, and the correspondicl sélve positions are 70%, 80% and
90%, respectively, as oppose to their optimized valve jursitof 86%, 87% and 81% in th&'6t-
eration of the furnace-balancing scheme. The only diffeedretween the two disturbances occur-
ring in the flow control system is the number of defective ealand therefore, the analysis which
is used to investigate the effects of the single-valve distnce on the degree of nonuniformity
in OTWT distributions along the reforming tube length and #bility of the furnace-balancing
scheme to compensate for the constraintimposed by theesuadyte disturbance during the search
for the reoptimized FSF distribution is also utilized.

The quantitative assessment of the effects of the three\disturbance on OTWT distribu-
tions in the high temperature region of the reforming tulmgte is presented in Tahle 3.6, which
shows that the OTWT distributions of th& $eration are more nonuniform compared to the cor-

responding ones in théGteration; and specifically, the temperature range andist@hdeviation
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of the OTWT distribution at the location 6.5 m away from th&reing tube inlets increase by
19.9 K and 1.9 K, respectively. Subsequently, the inforaratif the three-valve disturbance is uti-
lized to update the text file documenting the status of the fontrol system in the fDiteration,
which notifies the furnace-balancing optimizer of the thade&ective valves and allows the number
of decision variables to be reduced from 48 to 45. The CFD geaterated by the reformer CFD
model, in which the reoptimized FSF distribution is usedhastoundary condition, is used to cre-
ate Fig[3.111 and Table 3.7 to investigate the ability of tlreaéice-balancing scheme to compensate
for the impact of the three-valve disturbance. Specificédig.[3.11 shows that the OTWT distri-
bution produced in the Diteration is more uniform than that produced in th2igeration as the
over-heated region near the left corner of the refractogklvaall in the OTWT distribution of the
oM iteration is completely resolved in thet @eration, and the severity of the under-heated region
near the reformer outlets in th8'%eration is significantly lessened in the'd @eration. Moreover,
Table[3.7 shows that the degree of nonuniformity in most of\dTdistributions in the high tem-
perature regions along the reforming tube length in tH& itération is reduced compared to those
in the 9" iteration, and specifically, the temperature range anddsr@hdeviation in the OTWT
distribution at the location 6.5 m away from the reformingeunlets decrease to 36.5 K and 5.9
K, respectively. Although the IDiteration appears to be able to compensate for the impatite of
three-valve disturbance, which are observed in tAé@ration, the OTWT distribution in the 1
iteration shown in Fid. 3.11(b) appears to have a higheregegftnonuniformity than the optimized
OTWT distribution in the ¥ iteration shown in Fig. 3.8(H). Therefore, the qualitatagsessment
(Fig.[3.11) and quantitative analysis (Tablel 3.7) of therde@f nonuniformity in the OTWT dis-
tribution between the'®, 9" and 1@" iterations indicates that the furnace-balancing scheme ca

compensate for the impact of the three-valve disturbanceraag in the flow distribution system.

lteration Oth 6th 7th 8th gth 1Gh

Vo 100| 86 | 86 68-

Vi 100 94 | 94 | 71| 94 | 99
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Vo 100| 88 | 88 | 68| 88 | 87
V3 100| 84 | 84 | 67| 84 | 85
V4 100 85 | 85 | 66| 85 | 83
Vs 100| 92 | 92 | 72| 92 | 93
Ve 100| 88 | 88 | 69| 88 | 98
V7 100 73 | 73 | 60| 73 | 69
Vs 100 81 | 81 | 65| 81 | 79
Vo 100| 89 | 89 | 69| 89 | 84
V1o 100 87 | 87 | 69| 87 | 85
Vi1 100| 81 | 81 | 64| 81 | 77
V12 100 92 | 92 | 71| 92 | 83
Vi3 100| 85 | 85 | 66| 85 | 78
V14 100 94 | 94 | 73| 94 | 91
Vis 100| 86 | 86 | 68 | 86 | 87
V16 100| 78 | 78 | 61| 78 | 77
V17 100| 100 | 100| 78 | 100 | 100
Vig 100 87 | 87 | 71| 87 | 92
Vig 100 78 | 78 | 62| 78 | 79
Voo 100 91 | 91 | 70| 91 | 93
Vo1 100| 86 | 86 | 68 -
A7) 100 89 | 89 | 71| 89 | 87
Vo3 100| 82 | 82 | 65| 82 | 79
Vo4 100| 97 - 97 | 91
Vo5 100| 86 | 86 | 67 | 86 | 82
Ve 100 85 | 85 | 68| 85 | 80
Vo7 100| 86 | 86 | 68| 86 | 86
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Vosg 100| 84 | 84 | 65| 84 | 84
Vo9 100| 100| 100 | 78 | 100 | 100
V30 100 86 | 86 | 71 | 86 | 88
Va1 100| 78 | 78 | 61| 78 | 78
V3o 100| 92 | 92 | 72| 92 | 95
Va3 100 88 | 88 | 69| 88 | 85
Va4 100 86 | 86 | 68| 86 | 84
V35 100| 92 | 92 | 72| 92 | 82
V3g 100| 86 | 86 | 66 | 86 | 79
V37 100 81 | 81 | 61| 81 | 83
Vag 100| 84 | 84 |66 | 84 | 77
Vag 100| 82 | 82 | 65| 82 | 81
Vao 100| 86 | 86 | 67| 86 | 84
Va1 100| 81 | 81 | 64 -
Va2 100 90 | 90 | 71| 90 | 92
Va3 100 90 | 90 | 74| 90 | 85
Va4 100 87 | 87 | 68| 87 | 89
\13 100 91 | 91 | 72| 91 | 88
Ve 100| 86 | 86 | 69| 86 | 84
Va7 100 95 | 95 | 74| 95 | 86

Table 3.8: Summary of the valve position distributions ia @, 6", 72", gh oM and 1" itera-
tions, in which the highlighted values represent the stuaditppns of the defective valves due to

the common valve-related disturbances.
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Figure 3.10: Comparison between the OTWT distributions diséance 6.5 m away from the
reforming tube inlets generated from th& iteration when the FSF distribution is altered by the
single-valve disturbance (a), and from tHi&ration when the FSF distribution is reoptimized to
counter the impact of the single-valve disturbance (b).i¢n[B.10, the top row of each subfigure
corresponds to the reforming tubes that are the closet teetbemer outlets, and the bottom row
of each subfigure corresponds to the reforming tubes thdharkirthest away from the reformer

outlets.
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Table 3.4: OTWT distribution obtained from the reformer CEDdel in the ¥ iteration when the

FSF distribution is altered by the single-valve disturleanc

Distance down Standard
reforming tubes (m) Tave (K) | Tvax (K) | Tvin (K) 1 e viation (K)
6.0 1158.2 | 1177.2 | 11124 | 10.0

6.5 1161.6 | 1178.3 | 1118.1 | 9.3

7.0 1164.9 | 1180.4 | 1124.7 | 8.6

8.0 1170.2 1187.4 | 1134.9 | 8.0

9.0 11755 | 1194.3 | 11426 | 7.9

10.0 1165.4 | 1186.2 | 1134.7 | 7.8

11.0 1160.9 | 11824 | 11322 | 7.7

12.0 11595 | 1181.1 | 11329 | 7.4

Table 3.5: OTWT distribution obtained from the reformer CFiddel in the 8' iteration when the

FSF distribution is reoptimized to counter the impact ofshegle-valve disturbance.

Distance down Standard
reforming tubes (m) Tave (K) | Tvax (K) | Tuin (K) | Geiation (K)
6.0 1160.1 1175.7 | 1148.6 | 5.3

6.5 1163.3 | 1177.8 | 1153.7 | 4.5

7.0 1166.4 1179.9 | 11575 | 4.1

8.0 11715 | 1185.0 | 11596 | 4.3

9.0 1176.6 1190.7 | 1162.8 | 4.7

10.0 1166.4 | 1182.6 | 11549 | 4.7

11.0 1161.8 1178.9 | 11514 | 5.0

12.0 1160.3 | 1177.8 | 1147.2 | 5.3
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Figure 3.11: Comparison between the OTWT distributions diséance 6.5 m away from the
reforming tube inlets generated from th8 RBeration when the FSF distribution is altered by the
three-valve disturbance (a), and from th&iteration when the FSF distribution is reoptimized to
counter the impact of the three-valve disturbance (b). n[Bill, the top row of each subfigure
corresponds to the reforming tubes that are the closet teetbemer outlets, and the bottom row
of each subfigure corresponds to the reforming tubes thdharkirthest away from the reformer

outlets.
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Table 3.6: OTWT distribution obtained from the reformer CEDdel in the 8" iteration when the

FSF distribution is altered by the three-valve disturbance

Distance down Standard
reforming tubes (m) Tave (K) | Tvax (K) | Tvin (K) 1 e viation (K)
6.0 11594 | 1180.3 | 11296 | 7.5

6.5 1162.9 | 1180.9 | 11354 | 6.7

7.0 1166.3 | 1181.4 | 1142.1 | 6.0

8.0 1171.7 1187.4 | 11515 | 5.6

9.0 1177.0 | 1193.1 | 11589 | 5.7

10.0 1166.8 | 11845 | 11519 | 5.8

11.0 1162.2 | 1181.2 | 11479 |59

12.0 1160.7 1180.6 | 1146.9 | 6.0

Table 3.7: OTWT distribution obtained from the reformer CEDdel in the 1t iteration when

the FSF distribution is reoptimized to counter the impadhefthree-valve disturbance .

Distance down Standard
reforming tubes (m) Tave (K) | Tvax (K) | Tuin (K) | Geiation (K)
6.0 1159.1 1179.5 | 1137.0 | 6.6

6.5 1162.7 | 1180.1 | 1143.6 | 5.9

7.0 1166.2 1183.1 | 1151.3 | 5.3

8.0 1171.6 | 1188.6 | 1158.2 | 5.1

9.0 1177.0 11949 | 1165.0 | 5.2

10.0 1166.9 | 1187.9 | 1152.8 | 5.6

11.0 1162.4 1185.0 | 1148.1 | 5.9

12.0 1160.9 | 1184.3 | 1147.1 | 6.2
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3.4 Conclusion

In this work, we developed a robust model-based furnacaroalg scheme that can reduce the
degree of nonuniformity in OTWT distributions along theamhing tubes inside the furnace of
a steam methane reformer. To this end, we adopted a higlitifideflormer CFD model created
in our previous work and developed a model identificatiorcpss based on the effects of ther-
mal radiation, the furnace-side flow pattern, reformer CREPacand the least squares regression
method to approximate the relationship between the OTWifFibligion and the FSF distribution.
Then, we introduced the model-based furnace-balancingaar that accounts for typical indus-
trial operational constraints and physical constrainttherflow control valves while searching for
an optimal FSF distribution based on the data-driven mobleé CFD data showed that the opti-
mized FSF distribution created by the proposed furnacaroatg scheme allowed the degree of
nonuniformity of OTWT distributions in the high temperatuegion of the reforming tubes and the
overall maximum outer wall temperature to be reduced coatptr the case in which a uniform
FSF distribution was used. This result demonstrated tleaptbposed furnace-balancing scheme
allowed the spatial distribution of the furnace-side terapge inside the combustion chamber to
also become more uniform, which was expected to enhanceath&tive heat transfer efficiency
in the reformer. We also demonstrated the effectivenedsediurnace-balancing scheme in reduc-
ing the degree of nonuniformity of OTWT distributions in theesence of defects of the valves
regulating the amount of furnace-side feed to the burndms.pfoposed balancing scheme allows
taking advantage of the reduction in the overall maximuneotgforming tube wall temperature
and the more uniform OTWT distributions to increase thel te&F mass flow rate to the burners,

thereby increasing hydrogen production and extendingmefay tube lifetime.
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Chapter 4

Bayesian Model Averaging for Estimating
the Spatial Temperature Distribution in a

Steam Methane Reforming Furnace

4.1 Introduction

In Chaptei 2, a potential root cause of the inherent vanaitiothe outer tube wall temperature
(OTWT) distribution has been studied, and an ad hoc mitigasitrategy is to re-calibrate total
furnace-side feed (FSF) flow rate in an attempt to prevenOM@/T of all reforming tubes from
exceeding the design temperature of the wall material andadmtain the expected service life
of the reformer at the expense of the reformer efficiency. Aydrogen manufacturing industry
reasons that this trade-off is necessary because when MET@T a reforming tube exceeds the
design temperature of the reforming tube wall, the reformigiht have a significantly shorter ser-
vice life, e.g., Pantoleontos et al. [49] reports that amaase of 20 K above the design temperature
of the reforming tube wall causes the reformer service tfee reduced by half, and the reform-
ing tubes are at risk of rupturing; if rupture were to occuwould lead to substantial production

and capital losses. For decades, this ad hoc mitigatiotegirdnas been a solution that prevents
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significant unexpected capital costs as the cost of re-guisiestimated to be approximately 10%
of the total capital investmerit [13]. Then, in Chapter 3,ghstematic mitigation strategy, i.e., the
furnace balancing scheme, has been proposed to succegsstlikce the variability in the OTWT
distributions at a fixed height in the reformer for the nonhiio#al FSF flow rate. Despite of this
initial success, the simulation data shows that the cores®f methane via SMR in the reformer
operated under varying spatial distributions of the fixedltbuel flow rate are constant. In the
continuous effort to maximize the reformer thermal efficewhile maintaining the expected ser-
vice life of the reformer, systematic mitigation strategjier varying total FSF flow rate is getting
much attention from academics and industries. Therefore apparent that an accurate relation-
ship between the OTWT distribution at a fixed height, the FBFitution and the total FSF flow
rate of the reformer is required to design a robust furnatenibang method. The dependence of
the OTWT distribution on the FSF distribution and the tot&8FHflow rate of the reformer can
be constructed based on first principles modeling [13] andpzdational fluid dynamics (CFD)
modeling of the reformer.

However, models derived from these modeling techniquesyaieally unsuitable for design-
ing a robust real-time furnace-balancing scheme (for wthehneed is evident as the reformer is
constantly subjected to various disturbances, e.g., athi@enperature) [32]. In particular, first
principles modeling often uses an overwhelming number mipfying assumptions in the de-
velopment of reformer models, which causes prediction daterated by first principles models
often to fall short in terms of accuracy. While CFD modeliroged not have the same issue (e.g., the
simulation data generated by the reformer CFD model deeelapChaptelrl2 have been shown to
be a reasonably accurate representation of the experihdat@arecorded from an on-line unit), the
significant computational time needed to create a single G&R set makes it unsuitable for de-
signing a real-time furnace balancing scheme because tBen@i€lel is required to be repeatedly
solved with different FSF distributions to search for theimzed FSF distribution. Therefore,
data-driven modeling is an appealing alternative as dava@mmodels are computationally inex-

pensive and can have reasonable accuracy.
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In this work, data-driven modeling is used to discover thesthelence of the OTWT distribution
on the FSF distribution and the total FSF flow rate of the rafar A direct approach is to model
the OTWT at a fixed height of each reforming tube as a functich® FSF distribution and total
FSF flow rate (i.e., the FSF flow rates of all burners), andrestés of the parameters associated
with the regressors in the data-driven model can be detewrbg the ordinary least squares (OLS)
regression method in which the sum of squared residualsestthe OTWT data and fitted data is
minimized. This naive approach is expected to create artenpiretable (in the sense that it is not
representing physical relationships between burnersefndning tubes within the reformer) data-
driven model for the OTWT distribution with high predictierrors due to over fitting. Specifically,
Chaptei 2 notes that in the high temperature reformer, thleradiation is expected to be the
dominant mode of heat transfer, and![47] shows that 95% ofaita¢ heat transfer rate to the tube
side in the reformer of their investigation is due to thermzaliation. Additionally, the inverse
square law for thermal radiation suggests that the OTWT ol eaforming tube is governed by
the FSF flow rates of the nearby burners. Therefore, a snsdkeof important regressors for
each reforming tube should be identified and used to corisgrawore computationally efficient
data-driven model.

Standard statistical practice employs shrinkage and sgbtection techniques (e.g., LASSO,
nonnegative garotte and ridge regression) to search fadahef important regressors and to cal-
culate the estimates of their corresponding parameteesimassome criteria (e.g., minimizing the
sum of squared residuals) to derive a single best datardmadel. Subsequently, this standard
statistical practice assumes this data-driven model tbd&te model for the relationship between
the OTWT of a reforming tube, FSF distribution and total F®wftates, and then utilizes the cho-
sen model exclusively to make predictions. The greatest dfathie standard statistical practice
is that the approach overlooks the importance of competatg-driven models. Specifically, [25]
illustrates that two competing models with similar goodnegfit for a given training data can
yield substantially different predictions and suggesés giredictions made based on a single data-

driven model are unreliable. Bayesian statistics provelesematic straightforward methods to

118



identify the set of important regressors for each refornuige (i.e., Bayesian variable selection)
and to account for model uncertainty in making predictioasda on the observed database (i.e.,
Bayesian model averaging). Bayesian statistics is emgloyenany disciplines (e.g., chemistry,
genetics, medicine and finance) and has led to over 587 ptibiis between 1996 and 2014 [20].

In this work, we combine the Bayesian methods and sparséeankegression technique (i.e.,
least absolute shrinkage and selection operator or LAS8@gtive a collection of data-driven
models, each of which requires the minimum number of terma fgiven basis set of regressors
while revealing the dependence of the OTWT of each reforrtubg on the FSF distribution and
total FSF flow rate with a reasonable accuracy. Specifigalsyassumed that a data-driven model
for the OTWT of each reforming tube has the form of a linear bovation of nonlinear/linear
transformations of the original regressors (i.e., spams#imear regression) so that the nonlinear
characteristics in the observed data can be adequatelyilwk$¢S,[63] For instance| [9] shows
that sparse nonlinear regression can be used to creatémata-models that describe the under-
lying dynamics of nonlinear systems (e.g., nonlinear tstoits and the chaotic Lorenz system).
A typical library of nonlinear transformations contains momial, exponential, logarithmic and
trigonometric functions.

Lastly, it is recognized that the OTWT of each reforming tisbgpatially correlated to those of
the nearby neighbors because thermal radiation insidestbemer is expected to occur between
the furnace-side flow, reforming tube walls and refractoallwIt is also recognized from the
reformer CFD simulation data reported in Chapler 3 thatrmafiog tubes which are in close prox-
imity to one another tend to have similar OTWTs. Therefares logical to allow the data-driven
model for the OTWT of each reforming tube to also utilize thimimation (i.e., the locations and
OTWTSs) of the neighboring reforming tubes, in addition te fiSF distribution and total FSF
flow rate, to make predictions of the OTWT. In the geostatsstiterature, there exist a variety
of distance-weighted average interpolation algorithmg. (&riging, triangulation and the inverse
distance method), each of which can be used to estimate anTQifWach reforming tube as a

weighted average of the neighboring OTWTs based on a unigigdwing function. In this work,
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Kriging is selected as it provides a straightforward appho adjust the predicted OTWT dis-
tribution estimated based on the FSF distribution and te&# flow rate to account for the effect
of interactions among neighboring reforming tubes on th&\Tdistribution. Kriging can also
be used for clustering data, which occurs due to the arraageai the reforming tubes inside the
reformer, i.e., the reforming tubes are arranged in anuteeggrid pattern (e.g., seven rows of 48
units), in which reforming tubes are situated closely toanether along a row but are separated by
a relatively large distance between rows. Additionallg Kriging algorithm is designed to min-
imize the mean squared prediction error, which makes tiéspolation algorithm more suitable
for predicting the OTWT at unexplored operating conditiohthe reformer.

Motivated by this, the present work focuses on developiwgoadtep prediction and correction
model identification procedure that utilizes Bayesian rodthwith an efficient search algorithm
(Occam’s window), sparse nonlinear regression, Krigingprmation on the reformer geometry
and theories of thermal radiative heat transfer to derivagh-fidelity model from reformer data
such that the model can account for interactions among heighg reforming tubes in making
predictions about the OTWT distribution based on the FSKidigion and total FSF flow rate.
This manuscript is structured as followed: in Secfion 4t®gical descriptions, process modeling
and process simulation of a computational fluid dynamicdXOfodel of a reformer are briefly
discussed to be used as supporting evidence that the ref@Ri2 data are adequate represen-
tations of the data from an on-line reformer, which allowsasise the reformer CFD model to
facilitate the creation of the training and testing dataSéetiori 4.8, an overview of the integrated
model identification scheme is presented, and the major oasmgs, namely, the prediction step
and correction step, are introduced. In Section 4.4, a mundaf the prediction step that details
the procedure for deriving the prediction model for the OTWi3tribution from the training data
is presented, and in Sectidns 414.1, 4.4.2,[and]4.4.3 tbgratton of Bayesian variable selection,
Bayesian model averaging, sparse nonlinear regressiothandes of thermal radiation into an
algorithm for the prediction step is described. In Sectids 4 rundown of the correction step

that details the procedure for creating the correction rhimte¢he OTWT distribution from the
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training data using ordinary Kriging is presented. In Set#.6, the procedure to generate the
combined data-driven model for the OTWT distribution frdme prediction and correction models
is detailed. Finally in Sectidn 4.7, the goodness of fit andaftsample predictive performance of
the data-driven model for the OTWT distribution generatexinf the integrated model identifica-
tion scheme proposed in this work are evaluated using ti@rigaand testing data, respectively,
and are discussed to highlight the potential of this workofeing used in developing more optimal
operating conditions of a reformer in a computationallyoggfit manner, e.g., it may be considered

for use as the data-driven model for an on-line robust fueratancing optimizer.
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4.2 Reformer CFD database

In the present work, the high-fidelity reformer CFD model@eped in Chaptér 2 is used to repre-
sent an on-line reformer designed by Selas Fluid Proce€Xmngoration at a hydrogen plant [13].
This is because the geometry of the reformer model is craathdve approximate dimensions of
the on-line unit, which is 16 m wide, 16 m long and 13 m tall. Geemetry of the reformer model
also contains important features of its physical countgrpahich include the major components
(i.e., 336 reforming tubes, 72 inner-lane burners, 24 datee burners and 8 flue-gas tunnels) and
the layout inside the reformer as shown in Fig]5.2. Adddiatetails of the reformer geometry
can be found in Chaptér 2. Furthermore, the mesh of the refo@RD model has been verified to
have acceptable mesh quality based on the criteria (i.a.prthhogonal factor and max ortho skew)
suggested by ANSYS ICEM and to allow the reformer CFD modg@rtmluce mesh-independent
solutions. The generation of the reformer mesh is detaile@hapter§12 and 3. In addition, the
modeling strategies for the known transport phenomena hathical reactions associated with
SMR and air combustion processes are used to create thenesf@FD model. For instance,
the reformer CFD model is implemented with the empiricarelation for the furnace-side total
emissivity [43], Lambert Beer’s law, Kirchoff's law and thiéscrete ordinate method to simulate
radiative heat transfer between the furnace-side flow,raeferming tube walls and refractory
walls. Readers who are interested in the details of the nmaglstrategies for the reformer CFD
model, efficient step-by-step converging strategy and daitaction procedure are recommended
to refer Chapterk]2 arid 3. Moreover, the CFD simulation dategated by the reformer CFD
model have been shown to be in good agreement with simuldtta generated by a reforming
Gibbs reactor model, with typical plant data in the SMR &tere and with plant data provided by
a third party collaborator, and therefore, can be constasean adequate representation of plant
data collected from an on-line unit.

In the present work, the reformer CFD model is utilized talfate the creation of the reformer

database. Specifically, the reformer CFD model is initiathplemented with varying FSF distri-
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butions at a fixed typical total FSF flow rate and, subsequeintiplemented with varying total
FSF flow rates at the optimized FSF distribution reportedhaef 8, which creates 21 CFD data
sets. In this work, 18 CFD data sets (i.e., the training dathjch is approximately 90% of the
reformer database, are randomly chosen and used as inpthg fategrated model identification
scheme to produce a data-driven model that adequatelyilbes¢he dependence of the OTWT
distribution on the FSF distribution and total FSF flow raf&e remaining 3 CFD data sets (i.e.,
the testing data), which is approximately 10% of the refardegabase, are used to validate the

performance on out-of-sample predictions of the dataedrivodel.

Front refractory wall , Left refractory wall

8th flue-gas tunnel 48th reforming tube

Figure 4.1: The isometric view of an industrial-scale, fopd, co-current reformer. The right and

back refractory walls with respect to the flue gas tunnelseixitFig.[5.2 are removed to expose
the interior of the reformer, which consists of 336 reforgitnbes, which are represented by 336
cylinders, 96 burners, which are represented by 96 frustumes, and 8 flue-gas tunnels, which

are represented by 8 rectangular intrusions.
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4.3 Overview of the prediction and correction model identif
cation scheme

The statistical-based model identification scheme is a twp €.e., prediction and correction)
procedure that is designed to derive a model for the depeedeinthe OTWT distribution at a
fixed distance of 6.5 m away from the reformer ceiling on thé& Flstribution and total FSF
flow rate from the training data of the reformer CFD datab#&sehe prediction step, the model-
building process for thith OTWT as a function of the FSF distribution and total FSF flote feom

the training data is executed independently of other reffogrtubes based on Bayesian methods,
i.e., Bayesian variable selection and Bayesian model gieggdBMA), with an efficient search
algorithm and sparse nonlinear regression (which will béhfer defined in Sectionis 4.4[1, 4)4.2
and[4.4.8). The data-driven model for the OTWT of itie reforming tube generated by the

prediction step is referred to as tik prediction model and is formulated as follows,

Ki _
'/I';Rn: Z\NIPKTIFlzn Vne{l,...,N} (41a)
k=1
subject to
Ki
k=1
En = [Flnv F2nv B FQnG]T (4.1¢)
H En . — tht (41d)
G
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wheren is the index of thethdata set in the training dati,is the number of data sets in the train-
ing data,'fip’” is the BMA predicted estimate of theth OTWT based on thath FSF distribution
(I?”) andnthtotal FSF flow rateR},), 'Iﬁﬁ’;” is thekth predicted estimate of theh OTWT based on
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Fn, Fh: and thekth sub-prediction model for thigh reforming tube (where this model denoted is
by M; x and defined and developed in Secfion 44)is the total number of sub-prediction models
in theith library, wfk is the BMA weighting factor oM; x (developed in Sectidn 4.4.2f4 (-) is the
gthbasis function in the library of transformation functionkeyeloped in Sectidn 4.4.3} is the
number of functions in the library of transformation fummets (developed in Secti.Zr)Tg is
the empirical parameter vector i , corresponding tdy (-) (defined in Section 4.4.3) amj‘ rep-
resents the estimated ambient temperatuid;ef(defined in Section 4.4.3). The prediction step in
the model identification algorithm is parallelized to sitameously create 336 prediction models,
each of which corresponds to a reforming tube of the reforaret subsequently, these prediction
models are combined to create the data-driven model (ne.ptediction model) for the OTWT
distribution to describe the dependence of the OTWT distidim on the FSF distribution and total
FSF flow rate. However, the prediction model for the OTWT ritisttion does not account for the
effects of interactions between neighboring reformingegibn the OTWT distribution, and hence,
the correction step of the model identification procedureréated. In the correction step, the
predicted estimate of theh OTWT is adjusted based on information of the neighboringmaf
ing tubes extracted from the reformer geometry and predliOfBWT distribution. The correction
model for theith reforming tube developed based on ordinary Kriging (to bithkr developed in

Sectior{4.b) is formulated as follows,

336
- BT @2
j#
Where'ﬁc’” is the corrected estimate of tith OTWT andV\/Ej is the Kriging weighting factor of
the jth reforming tube. Finally, the estimated OTWT of title reforming tube given?” andRY;

is computed as the weighted sum of the BMA predicted and ctauesstimates as follows,

T =wPTP 4+ (1-wP) TN (4.3)
wherew?® is the weighting factor of the BMA estimates, of which theiojatl value is determined
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by leave-out-one cross validation (developed in Sedtiéh 4n the remainder of this manuscript,
the development of the prediction and correction modeltifleation algorithm is elucidated in
detail, and the accompanying assumptions are explicagdtand demonstrated to be valid using
the training data.

The decision to investigate the OTWT distribution at a fixéstahce of 6.5 m away from
the reformer ceiling was originally proposed in Chapter 13 particular, this OTWT distribution
has been found to have a high average OTWT, +89% of the maximum value of the average
OTWT profile (which is a collection of averages of OTWT dibtriions along the reforming tube
length and is invariant at the fixed total FSF flow rate), sd tha scenario that the hydrogen
plant is at risk of suffering significant capital and prodaotlosses due to the suboptimal FSF
distribution, this OTWT distribution is expected to havgthidegree of nonuniformity (indicated
by a wide temperature range and a high standard deviatiotth& maximum value of the OTWT
distribution at a distance of 6.5 m away from the reformelingis expected to exceed the design
temperature of the reforming tube wall. This rationale f#gg that the reformer can be kept in
a safe operating regime by reducing the degree of nonunitfpimthe OTWT distribution and
preventing the maximum value of the OTWT distribution frorceeding the design temperature,
and therefore, a data-driven model for the OTWT distributi@s created in the development of the
furnace-balancing scheme in Chajiter 3 that seeks to redagehuniformity. In an anticipation
that an application of the modeling method in this work maytdéerive the data-driven model
for a furnace-balancing algorithm as in Chajpter 3, we carsaddistance of 6.5 m away for the

ceiling in this work for consistency with Chaptér 3.
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4.4 Prediction models

In this work, Bayesian methods are integrated in the algorifor the prediction step because
of the twofold advantage that these methods offer (Se€tidlp 4he Bayesian variable selection
method provides a straightforward approach to identifyitgortant regressors for each reform-
ing tube, and BMA allows model-selection uncertainty to beaaunted for in making predictions
about the OTWT distribution giveﬁ” andRJ; [25]. In the prediction step, the prediction model
for theith OTWT is derived from the training data independently of thedei-building process
for the remaining OTWTs. This approach is expected to effelst reduce the total computa-
tional time devoted for constructing the prediction modelthe OTWT distribution because the
model-building process can be simultaneously execute@36rreforming tubes. In this section,
the important terminologies used in the description of tlgwr@thm for the prediction step are
explicitly defined, and then, the algorithm for the predintistep is discussed in the context of
constructing théh prediction model from the training data.

In the jth iteration of the prediction step,

1. Checked predictors are the burners that are in the neigbbd of theith reforming tube,
and a collection of checked predictors in tjth iteration of the prediction step is denoted
asS,jC. However, checked predictors may or may not have a signifioapact on theth

OTWT.

2. Potential predictors are elements of a subssizofwhich is denoted aSjP. Potential predic-
tors are candidate regressors ofititereforming tube model and will be characterized by the
regressor classification layer. Potential predictors éinatclassified as important regressors

by the regressor classification layer are added to the beists segressors (denoted g).
3. Predictors are important regressors ofithgrediction model and are elementsSy .

4. A sub-prediction model library of theh reforming tube is a collection of models that allows

theith OTWT to be estimated based & andF,.
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In addition, the concept of a multistage affecting zone isihuced to facilitate the search for
and classification of checked predictors. Specifically, win@& the multistage affecting zone of
theith reforming tube in thgth iteration of the prediction step as a cylindrical regionhatradius

that is denotecﬂ?ijZ and is evaluated as follows,

R, =R% + AR, Vi=1,23,--- (4.4)

whereRiOZ:O m is the initial radius of the multistage affecting zonelaith reforming tube and
ARz=1.5 m is the corresponding step increment. The first stagedffecting zone of théh
reforming tube is defined as a cylindrical volume of radR-erZscentered at theh reforming tube
inside which burners are considered to be eIemen&‘éofThe second stage of an affecting zone
of the ith reforming tube is defined as a hollow cylindrical volume bdea by two concentric
cylinders of radiiRijZ andRijZ_1 inside which burners are considered to be elemenﬂpof/vhich is

defined as follows,

Sh=SL\Sc " (4.5)

WhereS,jC\S,jC_1 is defined as all elements that arﬁb but are not irﬁjc_l.

The algorithm for the prediction step consists of two layessich are referred to as the regres-
sor collection (Figl.42) and regressor classification (Bi§) layers, respectively. The regressor
collection layer is composed of five processes represemtéideorectangular boxes, i.e., the loca-
tion identifier, checked predictor identifier, potentiagégictor identifier, sparse nonlinear regres-
sion and termination checker. The layer is structured t@ Itao sequential modes, which aim to
obtain the defaul§gr and to search for potential predictors to be used as inputhéoregressor
classification layer, respectively. We note that the secoonde is proposed to avoid having to
re-look at all the potential predictors that have alreadgrbevaluated. The search algorithm for
the regressor collection layer is developed based on tle¥sevsquare law for thermal radiation.

It makes use of two fundamental guidelines, namely, thedrsreeparated from thigh reforming
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tube by a significant distance should not be considered aspaitpredictors, and the nearby burn-
ers have greater influence on tble OTWT than other burners that are situated farther away from
theith reforming tube, to reduce the regressor space and defineqaausearching path, which
will be elaborated later in this section. The search albarits the most critical development of
the present work and allows the model identification baseithe®Bayesian framework to be com-
putationally efficient. This is because the search algoritielectively creates a small number of
sub-prediction models for theh OTWT to be used by the BMA in making predictions as opposed
to 2% (~7.9x 10%®) sub-prediction models, which would be generated by trexrdtive, i.e., the
exhaustive search algorithm, which if it was implementedildanake the model identification
scheme computationally infeasible. In this work, the distabetween thith reforming tube and
jth burner is denoted aj and is calculated as the Euclidean distance between thectim)s of
their centroids on a horizontal plane, and we assume thatefaeiltSr of theith reforming tube
consists of the four nearest burners.

In the first iteration of the prediction step, the regresslection layer is operated under the
first mode to obtain the defauir. Initially, it begins with the location identifier, which lkaulates
the relative distance from thih reforming tube to burners inside the reformer, and simelasly
computes the radius of the affecting zone (denoteBgsof theith reforming tube according to
Eq.[4.4. Next, the checked predictor identifier uses therin&tion about the relative location of
theith reforming tube to create a virtual reformer geometry, whdohsists of theth reforming
tube and 96 burners as shown in Figl4.4, and &eto create the first stage of the affecting zone
as shown in Fig._4]5. The checked predictor identifier, theses the virtual reformer geometry
and first-stage affecting zone to generﬁ%a which contains information (i.e., distance to it
reforming tube, burner IDs and FSF flow rates) of the checkediptors. In the first iteration,
the library ofith sub-prediction models is expected empty, and therefoesgdhndinality ofS11C is
evaluated. If the cardinality cfﬁ%; is less than or equal to four, the prediction step is inséditd
terminate the first iteration and to execute the next iteratl he second iteration of the prediction

step begins to recompute the radius of the affecting zoneoted asR-zz) of the ith reforming
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tube according to Eq. 4.4. As in the first iteration of the jrgdn step, the checked predictor
identifier in the second iteration us%Z to create the updated first stage of the affecting zone
and, then, uses it and the virtual reformer geometry creatée first iteration to genera&zc.
Thereatfter, the cardinality (SZC is also evaluated since the libraryitti sub-prediction models is
expected to remain empty, and if its result is still less thaequal to four, the prediction step is
again instructed to terminate the second iteration anddolge the next iteration. This procedure
is repeated until the number of elements in the checked gitedset of thath reforming tube is
strictly greater than four.

This discussion is continued with the assumption that in jtheiteration of the prediction
step, the cardinality o&jc is greater than four as shown in Fig.14.6. Initially, the fowarest
burners to théth reforming tube inSIjC are used to create the defa8l, which is utilized by the
sparse nonlinear regression algorithm to create the defialdprediction model for thigh OTWT.
Then, the model is stored in tlitd library of sub-prediction models and is assigned an indek of
The remaining elements Sq'c i.E.,Sle\S'R , are considered to be potential predictors, which are
elements oaj , and are used as inputs for the regressor classification laieh is the secondary
layer of the prediction step algorithm.

The regressor classification layer is structured basedeBdlyesian variable selection frame-
work to systematically updatgr using a given potential predictor set and to selectivelgterad-
ditional sub-prediction models for thign OTWT. A brute-force Bayesian variable selection would
require all possible hypothetical basis sets of regresedrs created frorﬁ‘ﬁjP andSg, followed by
using the sparse nonlinear regression to generate allpp@s$sipothetical sub-prediction models,
from which the important sub-prediction models would beesed. This approach is expected
to be computationally intensive and will not be implementdastead, the layer is designed to
exploit Occam’s window! [39] and the two fundamental guides that are used in the regressor
collection layer to avoid generating all possible hypattatbasis sets of regressors frcﬁfg and
Sir in the process of identifying the important sub-predictmadels by assessing the impact of

each element in the potential predictor set on the goodrdgsobthe sub-prediction model in a
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step-wise fashion. Specifically, in thjeh iteration of the regressor collection layer, the regressor
classification layer starts out with the basis set congtruethich is programmed to strategically
select an element iﬁijp followed by adding it to the existin§ir to create a hypothetical basis set
of regressors (denoted Sﬂz), which is subsequently used by the sparse nonlinear r@greto
generate the corresponding hypothetical sub-predictiodeh If the hypothetical sub-prediction
model can explain the training data significantly bettenttiee sub-prediction model created with
Sr (in a sense related to Bayes factors to be made clear in 8¢€#0l), it is either stored in
or used to replace thiéh library of sub-prediction models based on the supportindesce for
the model, andihR is used to replac&g; otherwise, the hypothetical sub-prediction model and
Sk are discarded. In this work, the procedure of selecting ameht inS"P encoded in the ba-
sis set constructor begins by ranking elementsj,_i,rin the order of increasing distance to thie
reforming tube such that the potential predictor separated theith reforming tube by the short-
est distance is considered to have the highest rank (ieelstirank), and the potential predictors
separated from thiéh reforming tube by an equal distance are considered to havesdtme rank.
Then, the rank of each elementqug, is utilized by the basis set constructor as an indicatortfer t
order that the element is selected to const8ligt Specifically, the basis set constructor starts with
the high-ranking elements 'fﬁjp because the burners that are situated closer tahheforming
tube are expected to have greater influence ontth® TWT than other burners that are situated
farther away and are more likely to be considered as premf:ctberefore,ShR is more likely to
be accepted. When multiple elementssrig have the same rank, the order that these elements
are selected to construslfQ is trivial because our proposed model (Eq. #.1a) does ndazoany
cross term, which suggests that burners are assumed tceimdieqtly interact with thigh reform-
ing tube. In this case, they are iteratively selected onengyto construcS“R before the potential
predictors in the next lower rank are selected. This proeedurepeated until all elementsiiﬁjb
are considered, then the updagglis sent back to the regressor collection layer.

Subsequently, in the regressor collection layer, the teation checker review@ijZ and the

updatedSr created in the regressor classification layer to decideeifptfediction step should be
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terminated. Specifically, whelﬁjZ is less than the critical radius of the multistage affectinge
(denoted a&y), the termination checker always instructs the predictitap to execute the next
iteration. In this work,R; is chosen to be 3.4 m to prevent the prediction step from exygjo
unnecessary regions in the regressor space because GBagtews that the faraway burners,
which are defined as those separated fromitiheeforming tube by a distance greater than 3.4
m, are expected to have small impact onitheOTWT by demonstrating that data-driven models
which include the faraway burners in the basis set of regressgave similar goodness of fit to that
of the data-driven model that excludes the faraway burrrera the basis set of regressors. On
the contrary, WheRijZ becomes greater than or eqig§l, the termination checker only allows the
prediction step to execute the next iteration if at leastpotential predictor ir&jp is added t&SR.
This design of the termination checker is proposed to adcfaurthe potential influence of the
furnace-side flow pattern on the OTWT distribution thatwlahe faraway burners to have long
range effects on thieth OTWT and to simultaneously prevent the prediction step fexploring
unnecessary regions in the regressor space.

After the jth iteration of the prediction step, the regressor collectayer is operated under
the second mode to exclusively search for potential predidb be used as inputs for the regres-
sor classification layer. Initially, it begins to compLR{grl of theith reforming tube according to
Eq.[4.4, which is used by the checked predictor identifiehi({ + 1)th iteration to create the
first stage of the affecting zone as done in the previoustiters of the prediction step. Next,
the checked predictor identifier uses the first stage affgaone and virtual reformer geometry
created in the first iteration to generﬁ”. In the (j + 1)th iteration of the prediction step, be-
cause the library ath sub-prediction models is no longer empty, the potentiadjoter identifier
is executed for the first time; this step is the key differebetveen the first and second modes of
the regressor collection layer. Specifically, the potéqtiadictor identifier useﬁeijz+ ! and RijZ to
create the second stage of the affecting zone as showh Figndl, then, uses it and the virtual
reformer geometry to generﬁgl, which contains information of the potential predictorgtei

that,SﬁjF,+ lis used as an input for the regressor classification layaghwipdatesSg. Finally, the
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termination checker utiliz -jZ” and the update8ir in the decision-making process of conclud-
ing the prediction step. This procedure is repeatedly eeecuntil the radius of the multistage
affecting zone is greater than or eq&®jl and all elements in the potential predictor set ofithe

reforming tube are rejected. Finally, BMA is utilized to dehine the weighting factor for each

member in théth library of sub-prediction models (see Section 4.4.2).

4.4.1 Bayesian variable selection

In the present work, a Bayesian variable selection methak thie search algorithm developed
based on Occam’s window and theories of thermal radiatiasésl to identify the predictors for
theith OTWT based on the training data and to simultaneously ceeabdection of sub-prediction
models that can be used to explain the dependence dafti@&@TWT on the FSF distribution and
total FSF flow rate. At each step, an element in the set of piatgredictors is added t§r to
create zﬁhR, which is subsequently used to create the correspondingthgfical sub-prediction
model as detailed earlier in this section (the sparse nealiregression algorithm used to develop
the hypothetical sub-prediction models will be describe&eéctior 4.4)3). Then, the layer quan-
titatively assesses the goodness of fit of two competing-diawan models of théth reforming
tube, i.e., the sub-prediction model (denotedlag wherek is the model index in thigh library of
sub-prediction models) created wiii and the hypothetical sub-prediction model denotebligs
created Witrﬁh , by using the ratio of posterior model probabilities as thedria to determine if a
potential predictor of interest can be classified as an itapbregressor. Specifically, the posterior
model probability ofM; ., which is denoted apr (Mi7k| Ti) to represent the probability thi;

is the true model for the dependence of itteOTWT on the FSF distribution and total FSF flow
rate after observing the training data, is computed asviljo

r(Ti|Mix) pr (M
pr(Mi7k|Ti): Kp ( il |,k)p ( |,k)

él pr (Ti[Mi ;) pr (M)

(4.6)

whereT; = {T1, T;2,--- , TN} is the collection of aIN=18 training data setﬁ}j is theith OTWT
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extracted from thgth training data set; is the total number of sub-prediction models in ttte
library, pr (M; k) is the prior model probability of; x and pr (T;|M; k) is the model evidence in
favor of M; k. It is worth noting thator (th) reflects our beliefs thatl; « is the true model for the
dependence of theh OTWT on the FSF distribution and total FSF flow rate beforecoliag the
training data. If information about the true model for ittereforming tube is available (e.g., the
number of predictors in the true model is known), the priodelgrobability distribution could
be designed to incorporate such information by assigniagtib-prediction models that have the
same number of predictors as the true model with a higher praalel probability. However, this is
typically not the case in practice. Therefore, the prior elquiobability distribution is chosen to be
noninformative, which assigns equal prior probability icsab-prediction models in thieh library
and allows conclusions about the true model to be drawnttiirdom data. The noninformative
prior model probability distribution for thith reforming tube is designed as follows,

1

pr(MiJ):E vVi=1,---,K. 4.7)

Hence, the ratio of posterior model probabilities betwilep andM; x can be evaluated as follows,
pr(Minl Ti)  pr(TilMin) pr(Min)  pr(TilMip)

pr (M To) P (TilMig pr (M) pr(TiMi) ™ (4.8)

whereB; is defined as a Bayes factor gk  againsi; . Eq.[4.8 suggests thBt , and the ratio

of posterior model probabilities betwebh , andM; , under the assumption of the noninformative
prior model probability distribution (E@. 4.7) are equieat, and therefore, the valueBfyx can be
used as the quantitative evidence in favor of incorpordtiegpotential predictor int§r. However,
computingB; i is a nontrivial task because there is no analytical closeohéd expression for
computingpr (T;|M; k). Specifically, pr (Ti|M;y) is computed by integrating over all possible

values of the parameters bf, i as follows,
pr (Ti|Miyx) = / pr <Ti\|\/|i,k, 6’}‘) pr (a)HMi,k) dak (4.9)
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where@k = [@,... @G aK]" is the parameter vector of; x (see SectionZ.4.3pr (G| )
is prior probability density oﬁ’{‘ andpr (Ti|Mi7k, E{’ik) is the likelihood function off;. It is impor-
tant to note that the likelihood function @f is defined as the joint probability density function of

T, T2,---, TN and is dependent odk of M; x as follows,

pr (Ti|Mi7ka Hik) = ﬁl pr (Tij\Mi,k, 5’!‘) (4.10)
-

wherepr (Tij |Mi ks 5’}‘) is the probability density function dfij. In addition, the probability den-

sity function ofTij is assumed to be computed as follows,

. N 1
pr <Ti‘|Mi7k, a{‘) =~ __exp (4.11)

2n(of)’ 2(o!)
whereaij is the standard deviation of the noise in tteOTWT in the jth training data set. Due
to challenges in computing; nx, many published works in the Bayesian statistics liteeatenter
on proposing methods to commee(Ti|Mi7k) numerically, e.g., Markov Chain Monte Carlo, or
to approximate it with an acceptable accuracy, e.g., Laxdgproximation, Bayesian information
criterion (BIC) approximation and maximum likelihood eséitor (MLE) approximation [20]. In
this work, the BIC approximation is favored for two reasotige BIC approximation is expected
to provide a good approximation of I&n for linear models [20] and allows us to avoid making
assumptions about the prior probability densityﬁdf, which allows the decision to incorporate
the potential predictor int§r to be made based entirely on the training data [30]. UndeBte

approximation, lo@; nx is computed as follows,

o~ o~

logB; hk = [Iog (pr (Ti M, a’P)) —log (pr <Ti|Mi7k, a’r))} (4.12)

2 (ch— chylog(N)
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whereé’? is the MLE of&’{‘ anddy is the number of nonzero parametersi’(#‘f(see Section 4.4.3).

It is important to note that the first term in Hg. 4.12 can berpteted as the assessment of the
goodness of fit between two sub-prediction models, and tb@nskterm can be interpreted as the
penalty for using a model with higher complexity. The appmeaded value of lo; n is the ev-
idence in favor ofM; ; extracted from the training data, and higher values oBlgg imply that
the training data provides more evidence in suppoNlgf and againsM; . Therefore, the value
of logB; hk can be used in the decision-making process for determinmggiver to incorporate a
potential predictor int&Sr. In the present work, the task of interpreting the value giBig, is
especially challenging because the improvement in the hgmginess of fit by incorporating an
additional term intdSgr is expected to be underestimated when a small number ofrigadata
sets is used. Hence, guidelines for interpreting Baye®ifagiroposed in the Bayesian statistics
literature, namely, twice the natural logarithm of the Bajactor suggested by [30], half unit on
the logarithm of the Bayes factor suggested by [28], Occamrglow with the lower bound of
1/20 and upper bound of 20 suggested/by [51] and Occam’s windth the lower bound of 1/20
and upper bound of 1 suggested by [40], were reviewed. Imtbik, Jeffreys’ interpretation of the
Bayes factor[28] is selected and is tailored to accountiferitnpact of using the small number of
training data sets on the value of Bg, as follows: we reason that when an insignificant regres-
sor is incorporated int&r to createS“R, the two competing sub-prediction models are expected
to have a similar goodness of fit, which causes the first terBgitd. 12 to be approximately zero,
and the dimension o8 is greater than that dr, which causes the second term in Eq. 4.12 to
be negative due to the increased model complexity. Thexgfonegative l0B; nx can be viewed
as a strong evidence agaimdty,, which implies that théh OTWT is independent of the potential
predictor. In this case, the regressor classification ley@structed to discar¥l; , and to dismiss
the attempt to incorporate the potential predictor iita On the contrary, when Idg) y is non-
negative and greater than 2.0, it can be viewed as a strodgreseé againd¥l; x, which indicates
that the training data provides significant evidence in suippf M; , and againsk; x becausév;

has a significantly higher goodness of fit tidy. In this case, the layer is instructed to discard
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M; k along with its nested sub-prediction models (i.e., thesxdaliction models created and stored
throughout the prediction step in the process of generaiing in theith sub-prediction model
library followed by accepting the attempt to incorporate plotential predictor int&gr and storing
M; r in theith library as the first sub-prediction model. It is worth notthgt this action is inspired

by the two principles of Occam’s window, which suggests thla¢n a sub-prediction model has a
significantly lower goodness of fit than its competitor, ibsld be discredited [20]. Furthermore,
in the remaining case, i.e., when Bg, is nonnegative and less than or equal to 2.0, it can be
viewed as a weak evidence agaiit,, which indicates that the training data suggests there is
weak evidence in support ®; , and againsi;  becaus@/; , has a slightly higher goodness of fit
thanM; x; however, this evidence is insufficient to discrédit,. In this case, the layer is instructed
to accept the attempt to incorporate the potential predioto Sg and storéM; p, in theith library

as the(k+ 1)th sub-prediction model.

Although the reformer data (i.e., the training data andrigsdata) is generated by simulating
the high-fidelity reformer CFD model, it is expected to extdmme stochastic behavior because
in all simulations of the reformer CFD model, the final globarmalized residuals have small
nonzero values which suggests that the reformer data fliesta@ound the true steady-state. Fur-
thermore, even though the training data and testing datexqrected to exhibit some stochastic
behavior, each reformer data set only has one realizatibichwprevents the magnitude of the
noise from being estimated from the reformer data. In thiskwthe noise in OTWTs of all re-
forming tubes in thegth training data set is assumed to be normal, independent amtigellly
distributed with a mean of zero and a standard deviatiom/ofvhich is assumed to be 594.0%

of the corresponding OTWT range and is approximated aswsllo

o) = ol = ng (maxT1)—min(T1))  vi=1.-,336 (4.13)

where ma1(<'l_')j) and mir('l_"j) represent the maximum and minimum OTWT in tjih training
data set, respectively, amg; is a hyperparameter, which has a random value between 0d0® An

generated by our in-house uniform random number generator.
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4.4.2 Bayesian model averaging

In the present work, Bayesian model averaging is used tauatdor model uncertainty in making
predictions about theh OTWT based on the FSF distributions and total FSF flow rateshib
section, it is assumed th&; sub-prediction models for thieh reforming tube, that capture the
dependence of theh OTWT on the FSF distribution and total FSF flow rate reasonalelll, are
derived from the training data based on the Bayesian varisélection approach, afl is to
be estimated giveﬁ* and Ry, which are the unexplored operating conditions of the ragor
Therefore, the posterior mean §f, which represents the most likely valuef that is expected

to be observed based on the training data, can be computetioest

Kj -
E (T3, F™ Rie) = 3 pr (M T) E (1T F ™ Fiog, M) (4.14)
k=1

whereE (Ti*\Ti, I?*, Rt Mi7k> represents the posterior meanipfwhenM,;  is assumed to be the
true model for thdth reforming tube. It is recognized that E@s. 4.1a andl4.14 heamcanny
resemblance, and therefore, it can be inferred gidM; «|T;) is the BMA weighting factor of

Mi k.

pr (MixTi) = Wy (4.15)

In addition,pr (M; «|Ti) can be expressed in terms of Bayes factors by dividing theenator and
denominator of Ed. 416 by the posterior probability of anitaaiy model (e.g.M; 1) chosen from

theith sub-prediction model library,

pr (M| Ti) = ——. (4.16)

)

Therefore, the BMA weighting factor d¥l; x can be approximated by the BIC approximation

(Eq.[Z-12) using the training data, which alloys* to be computed as a weighted averagﬁpf
iR
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generated by sub-prediction models of itkereforming tube.

4.4.3 Sparse nonlinear regression

In the present work, sparse nonlinear regression with mamxirhkelihood estimation (MLE) is
used to construct data-driven models of ititereforming tube that can be used to explain nonlin-
earities in the dependence of itk OTWT on the FSF distribution and total FSF flow rate. The
idea is inspired by the work in_[9] which uses sparse nonlimegression to extract governing
equations of nonlinear systems from observed data. Addilip [9] notes that governing equa-
tions of many systems typically consist of a few nonzero ggrwhich makes sparse nonlinear
regression an especially appealing approach. To deriv@madiction models that can be used to
describe the dependence of tikle OTWT on the FSF distribution and total FSF flow rate from
the reformer data, a library of linear and nonlinear tramsftions is designed based on expected
interactions between thth OTWT and its predictors. For instance, if tiié burner is a predictor
of theith OTWT, any nonzero value of thgh burner FSF flow rate is expected to causeithe
OTWT to rise above the ambient temperature, and when the E8Fréite of the burner is in-
creased, thgh OTWT is also expected to increase. Therefore, the transitioms are restricted
to nonnegative, monotonically increasing and continupds#ferentiable classes of functions. In
this work, the library of transformation functions is pr@eal to consist of monomial, root and

exponential functions as follows,
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f; (,‘:’n> = [FMED,-- FT (4.17a)
o (F7) =[R2 D2, (R (4.17b)
NG EGURN YRGS (4170
u(F7) = [/F0 78 fra]| (4.17d)
s (F7) = [/FL O/FR ¢ Fg;ﬁ:T (4.17¢)
f6<ﬁn> - W YD ¢ |:§;16:T (4.171)
f7<,—:’n> _ {:/ﬁ S/FD, 8 F&:T (4.179)
fa (™) = lexp(Ff) ,exp(FS) .-+ exp(Fgs))" (417

WhereFj” is the FSF flow rate of thgth burner from thenth data set. Next, the library of trans-
formations is used to formulate the generalized sub-ptiedienodel for theith reforming tube,

which is assumed to be dependent on all 96 burners, as fgllows

~Pn 8 —g =n
=3 1 (F") +a (4.18)

where ﬁ? € IR%*1 s the generalized parameter vector associated withrgthéransformation
function, whereg=1,...,8 (Eq.[5.2), andx; € IR represents ambient air temperature. Then, a
basis set of regressors (i.8) of theith reforming tube created by the Bayesian variable selection
method developed in the regressor classification layerilizaed in the model-building process
which integrates information about the reformer layout grelknowledge that thermal radiation
is expected to be the dominant mode of heat transfer in teemefr into the sub-prediction model
(i.e., Mj ) to set parameters associated with the burners that areontdiced inSr to zero,
effectively reducing the number of terms in Eq. 4.18 by adaaf 96/Nir, whereNir is the
cardinality ofSg, leading significant reduction in the computational costerefore M;  can be

written as follows,
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. ) +af (4.19)

where F" . € IRN=*1 js a vector in the design matrix & x. The nonlinear sparse regression
with MLE is formulated as a constrained optimization problénat is structured based on the L1
regularization technique (i.e., LASSO) because LASSO @\nto shrink parameters associated
with the irrelevant transformations to zero which furtheduces the number of terms in the sub-
prediction model (Ed._4.18) of thieh reforming tube. In addition, theories of thermal radiation
discussed in Sectidn 4.1 are integrated into the sub-gredimnodel by means of equality and

inequality constraints (Eq5. 4.244.21¢) in the optimization problem. The formulation for the

sparse nonlinear regression with MLE is proposed as follows

2
v (TR T.Pk”) "
ak e29g]1|?34815] Z +A Z H H (4.20)
af%e[0.e0)
subjectto
8
Z a "o (EO> aﬁgfg (EO) if di = dij (4.21a)
g=1
E° dij\ A & kge (0 ,
Z ai°" (F ) Z (T) 2 iy fg (F ) if dij < dij (4.21b)
g=1
koe (FO) < (G - kgt (EO ,
ZO{” g(F )= ) Zlalj g(F (4.21c)
o=
typ
P 4219

wherel andj are indices of burners that are elementSii ai'jg is the parameter iM; x associated
with the gth transformed FSF flow rate of thgh burner, aik € [29815,34815| represents an
ambient temperature parameteMi and its typical range); is the tuning parameter in LASSO

of theith reforming tubed;; andd; are distances from thiéh reforming tube to thgth andlth
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burners, respectively§,=6.0 andB=1.0 are hyperparameters of the constraints and are chgsen b
trial and error, and:ttg{p is the total FSF flow rate typically reported in the SMR litera. The
constraints of Eqd. 4.2t&.21¢ are formulated in an effort to integrate the inverseasg law

of thermal radiation intdV; . Specifically, burners, which are separated fromitheeforming
tube by an equal distance and are supplied with the same R8[ale, are expected to have the
same impact on thith OTWT as shown in the equality constraint (Eq. 4]21a), whekaners
which are separated from tlign reforming tube by different distances but are supplied \thih
same FSF flow rate are expected to have different impacts @thiftOTWT as shown in the
inequality constraint (Eq._4.21Lb). In this particular caaséurner that is situated closer to tible
reforming tube is expected to have a higher impact ontth© TWT than those that are further
away. It is noted that an additional inequality constrakfq.(4.21t) is added to the optimization
problem to prevent sparse nonlinear regression in an atteomeduce the number of terms in
Eq.[5.1 from falsely presuming that the impact due to a clbsener is indefinitely higher than
that due to a further burner given the premise that the twesaparated from thigh reforming
tube by different distances and are supplied with the santefle® rate. It is noted that in the
constrained optimization problem (E@s.4.20 and¥4.2djrectly controls the degree of shrinkage
for the parameter vector M; . Specifically, large values & result in a high degree of shrinkage
and favor underfitting data-driven models with low levelscomplexity. On the contrary, small
values of; result in a low degree of shrinkage and favor overfitting ahtaen models with
high goodness of fit. Therefore, it is desired to use the agtivalue ofA; to balance between
the degree of complexity and goodness of fit in data-drivedets In this work, leave-out-one
(LOO) cross validation is used to search for the optimal @afiA; among the proposed values,
S, ={0.1,0.2,---,1.0,1.2,---,2.0,5.0,10}, because the fitting error (i.e., the mean-square error)
might not be an adequate representation for the out-of-aprpdiction error. In LOO cross
validation, the training datdl() is split into sub-training and sub-testing data in such g that a
reformer data set in the training data is assigned to theestbig data, and the remaining data sets

are assigned to the sub-training data. This procedure gesbrdifferent pairs of sub-training and
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sub-testing data from the training data (whbrés the cardinality of the training data), and then,
each pair of the sub-training and sub-testing data is usdérive a sub-prediction model library
for theith reforming tube and to evaluate a corresponding out-of-gapmediction error for each
value ofA; in S,. It is recognized that LOO cross validation is computatilynatensive, e.g.,

the total CPU time is expected to beN times more than that required by an approach that uses
the complete training data and the fitting error as the madrgelectj;, but LOO cross validation
provides evidence (i.e., the unbiased estimate of the gtredierror) based on which the optimal

A; can be identified. Specifically, the value &Afin S, that yields the least prediction error for

out-of-sample predictions is considered to be the optinal
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Figure 4.2: Flowchart of the regressor collection layethia prediction step.
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Figure 4.4: A virtual reformer geometry that is created basethe information generated by the
location identifier in the regressor collection layer andisists of theith reforming tube repre-

sented by a cylindrical tube and 96 burners representedediyulbtum cones.

Figure 4.5: The first stage of the multistage affecting zdva ts created based &, and the
virtual reformer geometry in the first iteration of the prdin step. In Fig[C4l5, the checked

predictors inslc are represented by the four shaded frustum cones and casualyidentified.
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Figure 4.6: The first stage of the multistage affecting zdva is created based Gi,ﬂlz and the

virtual reformer geometry in théh iteration of the prediction step.

Figure 4.7: The first stage of the multistage affecting zdva is created based <R|-{Z+1, RijZ and

the virtual reformer geometry in thg + 1)th iteration of the prediction step.
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4.5 Correction models

In the present work, an algorithm for the correction stepesighed based on ordinary Kriging,
which is superior to other common interpolation technicared can yield estimates with minimum
variance[[26], to improve the predicted OTWT distributiamich is generated from the prediction
model for the OTWT distribution using " and Fa: by accounting for the effect of interactions
between neighboring reforming tubes on the OTWT distrdutiThe correction step is also de-
signed to be a distributed algorithm, which derives theexiron model for théth reforming tube
from the training data independently of other reformingesillowing the correction models for
the 336 reforming tubes to be simultaneously created, wenpledites the model-building process
of the correction model for the OTWT distribution. In the r@nder of this section, the underlying
process that leads to the temperature variation in the OTWffilelition is discussed to elucidate
the use of ordinary Kriging in an attempt to account for th@act of interactions among neigh-
boring reforming tubes on the OTWT distribution, and thessuamptions and equations associated
with ordinary Kriging will be explicitly presented.

As noted in Sectioh 411, the degree of nonuniformity in thaXdTdistributions along the re-
forming tube length is controlled by the temperature distiion of the furnace-side flow, which is a
product of many complex interacting transport phenomendacaemical reactions taking place si-
multaneously inside the reformer. The analytical deteistimsolution for the OTWT distribution
modeled as a function of the reformer inputs (e.g., the FS#ikution and FSF flow rate) cannot
be easily obtained, and therefore, variations in the OTVéTrithution observed in the training data
appear to be as though they are the result of a random prd€igdd.8 displays the OTWT of each
reforming tube as a function of thigh lag (=77 for the 77h reforming tube is chosen in this figure
for demonstration purposes), where the lag is defined asubkdéan distance between thjg
andith reforming tubes whergis different fromi. The figure suggests that the mean of the OTWT
distribution in each reformer CFD data set in the trainintadsconstant. This realization justifies

the assumption that in a sufficiently small neighborhooduheerlying process that governs the
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variations in the OTWT distribution is intrinsically statiary. Therefore, the spatial correlation
of the OTWT among reforming tubes in a sufficiently small idigrhood can be summarized in
a spatial variance function (i.e., semivariograms). Urtberintrinsic stationarity assumption, the
variance function only depends on lag (which is defined asdid&an distance between a pair of
reforming tubes and is denotedtdsand is calculated using the classical estimator (i.e ntatod

of moments) from the training data as follows,

1 n n
yi(h) = mq%)(-rj —T)? (4.22)

wherey"(h) is the sample semivariogram capturing the spatial coioglatf the OTWTs among
reforming tubes that are separatediay0.15 m and in the neighborhood of tite reforming tube
(denoted a$§) created from using theth reformer CFD data set in the training daT%‘, andT
are the OTWTs of the reforming tubes that are separatéthb§.15 m and inS¥, andg; (h) is the
number of pairs of reforming tubes that are separate-bp.15 m and inS<. In this work, S€

is defined to be an 8 m by 8 m region centered atitheeforming tube as shown in Fig. 4.9 so
that there are a sufficient number of reforming tubes*ﬁnwhich allows relatively stable regional
sample semivariograms to be created for each training @atalfie sample semivariograms for
S‘7<7 (the neighborhood of the fireforming tube) calculated based on Eq. 4.22 using theitigin
data are shown in Fig. 4.110. It is recognized that the samgi@variograms ir8’7<7 at a given
lag are similar across all training data, which suggeststh®aspatial correlation among refoming
tubes separated by a distancénah can be modeled to be independent of the FSF distribution and
the total FSF flow rate. Therefore, all individual sample samograms can be pooled together to

create average sample semivariograms as follows,

="t (4.23)
nglch(h)

The average sample semivariograms shown in[Fig] 4.11 aextegto be a reasonable represen-
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tation of the spatial correlation among reforming tubeS'ﬁr[S].

It is noted from Fig[[4.1]1 that the average sample semiveaiog typically increase with in-
creasing lag, which indicates that the OTWTs of reformirgetithat are closely situated are more
highly correlated than the OTWTs of those that are farthartawith the exception at the lag of
approximately 2 m. A detailed analysis of the reformer getoyr&hown in Fig[ 5.P reveals that the
spatial correlation between reforming tubes might alsodpeddent on directionality in which the
reforming tubes are separated. Two new terminologies arednced to facilitate the discussion
of anisotropic sample semivariograms: pairs of reforminges within a row are considered to
be in the North-South direction and are referred to as N8Sdhth pairs, while pairs of reforming
tubes in two adjacent rows are considered to be in the East-dliection and are referred to as
East-West pairs. It is noted that the adjacent rows of refagrtubes are separated by a distance
of approximately 2 m which is the smallest lag between any-Bé&st pair. In addition, the East-
West pairs in which reforming tubes are separated by apmrabely 2 m are expected to be under
the influence of a number of common burners, specificallyeutite assumption that the four near-
est burners to thih reforming tube are théh default predictors, the regressor collection layer
determines that their sets of regressors always have twonoconpredictors. On the contrary, the
North-South pairs in which reforming tubes are separategpipyoximately 2 m may or may not be
under influence of any common burner. This analysis suggestat the lag of approximately 2 m,
the OTWTs of the East-West pairs are expected to be moreasithéin those of the North-South
pairs. Furthermore, the number of East-West pairs at theflagproximately 2 m is significantly
larger than the number of the North-South pairs separatélddossame distance due to the reformer
layout as shown in Fid. 5.2. Therefore, the average omritiineal sample semivariograms at the
lag of approximately 2 m as shown in Fig. 4.11 might not be usedpresent the spatial correla-
tion between the North-South pairs. In this work, North-tBcand East-West average anisotropic
sample semivariograms are evaluated according t6_Ed. 4i2§ information of the North-South
pairs and East-West pairs 8f, respectively, and are shown in Figs_4-#713. It is recognized

that with the exception at the lag of approximately 2 m at \Wwhite East-West pairs exhibit a
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strong spatial correlation, the scatter plot of East-Westage anisotropic sample semivariograms
shown in Fig[4.IP indicates that when the lag is greater thaqual to 2.4 m, East-West pairs
appear to be spatially uncorrelated. Therefore, inforomatif the East-West average anisotropic
sample semivariograms will not be utilized in the modelkdting process of the spatial model (i.e.,
the correction model) for thith OTWT. Additionally, it is noted from Fid. 4.13 that when thag|

is less than 4 m, North-South pairs are spatially correleaad North-South average anisotropic
sample semivariograms exhibit the expected trend in whaahivgariance increases with increasing
lag; however, when the lag becomes greater than or equal taNbrth-South pairs suddenly ap-
pear to be spatially uncorrelated. The analysis of the geeaaisotropic sample semivariograms
suggests that variations in the OTWT of reforming tubes i#pd by a distance greater than or
equal to 4 m are spatially uncorrelated so that this infoironathould not be utilized in the model-
building process of the correction model for title reforming tube. Therefore, the present work
only uses information of reforming tubesiﬂ’ﬁ and separated by a distance that is strictly less than
4 m to construct the omnidirectional and isotropic average@e semivariograms.

Next, the omnidirectional and anisotropic average sangat@sariograms are fitted with linear
and exponential functions to generate 4 different thecaieemivariograms, namely, linear omni-
directional, exponential omnidirectional, linear anispic and exponential anisotropic theoretical
semivariogram models. Then, LOO cross validation is usétktatify the most suitable theoretical
semivariogram model, which most accurately describesyhtiad correlation among neighboring

reforming tubes irS<, to be used in the model-building process of ttrereforming tube. The
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linear (Eq[4.24a) and exponential (Eq. 4.24b) functioi®§ fite given as follows,

for h>0
v(h)y=11+T12h (4.243)
0<1),Tp) <+
~ h
%wznyumﬁ—w(—)} (4.24b)
[3e
0< e Toe< + & 0<13e<4
for h=0
y(h)=Ye(h)=0 (4.24c)

where1y) and 1o, are parameters of the linear theoretical semivariogramet@hd 1y e, Toe

and 13 are parameters of the exponential theoretical semivaiognodel. It is noted thats ¢

in Eq.[4.24b is related to the range in which variations of @BNTs are spatially correlated

and, therefore, it is reasonable to assume tgatis less than 4 m. Parameters of theoretical

semivariograms are estimated using the method of weighted squares developed|in[[10].
Finally, the correction model for thieh reforming tube is formulated as a weighted average

OTWT of the neighbors iWK as follows,

wi
TON= Y wWo T (4.25)
J

wherej is an index of a reforming tube WK, which is a subset o, andV\/Ej is the correction
weighting factor of thgth reforming tube. In this workWX is defined to consist of the three near-
est northward, three nearest southward, one nearest edstadone nearest westward neighbors
of the ith reforming tube. In the event that tliidh reforming tube is missing any of the afore-
mentioned neighborS/,\/iK is shrunk down accordingly, and tith OTWT is estimated only using

the existing neighbors. For instance, as teeréforming tube has neither three nearest northward
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neighbors nor one nearest eastward neighbor as shown [B.Bighe cardinality OWT is reduced
to four, and the 4 OTWT is directly computed as the weighted average OTWT offihee nearest
southward and one nearest westward neighbors.

Two different approaches for obtainim@i associated with elements WK are proposed to
account for the choice of incorporating directionalityatihe correction model for theh reforming
tube. Specifically, when an omnidirectional theoreticahs@riogram model is used to represent
the spatial correlation between reforming tube®Mf, it is assumed that thieh reforming tube is
spatially correlated to all neighbors WX, and aIIV\/i‘?j in the correction model (EQ.8.5) are the

Kriging weights and can be calculated as follows,

Mwe =V (4.263)

subject to

M € RNk Nkl gych that, (4.26b)
Mk =0; k=1 wherek,| € [1,N; k + 1]
Fim=Tik=¥ (ﬁ;d) wherek, | € [1,N; k]
ri,(Ni7K+1)I = ri7I(Ni7K+1) wherel € [1,Nik]

Wi = [W.C, AL ! Vj e wK (4.26¢)

Vi=[v (hy),,1" Vj e WK (4.26d)

wherel’; represents the matrix of semivariances between the neigliba/X, y; represents the
vector of semivariances between tile reforming tube and its neighbors WiK, ¥ is the best
theoretical semivariogram model, which is identified by LO©ss validation as presented at the
end of this section, to describe the spatial correlatiorfifrming tubes irWiK, Ni k is the number
of Kriging weights in the correction model for tlitd reforming tube)\iC is the Lagrangian multi-

plier, hj; is the lag between thieh and jth reforming tubes anbl is the lag between thieth and
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Ith neighbors |rW|K Itis noted that the subscriptsﬁm represent the order in which neighbors are
arranged inWK instead of indices of reforming tubes, and in this study,rteighbors inWK are
arranged in an increasing order of their reforming tubedesli When an anisotropic theoretical
semivariogram model is used to represent the spatial eiwalbetween reforming tubes WK,

it is assumed that thieh reforming tube is spatially correlated to the North-Sowtighbors but is
spatially uncorrelated to the East-West neighbohﬁ/iﬁ In this scenario, thi¢h corrected OTWT

is defined as an average of two distinct estimates calcutegied) information of the North-South
neighbors and of the East-West neighbors, respectivelis bted that, as the spatial correla-
tion between the North-South neighbors andithaeforming tube is captured in the anisotropic
theoretical semivariogram model, the estimate calculasgdg information of the North-South
neighbors can be obtained after wﬁj associated with the North-South neighbors are calculated
as shown in Ed. 4.26. On the other hand, becauséhhreforming tube is spatially uncorrelated
to the East-West neighbors, the estimate calculated usfogmation of the East-West neighbors

is simplified to an average OTWT among the East-West neighbor

e Data Set 1
e Data Set 2
Data Set 3
¢ Data Set 4
¢ Data Set 5
Data Set 6

Figure 4.8: The scatter plot of OTWTs of all reforming tubessix training data sets versus the
corresponding distance to thetfifeforming tube, which is referred to as thefitag. It is noted

that not all reformer CFD data sets in the training data aosvehn Fig.[4.8 to avoid cluttering.
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Figure 4.9: The isometric view of the ordinary Kriging nelgithood of thath reforming tube
that is denoted aS and is defined as an 8 m by 8 m region centered aitthbe, inside which

the underlying process that gives rise to the variatione@QTWT distribution is assumed to be

intrinsically stationary.
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Figure 4.10: Omnidirectional sample semivariogramsﬁ?a,rcomputed by the classical estimator
as shown in Eq.4.22 using the training data. It is noted tbbalhresults generated using reformer
CFD data sets in the training data are displayed in[Fig] @ Hyoid cluttering.

156



50

. 2
Semivariance, y (K")
N w S
o o (@)
[ [ [
u
=
=
u
u
u
u
u
u
u
=
u
| L |

[
o
|
|
|

% 2 7 6 8
Lag, h (m)

Figure 4.11: Omnidirectional average sample semivaringrior S5, computed by Eq$.4.22 and

[4.23 using information of all reforming tube pairsSE\‘é7 from the training data.
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Figure 4.12: East-West anisotropic average sample seimgvams fo@7 computed by Eq$. 4.22
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and4.2B using information of the East-West pairs*-ﬁ;lfrom the training data.
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Figure 4.13: North-South anisotropic average sample saioyrams forS'7<7 computed by

Eqs[4.22 and4.23 using information of the North-Southspiaisy, from the training data.
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4.6 Combined model uniting prediction and correction modes

Upon the simultaneous creation of unified prediction modsldiscussed in Sectién 4.4 and cor-
rection models as discussed in Secfion 4.5 for 336 reformibgs from the training data, the
data-driven model for the OTWT distribution, which is a ftino of the FSF distribution and total
FSF flow rate and is also able to account for interactions gnmeighboring reforming tubes, can
be assembled. Initially, the prediction models for 336 meiing tubes are pooled to create the
prediction model for the OTWT distribution, by which the gieted OTWT distribution can be

estimated based on a given FSF distribution and total FSFrétey as follows,

Elwp TRn
/\R 7
Tl n &1 1k'1Lk
TPn KZZWP Thn
2k 12k
2 = & (4.27)
=~Pn Ksse ~
Ta4 Pn
336 kzlwge,ak-rs:sak

Then, the correction models for 336 reforming tubes are@tsted to create the correction model
for the OTWT distribution, by which the corrected OTWT distrition can be estimated based on
the predicted OTWT distribution, as follows,

wi
Pn
~C,n 2 V\fii i
T1 ]
~C wi ~Pn
7n )
T > W5
— ] . (4.28)
=C,n K
T3 W336\AF TPn
% 336 ]

Next, the data-driven model for the OTWT distribution isrfarated as a weighted average of the

prediction and correction models for the OTWT distributasfollows,
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= =Pn
T336 Tase

=C,n
Tl

=C,n
T2

A~

C,n
T336

(4.29)

where the optimal value of® denoted byW’ is selected among the proposed valugg,=

{0.0,0.1,---,1.0} by LOO cross validation, which can be carried out in the saraamar as dis-

cussed in Sectidn 4.4.3. Specifically, the valua/®fn S, that yields the least prediction error for

out-of-sample predictions is considered to be the optiatal
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4.7 Results

The statistical-based model identification approach ageal in this work is structured to be en-
tirely parallelized; specifically, the prediction and amtion models of théh reforming tube can
be derived simultaneously from the training data and inddpaetly of the model-building process
of other reforming tubes. This feature allows the optimal0O parameter and theoretical semi-
variogram model for th&h reforming tube and the optimal weighting factor of the BMA&gicted
estimates to be determined using leave-out-one crossatialig which is expected to improve the
prediction accuracy of the OTWT distribution model for aftsample predictions. We note that
the model-building process for the OTWT of each reformirggtis identically, independently and
simultaneously executed on the shared computing clusté€hA, and therefore, the effectiveness
of the proposed model identification scheme can be demeéedaing results generated from the
model-building process of any reforming tube. In the rerdairof this section, the T reforming
tube is chosen as a representative example because thenmafrable-prediction models with high
goodness of fit (i.e., 4) and the number of predictors (i)@©the 7th OTWT make it possible to
illustrate the effectiveness of the proposed approachewtify the important burners and to allow
the prediction model for the TR OTWT to account for model uncertainty while forecasting in a
concise manner.

The results from LOO cross validation to select the optinadli® ofA;7 (denoted a§77) from
S, are summarized in Fig. 4.14. Specifically, the valué gf controls the model complexity and
goodness of fit as discussed in Secfion 4.4.3 when the spandi@ear regression is formulated
as an L1 penalized optimization problem, which is illusths shown in Fig. 4.14. It is recog-
nized from Fig[ 4.4 that the mean square fitting error ineeavith increasing values %7, and
specifically, the fitting error is the largest at the highesties ofA;7 considered in this work as
low-complexity models are favored, while the fitting errerthe smallest at the lowest value of
A77 as models with high goodness of fit are favored. In additiog,[#£14 reveals that the fitting

error is over-optimistic because it is lower than the mearasegd prediction error for all values of
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A77, and the fitting error should not be used as the metric forcﬁa@in from S, because the
prediction error is not necessarily minimized at the valti2-6 which minimizes the fitting error.
Specifically, Fig[4.14 indicates that &i7=0.4, the prediction error is minimized, which suggests

that the optimal value of77is 0.4, i.e.,

A77=0.4, (4.30)

Thereafterﬁn is used as the LASSO parameter of the sparse nonlinear segr€gq[4.2D) in the
prediction step algorithm, by which the prediction modeltlee dependence of the tWOTWT
on the FSF distribution and total FSF flow rate is derived ftbm complete training data. It is
found that this procedure generates four nested sub-pi@dimodels of the 7th reforming tube,
which together represent the prediction model for thdn T&orming tube. The four sub-prediction
models of the 7th reforming tube, each of which can be used to estimate the @TWT based

on a given FSF distribution and total FSF flow rate, are as\i|
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T/} =13470y/FlL + 225495/ F, + 14173{/Fl} + 23428/Ff; (4.31a)
+2.54exp(Fly) +3.17 exp(F{b) + 14.45 exp(Fly) + 34815

Trvp =5180/FlL +13161/F} + 177.63¢/Ffy + 13487/F] (4.31b)
+179403/FJ + 66.49/F3, + 10.94 exp(F{}) + 1.17 exp(F{y)
+0.64 exp(F{y) + 6.22 exp(F3,) + 34815

oy =61.268/FL+125228/F[ + 16656{’/?{‘94— 12522%/FL, (4.31c)
+16656/FJ; 4+ 60.01¢/Fl, + 37.83¢/Fi5 + 5.40 exp(F{y)
+6.39exp(Flb) +6.63exp(Fi}) + 34815

oy =6148/FIL+120028/Fy + 175728/ Ffy + 12002{/Ffy (4.31d)
+17572%/F] +69.045/FL, + 21.96/Ff%, + 10.00 exp(F{x)

+8.43exp(Fjy) + 34815,

At glance, the four sub-prediction models successfullypaantfor the reformer geometry (i.e., the
reforming tube and burner arrangement) as only the parasnassociated with burners that are
situated nearby the i reforming tube are nonzero and also obey the inverse scaar®ft ther-
mal radiation as the parameters associated with burnarathaloser to the i reforming tube
are larger. The distance between each predictor of the @TWT and the 7t reforming tube

is detailed in Table 4]l1. On closer inspection, it is recagdithat out of the eight transformation
functions (Eq[5.2) proposed in the development of the spaoslinear regression, only the pa-
rameters associated with the quint root and exponentiatiums are nonzero, and the parameters
associated with the quint root function are noticeablydathan those associated with the exponen-
tial function (EqL4.31L). We speculate that the use of theagptial function in the sub-prediction
models by the sparse nonlinear regression is because thiagrdata might have suggested that

the predictors located further away from thefrreforming tube have higher impacts on thety7
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Table 4.1: Distance from burners $r to the 7Th reforming tube

Burner ID | Distance (m)

1%h 1.08
31st 1.08
18h 1.44
3Gh 1.44
32nd 2.32
17th 2.36
43rd 3.21
15h 5.24

OTWT than we previously expect (Eq. 4.21b). This analysigaés the underlying function that
governs the relationship between tha y©TWT and FSF flow rates of its predictors.Next, the
prediction model is created as the weighted average of tivesiadb-prediction models of the v

reforming tube using Bayesian model averaging as follows,

T3 = 0.01T, +0.23753, + 0.29T7 + 0.47T,7, (4.32)

where the weighting factor associated with each sub-ptiedienodel indicates the level of sup-
porting evidence given by the training data. Then, the ingidlata are used to evaluate the resub-
stitution accuracy of the prediction model for thetlf feforming tube. The comparison between
reformer data from the training data and BMA predicted estés generated from the prediction
model (Eq[4.3R) is shown in Figs. 4]15 dnd 4.17, and the sparding residual plot is shown in
Fig.[4.16. Specifically, Fig. 4.16 shows that the maximum awerage residuals are 2.54 K and
—0.01 K, respectively, and Fig. 4117 shows that all plotteith{scare close to the diagonal line with
the slope of 1 and y-intercept of zero. Therefore, Higs.|#TE and 4.17 show that the prediction
model for the 7¥h reforming tube has a high goodness of fit and provides an lextelescription
for the dependence of theth/OTWT on the FSF distribution and total FSF flow rate.

Next, the results from LOO cross validation, which allow thesst theoretical semivariogram
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Figure 4.14: Summary of LOO cross validation for selecting optimal value ofA77 from S,
in which the mean squared prediction errors are denoteddwrtipty red circles and the mean

squared fitting errors are denoted by the filled black squares

model (denoted ag;-) to be selected among the linear omnidirectional, linedsaropic, expo-
nential omnidirectional, and exponential anisotropi®tietical semivariogram models so that the
spatial correlation among neighboring reforming tubes'ﬁfcan be described with adequate accu-
racy, are summarized in Fig. 4118. It is noted from Eig. ¥t the correction models for theth7
reforming tube created in LOO cross validation using thedimomnidirectional theoretical semi-
variogram model yield the smallest mean squared predieticor for out-of-sample predictions,
and therefore);, is assumed to be the linear omnidirectional theoreticalismingram model.
Thereafterys- is used as the predetermined theoretical semivariogranehmothe correction step
algorithm, by which the correction model for thetl@#eforming tube is derived from the com-
plete training data as shown in Tablel4.2. Tablé 4.2 showsxpected trend in spatial modeling,
i.e., as the distance between a neighbor arth /&forming tube increases, their OTWT values

becomes less correlated. Then, the training data are usadlitate the resubstitution accuracy of
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Figure 4.15: Comparison of the fvOTWT between reformer CFD data from the training data

and BMA predicted estimates generated from the predictiodehfor the 77h reforming tube.

the correction model for the Tireforming tube. The comparison between reformer data fram t

training data and corrected estimates generated from tiheated model (Table_4.2) is shown in

Figs.[4.19 an@4.21; the corresponding residual plot is shiowrig.[4.20. Specifically, Fig. 4.20

shows that the maximum and average residuals are 1.63 kand K, respectively, and Fig. 421

shows that all plotted points are close to the diagonal lifth the slope of 1 and y-intercept of

zero. Therefore, Figé. 418, 4]20 dnd 4.21 show that thecton model for the #h reforming

tube has a high goodness of fit and provides an excellentigésaorof the 77h OTWT by using

information of the neighbors.
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Figure 4.16: Residuals between reformer CFD data from thiaitg data and BMA predicted

estimates generated from the prediction model for thé m@forming tube.
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Figure 4.18: A plot of the mean squared prediction error @ased with each of the four theo-
retical semivariogram models considered in e LOO croBdatéon to select the best theoretical
semivariogram to model the spatial correlation among reiiag tubes in thes%,. The values on

the horizontal axis, i.e., 0, 1, 2, and 3, correspond to theali omnidirectional, linear anisotropic,
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Figure 4.17: Reformer CFD data from the training data veBM# predicted estimates generated

from the prediction model for the reforming tube scatter plots.
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Figure 4.19: Comparison of the fvOTWT between reformer CFD data from the training data

and corrected estimates generated from the correctionlfaydbe 77h reforming tube.
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Figure 4.20: Residuals between reformer CFD data from #ieirg data and corrected estimates

generated from the correction model of thelvieforming tube.
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Figure 4.21: Reformer CFD data from the training data vecsugected estimates generated from

the correction model for the T reforming tube scatter plots.
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Table 4.2: Lags, Kriging weights, and directionality ofaehing tubes used in the weighted aver-

age correction step in calculating thee FDTWT.

Reforming tube ID| Lag (m) | Kriging weight | Directionality
29 2.13 0.03 Eastward

74 0.84 0.06 Northward
75 0.56 0.13 Northward
76 0.28 0.29 Northward
78 0.28 0.30 Southward
79 0.56 0.15 Southward
80 1.60 0.03 Southward
125 2.13 0.03 Westward

The results from LOO cross validation to select the optimeighting factor for the BMA
predicted estimates fro®, are summarized in Fig. 4.P2. It is noted from Fig. 4.22 thatfitling
error decreases with increasing valuesabf and specifically, the fitting error is at its smallest
when the value of” becomes 1, which implies that estimates of the OTWT distidgimare based
entirely on the prediction model for the OTWT distributiomhile the fitting error is the largest
when the value of” becomes 0, which implies that estimates of the OTWT distidiuare based
entirely on the correction model for the OTWT distributidrhis observation is expected because
the correction model for the OTWT distribution is derivedrfr the training data, which allows
it to have realistic knowledge about spatial correlatioroaghneighboring reforming tubes so
that the overall predictability performance of the datein model for the OTWT distribution
for out-of-sample predictions can be improved. Fig. #.2&destrates the necessity of using the
correction model for the OTWT distribution, and specifigalhe prediction error is minimized at
wP=0.9, which suggests that the correction model for the OT\WéTrilution improves the out-of-

sample predictive performance of the data-driven modehielOTWT distribution. Subsequently,
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the prediction models and correction models for 336 refagrubes derived from the complete
training data and the optimal value of are used to formulate the data-driven model for the
OTWT distribution. We note that the model for the OTWT distiion depicts a multiple-input
multiple-output (MIMO) system and is composed of 336 alg&bequations, which can be solved
instantaneously on a standard compute node on a shared togpluster at UCLA (i.e., the
Hoffman2 cluster). Then, the training data are used to ewalthe resubstitution accuracy of
the data-driven model for the OTWT distribution. The conmgam between reformer data from
the training data and estimates generated from the datardmodel for the OTWT distribution
is shown in Figs[ 4.234.24 and Tablé 413. Fig. 4.23 provides a descriptive coraparof the
maximum, average and minimum OTWT in each pair of data setgda®m reformer CFD data in
the training data and estimates generated from the datardmodel for the OTWT distribution,
Fig.[4.24 provides a visual comparison of the OTWT distitnutcontour map between theh7
data set in the training data and its corresponding estigerterated from the data-driven model
for the OTWT distribution, and Table 4.3 provides an analgdithe deviations between reformer
CFD data in the training data and estimates generated frerdata-driven model for the OTWT
distribution. Itis noted that the contour maps shown in[Eig4 created from thetid data set in the
training data and its corresponding estimate generatedl tihe data-driven model for the OTWT
distribution are nearly identical. Specifically, the mawim, minimum and average OTWT of the
estimated OTWT distribution are adequately close to thoshe reformer CFD data as shown
in Fig.[4.23, and the maximum and average deviations betweepair as shown in Table 4.3
are 5.6 K and 1.4 K, respectively, with the standard dewatibl.1 K which is approximately
0.1% of the average OTWT in this reformer data. This evidandecates that theth OTWT
distribution generated by the data-driven model is an ateuepresentation of the corresponding
reformer CFD data. In addition, similar conclusions can kmwh from Fig[4.28 and Table 4.3
for other data sets in the training data. Therefore, it candmeluded that the data-driven model
for the OTWT distribution has a high goodness of fit and presidn excellent description for the

dependence of the OTWT distribution on the FSF distribytiotal FSF flow rate and interactions
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among neighboring reforming tubes.
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Figure 4.22: Summary of LOO cross validation for selecting tptimal value ofv” from S,
in which the mean squared prediction errors are denoteddwrtipty red circles and the mean

squared fitting errors are denoted by the filled black squares

Finally, the unbiased testing data are used to evaluateuthefesample predictive performance
of the data-driven model for the OTWT distribution geneddtem the proposed integrated model
identification scheme. The comparison between reformer fdain the testing data and estimates
generated from the data-driven model for the OTWT distidsuts shown in Fig[ '4.25 and Ta-
ble[4.4. Fig[4.2b provides a descriptive comparison of tleimum, average and minimum
OTWTs in each pair of data sets between reformer CFD dataitesting data and estimates gen-
erated from the data-driven model for the OTWT distributiand Tablé 4]4 provides an analysis
of the deviations between reformer CFD data in the testing dad estimates generated from the
data-driven model for the OTWT distribution. Specificatlye maximum, minimum and average
OTWT of the estimated OTWT distributions are consistenhwhiose in the reformer CFD data as

shown in Fig[4.25 and the maximum, average and standardtaeviof the differences between
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Table 4.3: Analysis of the deviations between reformer CBRia ¢h the training data and estimates

generated from the data-driven model for the OTWT distrdyut

Idnaizxszl,: (AT>max K (AT)ave K| oaT K
1 8.9 2.1 2.5
2 8.1 1.8 1.9
3 18.5 2.2 7.2
4 7.3 15 1.9
5 6.7 1.1 1.1
6 6.9 1.1 1.1
7 5.6 14 1.1
8 8.1 1.6 2.2
9 7.3 0.9 0.9
10 7.3 1.1 1.0
11 7.5 2.0 2.7
12 7.2 1.3 2.0
13 8.5 1.9 1.6
14 7.7 14 1.1
15 2.6 0.7 0.3
16 12.7 2.2 6.1
17 7.2 1.3 1.2
18 8.2 1.0 1.6
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Figure 4.23: Comparison of the maximuby), average Tave) and minimum Tpnin) OTWTs

in each pair of data sets between reformer CFD data in theingadata, which are represented

by the filled black symbols, and estimates generated frond#ta-driven model for the OTWT

distribution, which are represented by the empty red symbol

the pairs as shown in Talile 4.3 are nearly negligible contitarthe corresponding average OTWT

in each data set. It is noted that the maximum, average andathdeviation of the differences

in the OTWT distributions between the reformer CFD data atoh@tes generated from the data-

driven model for the OTWT distribution in Table 4.3 and TdBld are similar. Therefore, it can

be concluded that the data-driven model for the OTWT distiiim also has a high out-of-sample

prediction performance and provides an excellent desonipor the dependence of the OTWT dis-

tribution on the FSF distribution, total FSF flow rate ane@nattions among neighboring reforming

tubes.
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Figure 4.24: Comparison of the OTWT distributions betwédenth data set in the training data (a)

and its corresponding estimate generated from the datardmodel for the OTWT distribution

(b). In Fig.[4.24, the layout of 336 reforming tubes in theorefer is represented by a table

consisting of 336 rectangular cells, in which each cell egponds to a unique reforming tube in

the reformer, i.e., a cell at the bottom right corner of tHa#d¢aepresents the #8reforming tube

in the reformer as shown in Fig. 5.2.

Table 4.4: Analysis of the deviations between reformer CREadh the testing data and estimates

generated from the data-driven model for the OTWT distrdyut

Index of

data set (AT)max K (AT)ave K| oar K
19 8.2 1.6 2.3
20 5.7 0.7 0.6
21 4.3 14 1.0
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Figure 4.25: Comparison of the maximuiingy), average Tave) and minimum Tin) OTWTs
in each pair of data sets between reformer CFD data in thingedaita, which are represented
by the filled black symbols, and estimates generated frond#ta-driven model for the OTWT

distribution, which are represented by the empty red symbol
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4.8 Conclusion

The present work developed an integrated model identificacheme that was able to derive a
high-fidelity model for the dependence of the OTWT distribaton the FSF distribution, total
FSF flow rate and interactions among neighboring reformuiges from the reformer data. To
this end, a high-fidelity reformer CFD model that had beerettgyed and rigorously validated by
typical plant data from the SMR literature and actual platadrom our third-party collaborator
in our previous work was utilized to facilitate the genevatof the reformer database, which was
split into the training and testing data. Then, we used Bayegriable selection, Bayesian model
averaging, the BIC approximation, sparse nonlinear regyasand theories of thermal radiation to
develop the prediction step algorithm in the integrated eh@dentification, from which the pre-
diction model for the OTWT distribution that estimated agicted OTWT distribution based on a
FSF distribution and total FSF flow rate was generated usiadraining data. Next, we used ordi-
nary Kriging to develop the correction step algorithm in thiegrated model identification, from
which the correction model for the OTWT distribution thatiesited a corrected OTWT distribu-
tion based on a predicted OTWT distribution was derivedgi$iire training data. Thereafter, we
created the data-driven model for the OTWT distribution agegyhted average of the prediction
and correction models previously derived from data.

One of our primary interests regarding this work is integigit in the development of an
on-line robust furnace balancing optimizer, which seascdloe the optimized valve distribution
to deliver an optimized FSF distribution and total FSF flover@ improve the reformer thermal
efficiency and compensate for impacts of disturbances ometioemer efficiency. Therefore, it
was important that the integrated model identification sehés computationally efficient so that
the optimized FSF distribution and total FSF flow rate can ftoenptly generated to prevent dis-
turbances from damaging reforming tubes and reducing tieenner service life. In this effort,
the prediction and correction steps were structured to beegnparallelized; specifically, the pre-

diction and correction models of 336 reforming tubes cowdlbrived simultaneously from the
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training data and independently of one another. This feallowed the optimal LASSO parame-
ter and the most suited theoretical semivariogram modeddch reforming tube, and the optimal
weighting factor of the prediction estimates to be deteadinsing leave-out-one cross validation,
which was demonstrated to improve the prediction perfogearf the data-driven model for the
OTWT distribution. Finally, the results from the goodned<it and out-of-sample prediction tests
of the data-driven model for the OTWT distribution geneddr®m the integrated model identifi-
cation scheme demonstrated the high effectiveness of thiosh@roposed in this work. In future
work, the integrated model identification scheme can be tesddvelop an advanced furnace bal-
ancing scheme that simultaneously optimizes the FSF lligtoin and maximizes the total FSF
flow rate to decrease the degree of temperature nonunifpmside the reformer and to increase
the reformer efficiency without damaging the reforming sibed reducing the reformer service
life. The ability to adjust the total mass flow rate for the aleed furnace balancing scheme is
of special interest for the hydrogen manufacturing indua$ it can potentially lead to substantial

savings in the re-tubing cost of a reformer.

179



Chapter 5

Real-time Furnace Balancing for Steam

Methane Reforming Furnace

5.1 Introduction

In Chapter$ 2,13 and 4, the inherent variation in the outee tubll temperature (OTWT) distri-
bution, its negative impacts on the reformer thermal efficjeand its mitigation strategies have
been the central theme of this dissertation because it @osegor challenge in the estimation of
the optimized total furnace-side feed (FSF) flow rate dubediigh risk of accelerating the degra-
dation of the microstructure of the reforming tube wall. 8peally, the maximum OTWT along
the reforming tube length among all reforming tubes in thiermer operated under a suboptimal
fuel distribution can be higher than that in a reformer oftainder an optimized fuel distribution
with the same total fuel flow rate (Chapidr 3). Consequettily,optimized FSF flow rate may
not be implemented without the proper distribution of théirajzed total fuel flow rate, and the
SMR-based hydrogen plant throughput is compromised tanréta reformer service life and to
reduce the risk of suffering substantial capital and prtidndosses.

In addition to the challenges associated with the estimatiohe optimized firing rate imposed

by the physical limitation of the reforming tube wall matdiand the inherent nonuniformity in the
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OTWT distributions, the unstudied dynamic response of &fi@rmer under load alterations poses
an additional challenge in the implementation of the optedifiring rate due to the sensitivity of
the reforming tube service life to the operating tempemtuBpecifically, it is believed that the
furnace-side temperature is expected to increase imnedgliatresponse to a positive step change
in the total fuel flow rate due to the rapid combustion of then&ce-side fuel coupled with fast
thermal radiative heat transfer in the high temperaturebrmtion chamber. However, it remains
unclear that if the additional fired duty can be transferethétube-side flow at a sufficient over-
all rate that would prevent the OTWTs from exceeding theeeBye steady-state values due to
the thermal resistance of the nickel-based catalyst gelidtich are made from an alumina oxide
ceramic material with relatively low thermal conductiviths a result, there is a possibility that
a large positive step change in the total fuel flow rate desgigio achieve the optimized firing
rate may cause the OTWTs of some reforming tubes to tempoexteed its design tempera-
ture causing the degradation of the microstructure of tfermang tube wall to accelerate, which
leads to premature failure of the reformer. Hence, desggairobust systematic operating method
(i.e., the furnace-balancing scheme) that identifies thienigeed firing rate and the corresponding
strategic implementation of the maximum total fuel flow raithout accelerating the degradation
of the microstructure of the reforming tube wall is of gre#erest to the hydrogen manufacturing
industry.

Motivated by this, the present work utilizes a statistisabed model identification and the
furnace-balancing framework to design a real-time robustdce-balancing scheme that simul-
taneously identifies the optimized total fuel flow rate arsdcibrresponding optimized valve dis-
tribution such that the reformer throughput is maximizedhwi the physical limitation of the
reforming tube wall material. Subsequently, the work méf the high-fidelity computational fluid
dynamic (CFD) model for the reformer to investigate the ud&td dynamic response of the re-
former during load alterations to propose a strategic imgletation of the optimized total fuel
flow rate without causing additional damage to the refornuiges in the process. The remainder

of this manuscript is structured as follows: Section 5.2pms a high-level description of the
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furnace-balancing scheme of which the major componentstanidasic workflow are introduced,
Section 5.B details the development of the reformer CFD in@ieapter 2) to justify using the
reformer CFD model to represent the on-line reformer at t&$ased hydrogen facility, Sec-
tions[5.4 and 515 present the key findings, features and daijestof the statistical-based model
identification (Chaptdrl4) and the valve-to-flow-rate catee(Chaptef3) to highlight their utili-
ties for real-time optimization of the reformer to improvetplant-wise energy efficiency and to
reject operational disturbances associated with flow cbrtlves, Sectioh 516 introduces read-
ers to the development of a sequential workflow that aimsdcease the reformer throughput by
maximizing the total fuel flow rate, i.e., the reformer firirefe, without sacrificing the reformer
service life in the process, and Section 5.7 addresses thputational challenges associated with
the steady-state and transient simulations of the refokd model and the derivation of the
data-driven model for the OTWT distribution to emphasize ithportance of parallel computing
for the purpose of determining the optimized reformer fuglut in real-time using the proposed
approach. Finally, in Sectidn 5.8, the goodness-of-fit efdata-driven model for the OTWT dis-
tribution is evaluated to justify the use of the model in tegelopment of the balancing procedure,
the dynamic response of the reformer to two determiniséip shanges in the total fuel flow rate
from its nominal value is analyzed to design an approprittgegy to implement the optimized
firing rate estimated by the balancing procedure, and thfeqmeance of the furnace-balancing is

presented to demonstrate the effectiveness of the propggedach.
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5.2 Overview of the furnace-balancing scheme

In the present work, the integrated furnace-balancingreehinat simultaneously calculates the
maximum total fuel mass flow rate and the corresponding opéichvalve distribution (which
together are referred to as the optimized reformer fueltyiguch that the conversion of methane
via SMR is maximized, and the maximum OTWT along the refogminbe length among all
reforming tubes is strictly less than its design tempeeataravoid causing the reforming tubes to
fail prematurely is presented for the first time. To this ehd,framework for the furnace-balancing
scheme that was proposed in Chapier 3, which was used toerésleitemperature nonuniformity
inside the combustion chamber at the fixed nominal totalffael rate, is utilized in this work. The
furnace-balancing scheme is redesigned as shown in_Rigvbith makes use of the statistical-
based model identification, the valve-to-flow-rate coraethe balancing procedure and the high-
fidelity reformer CFD model. Initially, it begins with theattstical-based model identification
to derive the data-driven model for the OTWT distributioarfr the reformer database. Next, it
integrates the most up-to-date data-driven model in thanoatg procedure to find the optimized
reformer fuel input that abides the aforementioned opamati specifications. Subsequently, it
implements the optimized reformer fuel input as the burmamidary conditions of the reformer
CFD model using the strategy designed from the investigatiothe transient response of the
reformer during load alterations (presented in Sedtior?}.8n the remainder of this manuscript,
the key developments and features of our previous work wiltdvisited in Sectiorls 5.8, 5.4 and
in an effort to provide readers with sufficient backgmbiand the development of the balancing

procedure will be detailed at great length in Section 5.6Herpurpose of clarity.
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Figure 5.1: Flowchart of the furnace-balancing scheme.
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5.3 Reformer CFD model

The high-fidelity reformer CFD model that was first proposed57] and further developed in
Chaptei B is a key component of the furnace-balancing sclamés used to represent the on-
line reformer at a commercial SMR-based hydrogen plants @ssumption will be justified by
examining the geometry, mesh and development of the refo@RB model.

The geometry of the reformer CFD model is drawn with a 3D comapaided design tool and
based on the blueprint of the physical counterpart so titahitains all of the important features of
the on-line reformer, i.e., seven rows of 48 12.5-m longnrefag tubes, six rows of 12 inner-lane
burners, two rows of 12 outer-lane burners and eight el@tgfitie-gas tunnels with extraction
ports. Indeed, the reformer geometry as shown in[Eig. 5.wately depicts a 16 m x 16 m x
13 m hydrogen producing unit at the SMR-based hydrogen plReiaders with interest in the
structural design and detailed layout of the reformer awésad to study our previous work ([57]).

In addition to the accurate representation of the reforneentetry, the mesh of the reformer
CFD model was well crafted. Specifically, during the deveigphase of the reformer model (]57])
the generation of the reformer mesh was prioritized becacseracy of converged solutions gen-
erated by CFD models depends on the mesh quality. For exam@&D model created from
an insufficiently dense and poor quality mesh is expectedeiol ynaccurate or even unphysical
solutions, and it is also expected to require a higher coatjmunal cost compared to CFD models
built from a high quality mesh at the same resolution.[In [5v& initially provided an in-depth
review of two different mesh generation procedures, in Whieir advantages and disadvantages
were studied under the same premise using the reformer ggommased on which we concluded
that the multi-block structured hexahedral mesh genaratiocedure was more appropriate. Then,
we used ANSYS ICEM to create the hexahedral reformer mesiwisicharacterized to have an
acceptable mesh quality. In particular, the reformer meshthe high averaged orthogonal factor
and low averaged ortho skew, which indicate that the meslalsasall number of distorted cells,

and the reformer mesh also has the in-range minimum ortradactor, in-range max ortho skew
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and in-range max aspect ratio, which indicate that the desdacells in the reformer mesh are not
expected to cause convergence difficulties. Finally, weexhiout a grid-independent study, and
we found that the reformer mesh consisting~@f1 million cells allows the reformer CFD model
to produce grid-independent solutions. We note that readbo are interested in our rationale for
using the multi-block structured hexahedral mesh germratiocedure and additional descriptions
of the reformer mesh are advised to study our previous w&K Chaptel B).

Furthermore, we tailored the ANSYS Fluent model to simutaéeknown transport phenom-
ena and chemical reactions associated with SMR and the@w@ibastion process as noted in Sec-
tion[5.1. Specifically, the effects of turbulence in the fage-side flow on the transport phenomena,
chemical reactions and transport variables associatédetair-combustion process are modeled
by the Reynolds-averaged Navier-Stokes (RANS) and Boesgihypothesis using the standard
k — € model coupled with the enhanced wall treatment (EWT) fuorctiWe note that the use of
the EWT function in the turbulence model has been shown taakgthe accuracy of CFD so-
lutions in the near-wall regions for low-Reynolds numbershes. The air-combustion process
is modeled by adding source terms in the convective-difuspecies material balances, which
are computed using the premixed combustion assumptiorgltioal kinetic model of methane-
air combustion ([46]), the global kinetic model of hydroe@n combustion ([5]) and the finite
rate/eddy dissipation (FR/ED) turbulence-chemistryraatéon model. Thermal radiative heat
transfer within the furnace side between outer walls ofmrafog tubes, walls of the flue-gas tun-
nels, refractory walls of the combustion chamber and thesfce-side flow is modeled by adding a
source term in the convective-diffusive energy balanceclwis computed by the discrete ordinate
method, temperature-independent wall emissivity coeffits and the thermal absorptivity of the
furnace-side flow. In addition, the thermal absorptivitytloé furnace-side flow in the reformer
CFD model is assumed to be temperature dependent and mdxjetlee empirical correlation of
the furnace-side thermal emissivity ([43]), Lambert Bedaw and Kirchoff’'s law. In the tube
side, the effects of turbulence in the tube-side flow on thiegport phenomena, chemical reactions

and transport variables associated with SMR are also madbgiehe RANS and Boussinesq hy-
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pothesis using the standatd- € model with the EWT function. The reforming tubes are modeled
by the pseudo-homogeneous reactor model, i.e., a contirmmoach in which the solid phase
is not explicitly modeled and is assumed to co-exist in thareguilibrium with the fluid phase
throughout the reactor volume, using the ANSYS Fluent psmane function with a void frac-
tion factor of 0.609. The reforming tube wall is modeled bg thin wall model ([34]). SMR is
modeled by adding source terms in the convective-diffuspecies material balances, which are
computed using the global kinetic model of SMR ([64]), the/[ER model, the catalyst packing
factor and the effectiveness factor. We note that the udeecéffectiveness factor is critical for ac-
curate simulations of the methane conversion via SMR bedaaiows the effects of the external
mass transfer limitation (as superheated steam and methastde transferred from the tube-side
bulk flow to the external surface of the catalyst pellets) iatelnal mass transfer limitation (as the
reactants must diffuse through the support material taré&ae metal active site) on the chemical
reaction rates associated with SMR to be simulated. In @aadiphysical and chemical proper-
ties of tube-side and furnace-side species are imported AbNSYS Fluent database, based on
which properties of the furnace-side and tube-side flowsaneputed using appropriate models.
For instance, the molecular thermal conductivities andewdhr viscosities of the furnace-side
and tube-side flows are calculated using ideal-gas mixiwg\waile the diffusion coefficients of
the furnace-side and tube-side flows are calculated usagittetic theory. Moreover, reforming
tubes, catalyst pellets, walls of the combustion chambmasaalls of the flue-gas tunnels are as-
sumed to be made of appropriate materials and are encodghyailcal properties (e.g., density,
thermal conductivity, specific heat capacity and emisgiwdefficient) reported in the SMR liter-
ature. For example, reforming tubes are typically made foast creep resistant austenitic steel
HP grade, and its catalyst pellets are typically made frockelibased catalyst dispersed in alpha
alumina support. Readers who are interested in our ragsrial the proposed modeling strategies
for the reformer CFD model, the two-step converging strategd the data collecting procedure
are recommended to study our previous workl([57]).

The steady-state simulation results generated by themefo€FD model, whose boundary
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conditions are modified based on an operating informatiothefon-line reformer provided by
our third party industry collaborator, have been shown tedesistent with typical plant data in
the SMR literature and with the plant historian data. Thenesfthe reformer CFD model can
adequately represent the on-line unit, and simulationltegenerated by the reformer model,
whose boundary conditions are modified based on varyingdiséibutions and total fuel flow
rates, can be considered to be reliable estimates of thé gdda obtained from the on-line unit
at equivalent operating conditions. As a result, it is reakde to use the reformer CFD model
to represent the on-line reformer, so that it can be usedittyghe transient response of the on-
line reformer when the total fuel flow rate is increased andeimonstrate the effectiveness of the
integrated furnace-balancing scheme.

It is worth noting that at the commercial-scale SMR-basedrbgen plant, the inputs to the
furnace side of the reformer are regulated by a system of flaviral valves, OTWTs at a finite
locations along the reforming tubes inside the furnace argirmuously monitored by a system
of infrared cameras through peepholes, the synthesis gapasition can be sampled, and the
historian data of the on-line reformer are well documentBaderefore, in an effort to simulate a
realistic on-site investigation we assume that we havessdogthe historian data, i.e., the reformer
database, which can be reasonably assumed to be a colle€samulation results generated by
the reformer model. In this study, the reformer databasepsifated with 26 steady-state solutions
generated by the reformer CFD model under 26 different neéorfuel inputs ([56, 57]). For each
data point, only information about the valve positions éflalv control valves, the total fuel flow
rate, the fuel flow rates of all burners, the composition efskinthesis gas and the OTWTs of all
reforming tubes at a distance 6.5 m away from the reformeingewill be utilized, so that the
reformer database and the historian plant data collected the on-line reformer at the SMR-
based hydrogen plant are essentially equivalent. Themefiodatabase will be utilized extensively
by the statistical-based model identification to createramdationally efficient data-driven model
for the reformer controlled variables (i.e., the OTWT dkaition) as a function of the reformer

manipulated inputs (i.e., the flow control valve distrilnutiand the total fuel flow rate), which will
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be detailed in the upcoming section.

8th flue-gas tunnel 48th reforming tube

Figure 5.2: Isometric view of the reformer in which the rigimd back refractory walls are made
transparent to display the interior components. The redorimcludes 336 reforming tubes (rep-
resented by 336 cylinders), 96 burners (represented byud6ufn cones), and 8 flue-gas tunnels

(represented by 8 rectangular intrusions).
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5.4 Statistical-based model identification

The statistical-based model identification that was predas Chaptelrl4 is a key component of the
furnace-balancing scheme and is used to create a commatihyiefficient data-driven model for
the OTWT distribution as a function of the flow control valvstdbution and the total fuel flow
rate from the reformer database in an effort to find the oihireformer fuel input in real-time.
The model identification is designed to simultaneously eteetwo model building processes for
each OTWT, i.e., the prediction and correction steps, whrelate two corresponding data-driven
models, namely, the prediction and correction models g&sgely. As a result, the prediction and
correction estimates of theh OTWT are computed based on the fuel flow rate distribution and
based on the OTWTs of the nearby reforming tubes, respéctive

It is important to note that although the reformer has 9Gmtisturners, we have found that
the OTWT of thath reforming tube depends primarily on the fuel flow rates ofrtharby burners.
This is because more than 95% of the energy absorbed by tiveniafy tubes is transferred to the
outer tube walls by thermal radiation (|58, 47]), while thénsity of thermal radiation decreases
with increasing distance between the heat source (i.ehuh®ers) and the heat sink (i.e., the re-
forming tubes). Therefore, the model building process/ieitth prediction model is designed to
iteratively screen for the important predictors for ttleOTWT using Bayesian variable selection,
Occam’s window, sparse non-linear regression with 11 foarmsation functions, Bayesian infor-
mation criterion (BIC) and a first-principles model for theal radiation. In addition, the model
building process is designed to keep tabs on all sub-predintodels for theth OTWT (which are
defined as the data-driven models derived for the purposgeésing for the important predictors)
with high goodness of fit, each of which is expected to adexiyiaixplain the non-linearity in the

dependence of theh OTWT on its predictors and can be expressed as follows,

~Pn = =kg =2n
g=

« ) +ak (5.1)
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whereﬁi” is an estimate of theh OTWT computed from th&th sub-prediction model for the
ith OTWT (Mif’k) and thenth fuel distribution ﬁ”), S<R and fg(-) are the set of predictors and
the gth transformation function used in the identificationl‘«tbif’k by sparse non-linear regression,

respectively,l?” o is the reduced-orderthfuel distribution such that it only retains the fuel flow
R

. kg : .
rates of burners associated willy, d; is the estimated parameter vector correspondinfy (o
in MF, andaX is the estimated ambient temperatureMfi. The 11 transformation functions in
sparse non-linear regression are designed to be nonnegativotonically increasing functions as

follows,

f1 (En> = [F{,Fg, - Foyl" (5.2a)
R (F7) = [N D2, (R (5.20)
fo (F") = [(FD%. R0, (R (520
u(F7) = [F0 R fra]| (5.2d)
fo (,E’n> _ \3/|:71n, YFD,- ,\S/@:T (5.2e)
to (F) = [/F. /F. ifFg)| (5.2f)
fr (F°) = [/F7 /F. . ifF]| (5.29)
fo (F™) = lexp(FY) . xp(F3). - .exp(Fip)]" (5.21)
fo (F") = [9/FR /L. ] (5.2i)
fao (") = [/FT. WFD.--, /ra] (5.2))

(
fa (F") = [ /0 /F0- ¥/Rg (5.2k)

which is inspired by the observed response ofith@©TWT to varying reformer fuel inputs. For
examples, when the fuel flow rates of the predictors foitth©@ TWT are increased, theh OTWT
increases. Furthermore, three additional transformdtiontions (Eqs.[5.2], 5.pj arld 5.2k) are

incorporated into the library proposed in Chapfer 4 (Eq8255.21) to improve the goodness of
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fit and forecasting accuracy of tité prediction model for a wider range of reformer fuel inputs. |
an effort to prevent presumptuous bias from being introdulc¢he derivation of th@éh prediction
model by our arbitrary choice of the hyperparameter (i.AS80 parameter) of sparse non-linear
regression, cross-validation methods are used to seledptimized LASSO parameter based on
the reformer database. Specifically, Secfion 5.8.1 will olestrate the importance of using the
optimized LASSO parameter by showing that a LASSO parantetger than the optimized value
allows the model building process to favor underfitting guediction models, while a LASSO
parameter smaller than the optimized value allows the miadi&ding process to favor overfitting
sub-prediction models. Subsequently, instead of tredatiagbest” sub-prediction model derived
from the complete set of important predictors as itteprediction model, the prediction step
combines théh sub-prediction models with high goodness of fit to derivath@rediction model
using Bayesian model averaging (BMA) and BIC in an effort¢oaunt for uncertainty in model
selection ([25]). Specifically, thith prediction modell(/lip) is formulated as the weighted sum of

theith sub-prediction models as follows,

K; "
T = Y Wi T (5.3)
k=1

Where'fip’” is the prediction estimate of thign OTWT computed frorrlvliF> andF™, K is the number
of sub-prediction models with high model goodness of fit fegith OTWT andwﬁ’k is the BMA
weighting factor oi\/lfk. Then, a collection of all prediction models arranged insgeading order
of reforming tube IDs is used to define the prediction modeliie OTWT distribution ¥7) as

follows,

+=Pn
Tl ’

5 "

e (5.4)
T336
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where?R” is the prediction estimate of the OTWT distribution compliirem MP and Fn,

In Chaptef #, we have recognized that OTWTSs of neighborifigmang tubes are spatially cor-
related. Therefore, the model building process foritheorrection model is designed to compute
the sample correlation (i.e., the sample semivariograme)g the OTWTSs of the reforming tubes
in a sufficiently large, predefined neighborhood from themefer database using the classical es-
timator. Then, a theoretical semivariogram model is fittaddal on the sample semivariograms
using the method of weighted least squares|([10]). In arrteffqorevent presumptuous bias from
being introduced in the derivation of thig correction model by an ad-hoc and subjective eye-
balling approach to select the theoretical semivariogrardet) cross-validation methods are used
to select the optimized theoretical semivariogram modwhfa collection of four potential mod-
els proposed in Chaptel 4. Then, the model building procsss the theoretical semivariogram
model to derive thath correction model using ordinary Kriging modeling. Speaeilig, the ith
correction modell(/lic) is formulated as the weighted sum of prediction estimat€¥I&VTs in the
ith Kriging neighborhood (denoted atszﬁ), which contain at most three nearest northward, one
nearest eastward, three nearest southward and one neaséstwd neighbors of thth reforming

tube, as follows,

w
TN 3 W 69
J

Where'fic’” is a correction estimate of theh OTWT computed frorri\/liC and the prediction es-
timates of OTWTs inWiK ('IA'jP’”), and\/\iFj is the Kriging weighting factor corresponding fth
reforming tube. Then, a collection of all correction mod&isanged in an ascending order of re-

forming tube IDs is used to define the correction model fol@A®VT distribution M) as follows,

T

S "

TCn= | 2 (5.6)
Tss6



where TSN is the correction estimate of the OTWT distribution complur®m MC and F". Fi-
nally, the data-driven model for the OTWT distributiav) is formulated as the weighted average

of MP andMC as follows,

Th = wPTPN 4 (1-wP) TOn (5.7)

wherew? is the hyperparameter ™ of which an optimized value is estimated by cross-validatio
methods from a set of 21 possible values, Bg.= {0.00,0.05,0.10, - - - ,0.95,1.00}, based on the
reformer database. The resulting data-driven model foOR&/T distribution, of which hyperpa-
rameters are optimized to minimize out-of-sample preadlicgérrors, incorporates the information
about uncertainty in model selection and the spatial caticels in OTWTs among the neighboring
reforming tubes into estimating the OTWT distribution kdhse the fuel flow rate distribution. It
is worth noting that the data-driven model for the OTWT dlttion is a system of algebraic equa-
tions and has been shown to yield estimates of the OTWT ligton for varying reformer fuel
inputs instantaneously on a single core machine of the dl@mmputing cluster at UCLA. This
feature allows the furnace-balancing procedure, whichbeildetailed in Section 5.6, to search for

the optimal reformer fuel input in real-time.
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5.5 Valve-to-flow-rate converter

The valve-to-flow-rate converter that was developed in @v&p is an important component of
the furnace-balancing scheme and is used to make our prgsgna more realistic representation
of an on-site investigation, where the reformer fuel inputagulated by a system of manual flow
control valves, so that our findings can be brought into jraawith little or no changes. It is
important to note that fuel lines to burners, of which fuelmloates are regulated by the flow
control valves, are interconnected through a header figéésywith a main header fuel inlet and
eight sub-headers fuel pipes as detailed in [32]. This &iratdesign allows the excess fuel feed of
burners in the detected overheating regions to be redistalby partially closing the flow control
valves of the corresponding fuel lines. The converter ma#sieloped based on the material
conservation law as shown in Eg.5.8 can capture this charstit through the system of coupled
algebraic equations.

In the development of the converter, the following assuarsiare made and translated into
appropriate mathematical formulations. Two adjacentlfnek to burners within each burner row
are assumed to be regulated by a flow control valve, whickefothe fuel flow rates of the asso-
ciated burners to be the same. The structural layout of teeesyof manual flow control valves
in the reformer can be depicted in an information mafyk as shown in Eq.5.9c. Next, fuel
lines to burners are assumed to be regulated by two typesedrliflow control valves with dif-
ferent maximum capacities corresponding to inner-laneaandr-lane burners. The arrangement
and identity of burners in the reformer can be captured iméormation matrix|X]| as shown in
Eq.[5.9d. Finally, the pressure of fuel feed in the headdrdystem of the reformer is assumed to
be sufficiently high so that there will be no backflow for allweadistributions. The model for the

converter is formulated as follows,

F=0X]-[Y]-V (5.8)
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V c R%<1
FeR®! F>0vie[l,9§
Y] € IR99<48
Yij=10; i=2j—-1Ui=2jwhereje[1,4

Yij=0.0; i#2j—1Ni#2jwhereje [1,48

X] € IR%696
X,j=0.6; i=jwhereiec [1,12]U 8596
Xi,j=1.0; i=jwhereic 13,84
Xij=0.0; i#]

5— Fot
J<1-m-91,

(5.9a)
(5.9b)

(5.90)

(5.9d)

(5.9e)

whered is the valve-to-flow-rate proportionality coefficient aNdis the valve distribution. In

this work, we definé/ as the collection of the percent open positions of all flowtc@valves in

the reformer. The converter allows us to formulate the foedlalancing scheme to use the valve

distribution as the manipulated variables as in the on#éfiermer, so that the optimized solution

generated from our study can be directly applied to the o@-linit to distribute the fuel feed

among all burners. The converter also gives us an oppoyttmigxamine the transient response

and steady-state behavior of the reformer when the refoisrserbjected to common valve related

disturbances. It is important to note that the model for theverter allows a fuel distribution to be

generated from different valve distributions (which wi#t bdiscussed in Sectidn 5.6.1); however,

these valve distributions are not equivalent in practicpec8ically, among valve distributions

that yield the same fuel flow rate distribution, those thatiate further from the fully open valve

setting require the fuel feed to the reformer to be at a highessure which corresponds to higher

operating cost. This information will be used in the forntida of the model-based balancing
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procedure, which will be detailed in the upcoming section.
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5.6 Balancing Procedure

The balancing procedure is the core component of the furbatancing scheme and is used to
search for the optimized total fuel flow rate and the corragptg valve distribution such that the
conversion of methane via SMR is maximized, and the maximiWw® along the reforming tube
length among all reforming tubes is strictly less than th&gletemperature of the reforming tube
wall material. The balancing procedure is a sequential flmsksystem, as shown in Fig. 5.3,
of which major components are the data-driven model for th&/D distribution, the valve-to-
flow-rate converter and the furnace-balancing optimizes. designed to assess the nonuniformity
of the current temperature distribution inside the combusthamber by means of the estimated
OTWT distribution calculated from the current valve distiion (denoted ago) and total fuel
flow rate (denoted aB%;) using the valve distribution analyzer. Specificaﬂﬁ’f? andRY, are used
as inputs for the converter to generate the current fudiibligion (denoted a?o), which is used
as an input foiM to estimate the current OTWT distribution (denoted'IA_')aPs). The assumption
that 'IA_')0 is a good representation of the current temperature disiom inside the reformer can be
justified because the plant data of the initial OTWT disttidw (denoted ag O) belongs to the
reformer database from whid#l is derived, andV is expected to have a high goodness of fit.
Next, %0 is processed by the OTWT distribution analyzer, which idestthe maximum value in

the OTWT distribution as follows,

i

T max 112'

TW&”J = . (510)
Tas6 ©

whereT M2 is the estimated maximum value of tite OTWT distribution and is 0. Then,Tmax,

is used as an input for the furnace-balancing search iraicathich produces a binary search
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indicator (denoted &§) as follows,

R =10 T < Tt (5.11)
F=-1.0 Tonaro > T (5.12)
whereT, 2% is the maximum allowable OTWT and is a user-specified par@nuétthe furnace-

balancing scheme (a systematic method to estiﬁl@f#‘* will be discussed in Sectidn 5.8.3).
Subsequently5 is used to guide the heuristic search algorithm that reeelssapplies incremental
changes to the total fuel flow rate followed by evaluatingithpact of the adjusted total fuel flow
rate on the maximum value of the OTWT distribution, and basedvhich it reformulates the
future action to meet the operational specifications in sfimumber of steps. Specificalfy,=1.0
implies that the total fuel mass flow rate can be increaseddaease the methane conversion via
SMR, whileF, = —1.0 implies that the total fuel mass flow rate must be dectet@savoid causing
the reforming tubes to fail prematurely.

In this effort, the heuristic search algorithm is structute have two sequential modes (re-
ferred as the aggressive and conservative modes, reggegrtiith an identical framework, which
begins with the flow rate generator followed by the furnaa&bcing optimizer, valve distribution
analyzer and furnace-balancing analyzer. In particute,aggressive search is responsible for
identifying the neighborhood of the optimal total fuel float&, and the conservative search is re-
sponsible for identifying the optimized value such thataperational specifications are satisfied.
For instance, when the value Bfis 1.0, the heuristic search algorithm begins with the aggive
flow rate generator, which recursively applies “large” gments to the total fuel flow rate to ap-
proximate the “smallest” upper-bound value, which is defias the minimum total fuel flow rate

that allows the maximum value of the OTWT to excdgg"", as follows,
Fot = R (1.0+101R) where =123, (5.13)

wheredp1=10% is the parameter of the aggressive seﬂ;ﬁ,is the adjusted total fuel flow rate
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at theith iteration in the aggressive search ard is the index of the first iteration. In theh
iteration,Ftig,iL is used as an input for the furnace-balancing optimizer wioigtimizes the valve
distribution so that the nonuniformity in the OTWT distrtlmn is minimized. ThenFti(géL and
the corresponding optimized valve distribution (denotgd_fﬁvl) are used as inputs to the valve

distribution analyzer to estimate the maximum value in threesponding OTWT distribution (de-

-’I-\maxl

maxly as discussed previously. Finallfmas!

Wall i

noted by is used as an input to the aggressive

furnace-balancing analyzer, which determineEti(m1 can be considered to be an approximation
- ES 1 .

of the smallest upper-bound value of the total fuel flow r&pecifically, whenTVC;"j‘l’fi begins to

exceedTvrv';ﬂ"*, the aggressive furnace-balancing analyzer clasﬂﬁéas an approximation of the
smallest upper-bound value, which is Iabeled:é’é, and terminates the aggressive search.

After the approximation of the smallest upper-bound vakiebtained, the heuristic search
algorithm continues with the conservative flow rate gemerathich gradually applies “small”
decrements to the upper-bound value until the reformernstoack into the safe operating regime

as follows,
FJ2 =Ry (10— j&oR) where =123, (5.14)

wheredp,=1% is the parameter of the conservative seaﬁéﬁ, is the adjusted total fuel flow rate
at thejth iteration in the conservative search ajl is the index of the first iteration. Aftdfrfi;tz

is computed, an analogous procedure as described in thesaggr search, which begins with the
furnace-balancing optimizer followed by the valve digttibn analyzer, is executed. Then, the
maximum value (denoted bf(,\r,';‘?lsz) in the OTWT distribution estimated frorlﬁ{,’tz and the cor-

responding optimized valve distribution (denoted\_ﬁ}'yz) in the jth iteration of the conservative

search is used as an input to the conservative furnacedadpanalyzer, which determinesl—‘lfo’t2

-/I-‘maxz

can be considered to be the optimized total fuel flow ratecifipally, whenT "

begins to drop

below TMax*

wall» Which indicates that the operational specifications atesfgd, the conservative

furnace-balancing analyzer classifl'elgt2 as the optimized total fuel flow rate, which is labeled as
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RoP, and terminates the conservative search. Fingf}y,and the corresponding optimized valve
distribution (denoted by/°P) are translated into the optimized fuel distribution (deaioby F °P),
which is strategically applied as the reoptimized burnemuatary conditions for the reformer CFD
model so that the reforming tubes do not suffer additionedage during the transition to achieve
the optimized reformer firing rate.

On the contrary, when the value Bf is —1.0, the search direction is reversed. Specifically,
the aggressive flow rate generator recursively appliegéladecrements to the total fuel flow
rate as shown in Ef.5.13 to approximate the “largest” loa@rnd value, which is defined as

the maximum total fuel flow rate that allows the maximum vabfiehe OTWT to approximate

maxx
T Y

wallfrom the right. Then, the conservative search graduallyieppsmall” increments to the

—=max2
I,j

reformer is leaving the safe operating regime, and at thigtpthe conservative furnace-balancing

begins to exceed

lower-bound value as shown in Hg. 5.14 u wall

indicating that the
analyzer classifies.; »? asFoP, and terminates the conservative search. Simil&if,andV°P
are translated int& °P, which is applied as the reoptimized burner boundary cantstfor the
reformer CFD model. The heuristic search algorithm progasehis study can derivEg?, Vop
and F°P from any arbitrary initial reformer fuel input so that theesptional specifications are

satisfied.

5.6.1 Furnace-balancing optimizer

The furnace-balancing optimizer that was developed in @&hng&ois of the uttermost importance in
the heuristic search algorithm and is reformulated to b fidpable of optimizing the valve dis-
tribution at any total fuel flow rate to reduce the nonunifdaynm the OTWT distribution. Specifi-
cally, the improved optimizer aims to minimize the sum of gided squared differences between
the OTWTs at a location 6.5 m away from the reformer cellingalbfreforming tubes and an
“ideal” OTWT at a given total fuel flow rate to allow the refoemto be operated under the optimal
condition in which the OTWT profiles along the reforming tubegth of all reforming tubes are

identical. In this subsection, a means to estimate the iI@d&aVT at any total fuel flow rate is
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presented followed by the discussion of the developmentrnbee robust objective function for
the furnace-balancing optimizer.

A thorough analysis of the results reported in Chalpter 3 ssigghat the average value of the
OTWT distribution (denoted by2Y) is a good estimator of the ideal OTWT because it is invariant
with respect to the valve distribution under a fixed total fimv rate. Therefore, the relationship
betweenT2'S and total fuel flow rate is analyzed by using the reformer lukzga. In particular,

wall

Fig.[5.4 shows thal2Yj is, indeed, independent of the valve distribution under edfitotal fuel

flow rate, and Figl_515 shows th@fY: exhibits a strong linear correlation to the total fuel flow

aII
rate. Therefore, we can create an estimator for the ideal D@gVa function of the total fuel flow
rate by fitting a linear function using ordinary least sqeai@LS) to the plant data presented in

Fig.[5.5. The result of the fit is,
Tﬁgﬁ = 2.09FRqt +957.62. (5.15)

Then, the furnace-balancing optimizer is formulated usimegdata-driven model for the OTWT

distribution (Eq[5.I7), the valve-to-flow-rate converteqg(5.8), the estimator for the ideal OTWT
(Eq.[5.15) and the total fuel flow rate (denotedRjy, which is generated by the flow rate gener-
ators of the heuristic search algorithm). Specificallys itvritten as a program with the quadratic
cost function that aims to minimize the sum of weighted sgdadeviations of the OTWTs in

the OTWT distribution from its average value by optimizirige tpercent open positions of the
functional control valves. The quadratic cost functionted furnace-balancing optimizer has the

following form,
336

2
em}qqoo% z "k ( wall ~ Tk) (5-16)

16[1 48\ Syef
wherevjuzloo% and\/j':GO% are the upper and lower bounds of the percent openingqgoosf
the jth flow control valve, respectivelyiqe+ is the set that contains indices of the defective flow
control valveswy is the weighting factor of th&th reforming tube (which is has been discussed

at length in Chaptefl3 and will not be elaborated further is thanuscript for brevity)Tave

“wall,i
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and'fki are the estimated average OTWT and the estimette@TWT, respectively, in the OTWT
distribution. It is worth noting that only in a scenario whiall flow control valves are functional,
and the cardinality oSye+ is zero, an optimized valve distribution (denoted@?p) calculated
by the furnace-balancing optimizer is expected to haveipialequivalent solutions as discussed
in Sectior 5.b. This statement can be mathematically ralioed by first using the model for the

converter to solve foW °P from the optimized fuel distribution (denoted ESPF’) as follows,

onjp — FZOjFil — 60pX2j,2jY2j,jVj0p Where J — :I_7 2, . 74_8 (517a)
96
> RP
- (5.17b)
|1 1v1- Ve

whereF,,” andF,;”  are the optimized fuel flow rates of tii2j)th and(2j — 1)th burners respec-
tively, Xp; 2 is the element of th€2j)th row and(2j)th column in[X], Y; ; is the element of the
(2j)th row and jth column in[Y] andeop is the optimized percent opening position of thb
flow control valve. Then, the system of non-linear algebegjaations as shown in Hg. 5117 can
be transformed into a system of linear algebraic equatigrsiking the ratio of all equations in

Eq.[5.17(a) to an arbitrarily selected equation as follows,

op N \/OP
Foim  X2j2Y2),jV,

op — 0
Foe XokokYokkVi "

where j=1,2,---,48 andj £ k. (5.18)

It is evident that the system of linear algebraic equationg/hich the percent opening positions
of the flow control valves are the unknowns, as shown in[Eg8 fslunderdetermined and is

expected to have multiple solutions. However, these valsteilbutions are by no means the same
in a sense of the plant-wise energy efficiency as explain&katior 5.5, and therefore, the valve
distribution that deviates the least from the fully openveatetting is considered as the true and
unique optimized solution. The task of finding such valverthation is achieved with the valve

optimizer which is developed by exploiting the linear redaship between the percent opening

position of the linear flow control valve and the fuel flow ithat it regulates, and the assumption
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that the flow control valve to which the maximum fuel flow rataresponds is fully open. The

valve optimizer is formulated as follows,

<6°p[x][Y]\7°p

2]
SOP[X][Y]VoP

VOP _

o0 = (5.19)

X2j 2 ‘

00

WhererO('Sq is the equivalent optimized percent open position ofjthdlow control valve,<5°p[x] [Y]\70p "
’ j
SOPIX][Y]VOP

is the maximum fuel flow rate

00

is the fuel flow rate of thé2j)th burner, and)

among all burners. The equivalent optimized valve distriouis expected to simultaneously min-
imize the sum of the weighted squared deviations of all OT\WiTthe OTWT distribution from
the ideal OTWT, which is computed based on the given totdl ffoes rate, and minimizes the
required duty of the upstream compression system, andftieyémproves the energy efficiency

of the SMR-based hydrogen plant.
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Figure 5.3: Flowchart of the balancing procedure.
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5.7 Parallel Processing

In this section, the computational challenges associattdtie steady-state and transient simu-
lations of the reformer CFD model under varying reformer fnputs and the derivation of the
data-driven model for the OTWT distribution from the ref@ndatabase are discussed. Specifi-
cally, in all simulations of the reformer CFD model, the face-side and tube-side domains are
discretized into~41 million control volumes, and in each of which the reformeathematical
model (i.e., a high dimensional system of non-linear pamitegro-differential equations with
seven independent variables ([44])) is numerically solgedntegrated forward in time by the
finite volume method. It is evident that the random access ongrfRAM), e.g., 32 GB, and
the processing speed of a standard high performance wbdkstre insufficient to keep track
of values of transport variables in all control volumes am@@ampute the numerical solutions of
the reformer mathematical model in all control volumes inracpical time frame. In addition,
the derivation oM can be viewed as an ensemble of 336 independent model ljpdatesses
for 336 distinct OTWTs. Each model building process can lesved as a sub-ensemble of two
independent model building processes, i.e., the prediciad correction steps, in which cross
validation methods are used to select the optimized hypempeters to improve the forecasting
accuracy oM. To better comprehend the magnitude of the number of comgptaisks needed to
deriveM from the reformer database, we consider the derivationeofittia-driven model reported
in Chapter’ 4 as an illustrative example. Specifically, 1&ing data sets were used to create
the reformer database, and leave-out-one (LOO) crossatmidwas used to select the optimal
lasso parameter from a predefined set of 18 possible LASS@nders and to select the optimal
theoretical semivariogram model from a collection of footgntial models. Given this premise,
the model building process for the OTWT distribution is exted to require more than 120,000
computing tasks (which will be elaborated at the end of teidien), each of which requires the
minimum CPU clock time of 10 minutes, which corresponds totaltCPU clock time o+2.3

years. This evidence shows that serial processing on assthnerk station is unfit to derivigl in
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a practical time frame. As a result, all simulations of thiem@mer CFD model and the derivation
of M are executed on the Hoffman2 computing cluster at UCLA.

In this work, we designate 7 private-access high performammpute nodes with the total
processing power of 128 cores and system memory of 1640 GBirfaslations of the reformer
CFD model. Under ANSYS Fluent parallel architecture, th@®@Blver uses a core as a host pro-
cess to create a communication pathway between the CFDr soldehe graphical user interface
(GUI) of an instance of ANSYS Fluent, and the remaining cagsomputing-node processes to
numerically calculate the solutions of the Navier-Stokeattpns, energy balance and species bal-
ances in all control volumes. Itis important to note that AM$S-luent parallel architecture allows
the compute-node processes to be fully linked, so that theyetfectively communicate, synchro-
nize and perform global reductions via ANSYS Fluent messagsing interface (MPI). Next, the
CFD solver uses the automatic mesh partition and load bialgtignction to divide the reformer
mesh into 127 parts corresponding to the number of compadie-processes followed by assign-
ing a different mesh partition to each compute-node procelsen, 127 compute-node processes
simultaneously use the finite volume method to express floemer mathematical model within
each control volume of their respective assigned parstiarthe form of algebraic equations by
using divergence theorem and second order upwind interpolalgorithm, which are numeri-
cally solved. At the end of each iteration, 127 compute-nobeesses synchronize to calculate
the global normalized residuals of all conserved varighisch are used as indicators for the
steady-state CFD solver to terminate and for the transiéit €blver to advance to the next time
step. We note that the steady-state solutions and trarssutions of the reformer CFD model
executed on 7 private-access high performance computes modée Hoffman2 computing cluster
using ANSYS Fluent parallel solver can be obtained withimg @nd 60 days, respectively.

In addition, we exploit the intrinsically distributed stture of the statistical-based model iden-
tification and designate our shared computational reseumee¢he Hoffman2 computing cluster to
deriveM from the reformer data, of which optimized hyperparameteesselected by two times

10-fold cross validation (CV) method. To this end, a maseivaber of computing tasks are sub-
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mitted to the job scheduler of the Hoffman2 cluster, whictoenatically and optimally dispatches
computing tasks. Specifically, 336 job arrays, each of whig$ts 460 independent model build-
ing processes for thith CV prediction models are submitted to identify the optindiZeASSO
parameters for the derivations of the prediction modelsw8aneously, 336 additional job arrays,
each of which hosts 80 independent model building procefssebe ith CV correction models
are submitted to identify the optimized theoretical semogram model for the derivations of the
correction models. Subsequently, 336 computing tasksdavidg the “forecasting” prediction
models and 336 additional computing tasks for deriving thegtasting” corrections models using
the respective optimized hyperparameters are submittiée job scheduler. Finally, 420 comput-
ing tasks for identifying the optimized value of of M are submitted to the job scheduler. The
resulting data-driven model for the OTWT distribution, dfiieh hyperparameters are optimized
to improve forecasting accuracy using two times 10-fold C&tmod, can be obtained within a day
on the shared computing cluster. Additionally, in the ewbat new steady-state measurements of
the OTWT distribution inside the reformer become availabtey can always be integrated into
the reformer database, aMican be retrained in real-time. The ability to perform orelmodel
reidentification is due to the distributed structure of ttatistical-based model identification, the
availability of the high performance computing cluster dhd justifiable use of the previously
optimized hyperparameters. Thus, this feature allows #taneing procedure to utilize the most
up-to-date data-driven model at all times so that the ogeehireformer fuel input is always the

most optimal solution.
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5.8 Simulation results

5.8.1 Validation of data-driven model for the OTWT distribu tion

In this subsection, the results generated from two time$olDeross-validation studies in the
derivation of the data-driven model for the OTWT distriloumtirom the reformer database are used
to demonstrate the importance of using the optimized hygarpeters for obtaining accurate es-
timations of the OTWT distribution. To this end, we consitiex derivation of the prediction and
correction models for two representative OTWTs, namelyh@bhd 165t OTWTS, of reforming
tubes in two distinct local environments, which are chamazed based on their respective prox-
imity to the combustion chamber wall. The results of the srealidation studies in the derivation
of M§, andMfy, are presented in Figs. .6 andl5.7 based on which the correisygpoptimized
LASSO parameters are chosen. Figsl 5.6[and 5.7 show thasiclyoan arbitrarily small LASSO
parameter to allow the sparse non-linear regression ta fautmizing the CV fitting errors tends
to result in overfitting models, which are indicated by sn@\ fitting errors and large CV fore-
casting errors. To the contrary, choosing an arbitrariiged ASSO parameter to allow that sparse
non-linear regression to favor minimizing the model completends to result in underfitting mod-
els, which are indicated by large CV fitting errors and laryef@ecasting errors. Next, the results
of the cross validation studies in the derivationdvf, andM$, are presented in Figs. 5.8 and
[5.9, based on which the corresponding optimized theotet@rivariogram models are chosen.
Figs.[5.8 and 5]9 show that an incorrect choice of the thisatetemivariogram model to describe
the spatial correlation in OTWTs in the Kriging neighborbazan have a detrimental impact on
the forecasting and resubstitution accuracy of the res@ecdrrection models. Figs, 5-6.9 also
reveal that the choice of optimized hyperparameters is niveusal. In particular, the optimized
LASSO parameters for the derivation M, andMf,,; are 0.9 and 0.4, respectively, and the op-
timal theoretical semivariogram models for the derivatasriMS, and M$;,; are the exponential

anisotropic and linear omnidirectional models, respetfivSubsequently, the results of the cross
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validation study in the derivations & are presented in Figs. 5]10 dnd 5.11, based on which the
optimized value ofv, denoted by@’, is estimated.w”=0.65 indicates that the decision to in-
corporate information about the spatial correlation in Oll3/mong neighboring reforming tubes
into M improves its forecasting accuracy and, therefore, justifie design of the statistical-based
model identification. These findings suggest that two tinfeold cross validation is a reliable ac-
curacy estimation technique to obtain the optimized hypemmeters from the reformer database
in a sense that it assesses and compares the forecastiogyparte of CV data-driven models
derived from all given choices of hyperparameters on theslmsoot mean square (RMS) errors
with low bias. In addition, this evidence suggests that gfidrparameters used in the derivation
of M must be independently and optimally selected.

In the remainder of this subsection, we demonstrateMhathich is derived with the optimized
hyperparameters estimated from the presented crossitiaticstudies and the reformer database,
has an excellent resubstitution accuracy using the fittirggygas a metric. Fi§. 5.12 shows that the
descriptive statistics, i.e., the maximum, average andrmim OTWTS, of the estimated OTWT
distribution, which is calculated by using the documentfdmmer fuel inputs anil, are consis-
tent with those of the respective plant data in the refornaalthse. Specifically, the maximum
deviations of the maximum, average and minimum OTWTSs betwleeestimated OTWT distribu-
tion and the corresponding plant data are 7.9 K, 2.0 K andK 6r8spectively, and are considered
to be negligible with respect to the magnitude of the OTWig.[E12 also reveals thé exhibits
a common characteristic of interpolation methods, i.air@ary Kriging, in which the maximum
OTWTs are underestimated, while the minimum OTWTs are otenated. In addition, due to
the use of a sufficiently large training set, i.e., more thaml&ta sets, in the derivation bf, the
central limit theorem (CLT) can be used to get a quantitaiseessment of the fitting errors of
the maximum, average and minimum OTWTSs between the estih@i&VT distribution and the

corresponding plant data. In particular, the mean resifgjpiaind residual standard erras; ) of
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the descriptive statistics estimatedMycan be computed as follows,

_ 1N
o- L 3 (€ —§)° (5.20b)
‘_N—li;‘ ) '

where | represents different types of the descriptive statisecg,, j is max min and ave and

N is the number of data sets in the reformer database. It isdfthet the estimated maximum
OTWT from M has the mean residual ef3.2 K and the residual standard error of 3.8 K, the
estimated minimum OTWT fronM has the mean residual of 5.2 K and the residual standard
error of 17.6 K, and the estimated average OTWT frlrhas the mean residual ef0.03 K
and the residual standard error of 0.72 K as shown in[Figl 5Ti8s finding and the feature of
M must be accounted for in the formulation of the model-basddnting procedure that aims
to maximize the conversion of methane via SMR within the ptatdimitation of the reforming
tube wall material. Next, we wish to demonstrate thltan also generate adequately accurate
estimates for all reforming tubes inside the reformer initald to the maximum, average and
minimum values of the OTWT distribution. In this effort, weeate two heat maps of the OTWT
distribution from the estimates generated by udih@gnd the optimized reformer fuel input at
the nominal total fuel flow rate (as shown in Hig. 5.14(a)) &dh the corresponding plant data
(as shown in Figl_5.14(b)) to visually assess the resulistit@ccuracy oM. Fig.[5.14 shows
that the hot and cold regions in the estimated OTWT distigouare consistent with those in the
corresponding plant data. This evidence indicates Mhakerived by the statistical-based model
identification with the optimized hyperparameters esteddrom the two times 10-fold cross-
validation studies is the reliable model for the OTWT dlatition. ThereforeM can be used to
create the furnace-balancing optimizer to determine thieniged flow control valve distribution
that aims to minimize the degree of nonuniformity in the OT@iStribution at any given total fuel

flow rate.
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Figure 5.6: RMS fitting and forecasting errors associated thie proposed values 8§4 generated
from the two times 10-fold cross-validation study in theidmion of Mg4 are plotted in empty

squares and black circles, respectively.

5.8.2 Dynamic response of the reformer

In this subsection, the transient response of the reforamer particularly, the OTWT distribution,

is investigated when the total fuel flow rate is increasedtogase the plant throughput, and based
on which we design the appropriate strategy to implementiéontaximized total fuel flow rate
estimated by the furnace-balancing scheme. To this endrep®pe two case studies in which the
total fuel flow rate is increased by2% (1.8 kg s1) and~22% (21.6 kg s1), respectively, from
the nominal flow rate of 98.133 kg'$. In both cases, the optimized valve distribution identified
Chaptef B is used to distribute the total flow rate in the refroperated at higher capacities, and
the steady-state solution generated by the reformer CFDehabddhe nominal total fuel flow rate

and the corresponding optimized valve distribution is ugethe initial condition. Subsequently,
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Figure 5.7: RMS fitting and forecasting errors associateti Wie proposed values dfig; gen-
erated from the two times 10-fold cross-validation studyhie derivation oM, are plotted in

empty squares and black circles, respectively.

ANSYS Fluent parallel solver with the explicit step size d 8 and the max iterations per time step
of 100 (determined by trial and error) is used to obtain thagient response of the reformer CFD
model to step inputs. It is important to note that the pre@efimax iteration per time step must
be sufficiently large so that the ANSYS Fluent parallel solvan iterate to convergence, which
is defined by the global normalized residuals of conserve@bies of which values are strictly
smaller than 10°, within each time step for a given predefined step size. Infemteo track
the convergence progress of the transient simulationseafeformer CFD model, we monitor the
mole fractions of hydrogen and unreacted steam in the sgistigas of the reformer, the OTWTs
at a fixed distance of 6.5 m away from the reformer ceiling ofé@esentative reforming tubes
and the maximum OTWTs across the reforming tube length ofvestdected reforming tubes as
shown in Fig[5.1b. A transient simulation of the reformeDORodel subjected to a step increase

in the total fuel flow rate is said to reach convergence whemthnitored transport variables fully
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Figure 5.8: RMS fitting and forecasting errors associateél aach of the four theoretical semivar-
iogram models (given on the horizontal axis as 0, 1, 2, andh&wcorrespond to linear omnidi-
rectional, linear anisotropic, exponential omnidiresih and exponential anisotropic theoretical
semivariogram models, respectively) considered in thetimves 10-fold cross-validation study in

the derivation oMg4 are plotted in gray and black, respectively.

relax to the steady-state values. In addition, to validagettansient solutions acquired by solving
the reformer CFD model with ANSYS Fluent transient solvee will compare the monitored
transport variables recorded at the last sampling timedrrinsient simulations to those extracted
from the converged solutions of the corresponding stegatg-simulations.

In the remainder of this subsection, the transient respofisee monitored transport variables
to the deterministic step changes in which the total fuelsfiasv rate is increased by 1.8 and 21.6
kg s~1, respectively, are presented as shown in Table 5.1 and%I08-5.20. Tablé5]1 shows that
the steady-state values of the monitored transport vasajgtnerated by the transient simulations

are consistent with those generated by the steady-statdasions, which confirms that the phys-
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Figure 5.9: RMS fitting and forecasting errors associateél aach of the four theoretical semivar-
iogram models (given on the horizontal axis as 0, 1, 2, andh&wcorrespond to linear omnidi-
rectional, linear anisotropic, exponential omnidiresih and exponential anisotropic theoretical
semivariogram models, respectively) considered in thetimves 10-fold cross-validation study in

the derivation oM(f61 are plotted in gray and black, respectively.

ical time of 400 s is sufficient for the transient simulatiafithe reformer CFD model subjected
to a step increase in the total fuel flow rate=@ s to reach steady-state. Specifically, the transient
response (shown in Figs. 51466.20) and steady-state values (shown in Table 5.1) of thetored
transport variables indicate that the reformer reacheslgtetate within~350 s, and the reformer
time constant is independent of the magnitude of the stapase in the total fuel flow rate. It is
also interesting to note that the reformer time constantpeeted to be insensitive to operational
disturbances associated with flow control valves becawesditturbances considered in this study
can only affect the reformer fuel input, e.g., stuck valves/rmoause the spatial distribution of the

optimized reformer fuel input inside the reformer to becameoptimal. In addition, the transient
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Figure 5.10: RMS fitting errors associated with the proposgdes ofw” generated from the two

times 10-fold cross-validation study in the derivatiorvbfre plotted in black circles.

response of the OTWTs at a fixed distance of 6.5 m away fromdf@mer ceiling shown in
Figsl5.16 an@5.17 and the transient response of the maxi@IMTs across the reforming tube
length shown in Figl_5.18 exhibit characteristics of firater systems in which the initial rates
of change are the largest, and the monitored OTWTs mondlyieach the new steady-state
values. The prior can be explained by the rapid combustidhefurnace-side fuel coupled with
fast thermal radiative heat transfer in the high tempeeatombustion chamber, which allows the
reforming tubes to instantaneously experience the stgpase in the total fuel flow rate. While
the latter is believed to be the result of rapid energy comdion due to the endothermic SMR in
the tube side, which prevents the accumulation of thermaidggnin the reforming tube wall and,
therefore, dismisses all possibility to observe the ov@rshesponse of OTWTs. To the contrary,
the transient response of the hydrogen and unreacted ste#fractions in the synthesis gas as

shown in Figsl. 5.19 arid 5.20 exhibit characteristics of daemped second order systems, in which
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Figure 5.11: RMS fitting errors associated with the proposgdes ofw” generated from the two

times 10-fold cross-validation study in the derivatioribfre plotted in black circles.

the monitored mole fractions reach the new steady-stateesakithout oscillatory; however, the
largest rates of change occur well afte0 s, e.g.t=50 s. This observation can be justified by
the thermal resistance of the reforming tube walls and ot#talyst network. The analysis of the
transient response of the monitored transport variablésarmproposed case studies supports the
assumption that upon a step increase in the total fuel flosy tla¢ maximum OTWT across the re-
forming tube length of each reforming tube is expected tombamcally approach its steady-state
value without overshoot. The assumption implies that themoped reformer fuel input predicted
by the furnace-balancing scheme in a sense that the stéateyvalues of the maximum OTWTs
across the reforming tube length of all reforming tubes g@r@aching the design temperature
of the reforming tube wall can be implemented in a step chdasf@on without burning out the
reforming tubes. In addition, the transient solutions akiable resources, which allows us to

guantitatively assess the forecasting accuracyl dflerived with the optimized hyperparameters
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Figure 5.12: Comparison of the maximum, average and minivaloes in the OTWT distribution
between the plant data (represented by filled black symbalsYhe corresponding estimate com-
puted byM (represented by the empty red symbols) at varying totalffael rates. In Figl 5.12,
we use jitter to add a small uniform random number on the rémge —2% to 2% of the original

total flow rate to itself for visual clarity.

estimated from the cross-validation studies and the redodatabase) using the forecasting errors
as a metric. Fig. 5.21 shows that the forecasting errorseofléscriptive statistics between the es-
timated OTWT distribution, which is calculated by usiMgand the reformer fuel inputs proposed
for the investigation of the reformer dynamic behavior, #recorresponding OTWT distribution,
which is documented at the last sampling time in the transenulations, are within two resid-
ual standard error from the mean residual of the respectiaatiies. Specifically, the maximum
residuals of the maximum, average and minimum OTWTs betweeastimated OTWT distribu-
tion and the corresponding plant data are 6.6 K, 1.1 K and 9ré3pectively. Fid, 5.22 shows that

the contour heat map of the estimated OTWT distribution geed by usindgV and the reformer
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Figure 5.13: Fitting errors of the maximum, average and mum OTWTs between the estimated
OTWT distribution, which is computed using the plant inpasiM, and the corresponding plant
data. In Fig[ 5.113, we use jitter to add a small uniform ranshmmber on the range from2% to

2% of the original total flow rate to itself for visual clarity

fuel input designed for the second transient case studyh@srsin Fig[5.22(a)) has similar fea-
tures (e.g., locations of the hot and cold regions) to thahefcorresponding OTWT distribution
documented at the last sampling time in the transient sitionldas shown in Fid. 5.22(b)). This
analysis justifies the assumption ti\atis the accurate model for the OTWT distribution in Sec-
tion[5.8.1. Therefore, it can be stated with high certaihgt in the reformer operated under the
optimized total fuel flow rate and the corresponding optedizalve distribution predicted by the
furnace-balancing scheme, the steady-state values ofdlkgmam OTWTs across the reforming
tube length of all reforming tubes are expected to be syrietls than the design temperature of the

reforming tube wall.
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Table 5.1: Comparison of representatives of the monitatsport variables documented at the
last sampling time in the transient simulation of the referihat is subjected to the positive step
change of 21.6 kg in the total fuel flow rate from the nominal value to those agted from the

converged solutions of the corresponding steady-statelation.

Steady-state solution Transient solutior] Percent deviation (%)

Toai () 1213.8 1214.7 0.1
T (K) 1205.6 1205.0 0.0
Toait (K) 1219.5 1219.7 0.0
Toair (K) 1217.6 1217.9 0.0
T (K) 1203.9 1203.7 0.0
Tﬁiﬁ (K) 1215.4 1214.4 01
Taan (K) 1212.7 1213.0 0.0
Toan () 1217.9 1218.0 0.0
T80 (K) 1215.0 1213.7 0.1
T238 (K) 1219.0 1217.7 0.1
T20 (K) 1221.0 1222.3 0.1
[Tt oo () | 1245.9 1246.1 0.0
[Tailleo (<) | 1254.0 1254.6 0.0
[Twaifllo (<) | 1248.7 1247.1 0.1
[Taaitll.o (<) | 1265.8 1265.3 0.0
Tl (<) | 1245.2 1246.3 0.1
[Taaitllo () | 1233.2 1233.8 0.0
[Tl (K) | 1253.6 1249.0 0.4
Xty 0.320 0.320 0.0
XH,0 0.500 0.500 0.0
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Figure 5.14: Comparison of the estimated OTWT distribu{ey which is generated by usihg

and the optimized reformer fuel input at the nominal totall filow rate, to the respective plant
data (b). In Fig[5.14, each cell represents a unique refgrnibe, the location of each cell in
the table corresponds to that of the respective reformibg i the combustion chamber, of which
orientation can be visualized by the keywords along the dge Fig 5.2, and the color of each

cell represents the value of the respective OTWT, whicheéxiied by the colorbar.

5.8.3 \Validation of the furnace-balancing scheme

In this subsection, we evaluate the performance of the badgrprocedure under the following
assumptions: all flow control valves in the reformer are apenal, the initial total fuel flow
rate of 98.133 kg sed is optimally distributed with the optimized valve distrifinn reported in
[56,57], and the design OTWT of the reforming tube wall (deddayTv‘:aelfigr) taken from typical

plant data has a value of 1300 K. To this end, we propose armsgsiteapproach to estimate the
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Figure 5.15: Isometric view of the reformer in which the tigind back refractory walls are made
transparent to display the reforming tubes of which OTWTafated distance of 6.5 m away from
the reformer ceiling are monitored to track the convergegrogress of the transient simulations

of the reformer CFD model.

maximum allowable OTWT, which is a critical parameter of ilmnace-balancing scheme because

Tt directly controls the maximum total fuel flow rate and, tHere, the respective optimized

valve distribution estimated by the proposed approachially, a deliberate review of the results
documented in[56, 57] reveals that the maximum OTWT aloeg#fiorming tube length among

all reforming tubes (denoted Bl

a1l ) does not necessarily occur in the OTWT distribution at

ax*

a location 6.5 m from the reformer ceiling. In fact, the refier database indicates thgf,

is always larger than the maximum value in the OTWT distidouas shown in Fid. 5.23. This
finding suggests that if the reformer were to be operatednihddotal fuel flow rate that permitted

the maximum value in the OTWT distribution to be n&; ,fign, Toa - would undoubtedly exceed
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Figure 5.16: The transient response of the OTWTs at a fixedmtie of 6.5 m away from the
reformer ceiling of the reforming tubes at thetbh position across all rows inside the combustion
chamber as shown in Fig.5]15 to a positive step change ofk®fls6! in the total fuel flow rate

from the nominal value.

T8 which would accelerate the degradation of the microstimecinside the reforming tube
wall and cause the reforming tubes to rupture prematurelythErmore, as the maximum total
fuel flow rate and the respective optimized valve distritmitalculated with the furnace-balancing
scheme is implemented in an open-loop control fashion swtlairk, it is necessary to also account
for plant-model mismatch in the estimation Qfax*. Specifically, the residual analysis of the
fitting errors of the data-driven model for the OTWT as présérin Sectiorl 5.8]1 provides an
efficient means to estimate plant-model mismatch; as atrég "* can be determined as follows,

max* __ --design maxx
Twall Twall - lg}g;%{-rwall i H Twall

b (@t 2.55ma), (5.21)

and T,"" is found to be~1260 K. Then, we execute the balancing procedure on our ghare

225



1220 Attt eSSt |

X

= =) ag 1

% I, ==L TP

e 1200_A¥EOC.DQQ O 1% position |

™ V_On th »

) ¥ oL O 8 position |

= @ A 16" position

k= 11805 v 17" position -

E m oy position

5 ® 32" position
11601700 200 300 400

Time (s)

Figure 5.17: The transient response of the OTWTs at a fixetdrie of 6.5 m away from the
reformer ceiling of six representative reforming tubesnglthe 3d row inside the combustion
chamber as shown in Fig.5]15 to a positive step change ofk®fls6! in the total fuel flow rate

from the nominal value.

computational resources on the Hoffman2 computing clu3tee CPU clock time of a high per-
formance computing core on the Hoffman2 computing clustgoted for the balancing procedure
to optimize the total fuel flow rate and its spatial distribatinside the reformer to maximize
the methane conversion via SMR without violating the phaisienitation of the reforming tube
wall material is only on the order of a few minutes. This ewide highlights the potential of the
balancing procedure for real-time optimization of the refer to improve the plant-wise energy
efficiency and to perform load alterations as well as to tepperational disturbances associated
with flow control valves.

In the remainder of this subsection, the results generated the balancing procedure under
the predefined assumptions a E,‘,"* of 1260 K are presented as shown in Flgs. b.24[and 5.25.
Specifically, Figs[ 5.24 and 5.25 indicate that under theainiotal fuel flow rate of 98.133 kg
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Figure 5.18: Transient response of the maximum OTWTs athes®forming tube length of seven
representative reforming tubes at different regions m#e combustion chamber to a positive step

change of 21.6 kg2 in the total fuel flow rate from the nominal value.

sec’! optimally distributed with the respective valve distriiout, TVU;‘";?‘O is equal to 1175.25 K,

which is smaller thaﬁ'vf,';ﬂ"*, therefore Trg?lxo allows the aggressive search recursively to apply
large increments to the total fuel flow rate to determine thalkest upper-bound value. In addition,
Figs.[5.24 an@ 5.25 show that in theh4teration of the aggressive searcElgﬁ’tl of 137.4 kg sec!

is identified as the smallest upper-bound value beciggéj is equal to 1260.5 K and is greater
thanT 0", Furthermore, Fig§. 5.24 ahd 5125 show that the conseevagigrch gradually applies
small decrements to the upper-bound value, and inshigekation of the conservative sear@l;t’tz

of 136.896 kg sec! is identified as the optimized total fuel flow rate becaﬁ%ﬁf begins to fall
beIowTV'V‘;ﬂX* indicating that the reformer has returned into the safeaipey regime. Finally, in
the main layer of the furnace-balancing schef# and theV°P are translated int& °P, which

is applied as the reoptimized burner boundary conditionghfe reformer CFD model in a step

increase fashion, and the results are presented as showgiE. Specifically, Fid. 5.26 indicates
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Figure 5.19: Transient response of the hydrogen and umeatéam mole fractions in the synthe-

sis gas to a positive step change of 1.8 k§is the total fuel flow rate from the nominal value.

that TM®* is 1288.35 K, which is less tha

wall

design

all

and, therefore, justifies that a positive step

change of 38.763 kg se¢, which is equivalent te~39.5% increase from the nominal value, in

the total fuel flow rate can be applied to achieve the optichféng rate without accelerating the

degradation of the microstructure of the reforming tubd.wal
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Figure 5.20: Transient response of the hydrogen and um@atéam mole fractions in the syn-

thesis gas to a positive step change of 21.6 kyjia the total fuel flow rate from the nominal
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rates and the optimized valve distribution identified in Qied3.
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Figure 5.22: Comparison of the estimated OTWT distribufeyy which is generated by usimdg,

the proposed total fuel flow rate for the second case studytlamaptimized valve distribution
identified in Chaptelr]3, to the respective plant data (b).itn[E.22, each cell represents a unique
reforming tube, the location of each cell in the table cqrogsls to that of the respective reforming
tube in the combustion chamber, of which orientation canibealized by the keywords along the
edges and Fig 5.2, and the color of each cell represents the ofthe respective OTWT, which

is specified by the colorbar.
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in an effort to determine the maximized total fuel flow ratethieve the desired reformer firing

rate without causing premature failure of the reformingesib
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5.9 Conclusion

In this work, a furnace-balancing scheme that simultang@earches for the optimized total fuel
flow rate and the respective optimized valve distributiomizrease the methane conversion via
SMR without accelerating the degradation of the microstnecof the reforming tube wall mate-
rial was proposed. To this end, a high fidelity CFD model fa& teformer, assumed to represent
the on-line unit at an SMR-based hydrogen facility, was usetharacterize the previously unstud-
ied dynamic behavior of the reformer. Specifically, the refer that was initially operated under
the nominal total fuel flow rate and the respective optimizalde distribution was subjected to
two deterministic step changes in the total fuel flow ratee Tbrresponding evolution of the mole
fractions of hydrogen and unreacted steam in the synthasistge OTWTs at a fixed distance
of 6.5 m away from the reformer ceiling and the maximum OTWg&wmss the reforming tube
length of a few selected reforming tubes was analyzed, bas@dhich positive step changes in the
total fuel flow rate to achieve the optimized firing rate in teéormer were deemed appropriate.
It is important to note that the transient simulations of thieermer CFD model were only com-
putationally feasible with the use of 7 private-access lpgtformance compute nodes with the
total processing power of 128 cores and system memory of G&16n the Hoffman2 computing
cluster.

Then, the furnace-balancing framework, the statistieaelnl model for the OTWT distribu-
tion and the valve-to-flow rate converter developed in oevjmus work were integrated with the
heuristic search algorithm to design the robust balancingemure. In the balancing procedure, a
series of computing tasks is executed to estimate the mawivalue of the initial OTWT distri-
bution based on information from the initial reformer inpthis information and the user-defined
maximum allowable OTWT are used to guide the aggressivelsearidentify the neighborhood
of the optimal total fuel flow rate and, subsequently, theseovative search to identify the opti-
mized value of the optimal total fuel flow rate such that theragional specifications are satisfied.

The optimized total fuel flow rate and the correspondingrofied valve distribution were used to
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adjust the boundary conditions of the reformer CFD model, the results demonstrated that the
optimized total fuel flow rate could be increased from 98.48836.896 kg sect in a step change

fashion without accelerating the degradation of the micuasure of the reforming tube wall.
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Chapter 6

Conclusions

This dissertation developed a systematic framework foatorg and simulating a computational
fluid dynamics (CFD) model for an industrial-scale steamhaeé reforming furnace at an SMR-
based hydrogen plant. The reformer CFD model was used toirapyur understanding of the
physiochemical processes occurring in the tube side amaderside during the endothermic con-
version of methane, to assess impacts of varying the fursiaeefeed (FSF) distribution on the
inherent variability in the outer tube wall temperature Y@T) at a fixed height, and to study a
reformer dynamic response to step change inputs of theR8falflow rate. Additionally, this dis-
sertation also details a framework and practical consiaersfor developing a real-time furnace
balancing scheme including plant-model mismatch in thexagton of the OTWT distribution, un-
certainty in model selection for the OTWT distribution, ametertainty in estimating the maximum
OTWT across the reforming tube length among all reformirmptu Finally, the furnace balancing
scheme was used to improve the reformer thermal efficienagdrgasing the total FSF flow rate
while keeping the reformer in a safe operating regime anahtaming the expected service life of
the reformer.

In Chaptei 2, a CFD model for a steam methane reformer wadagmdewithin ANSYS Flu-
ent framework, and in particular, the source terms thatrgegyrated into the standard convective-

diffusive transport equations of momentum, energy and nat® enable a commercial CFD
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solver to simulate the physiochemical processes in the sideeand the furnace side as well as
their thermal interactions during the catalytic convemsid methane to hydrogen were explained.
Specifically, the lean combustion of the furnace-side feed, the source terms in the material
transport equations, was modeled by the finite rate/eddsipdison turbulence-chemistry inter-
action model and the global reaction schemes with the prsin@ombustion assumption. Ad-
ditionally, thermal radiative heat transfer rate betwdeninterior combustion chamber, the outer
reforming tube wall and the furnace-side flow, i.e., the setierm in the energy transport equation,
was modeled by the discrete ordinate method, and the absouefficient of the furnace-side
flow was modeled by an empirical correlation for estimatimg tadiative properties of a homoge-
neous gas flow, Kirchhoff’s law, and Lambert Beer’s law. Rartnore, the effects of turbulence
on the furnace-side transport variables was simulateddgtdmdardk — € turbulence model with
ANSYS enhanced wall treatment function. In the tube side,d#talytic bed of the reforming
reactor, i.e., the source term in the momentum transposteay was modeled by the continuum
approach with ANSYS porous zone function, the effectiverfastor and catalyst packing factor,
and SMR, i.e., the source terms in the material transpowtemns, was modeled by the global re-
action scheme. Additionally, the wall of the reforming remavas modeled by ANSYS thin wall
function, and the effects of turbulence on the tube-sidespart variables was also simulated by
the standarét — ¢ turbulence model with ANSYS enhanced wall treatment fumctSubsequently,
publicly available SMR-based plant data was used to degué/alent boundary conditions of the
reformer CFD model. The simulation results generated bydf@mer CFD model with bound-
ary conditions derived from available SMR-based plant de¢ae shown to be consistent with
phenomena observed in reformers and SMR-based indushaial gata, and the simulation re-
sults generated by the reformer CFD model with boundary itiond provided by our industry
collaborator were shown to be in close agreement with thet plata recorded from the on-line
industrial-scale reformer at the SMR-based plant. Theeetbe CFD model can be considered as
an adequate representation of the reformer and as an efté¢hat furthers our understanding of

the inherent variability in the outer tube wall temperatdigribution at a fixed height and allows
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cost-effective operating conditions to be explored.

In Chaptef B, a furnace-balancing scheme that optimizesalve distribution at the nominal
total FSF flow rate to minimize the inherent nonuniformitytire OTWT distribution such that
the reformer thermal efficiency can be increased while raaiimg the expected service life of the
reformer was developed. The CFD data showed when the ref@fie model implemented with
the optimized valve distribution predicted by the furn&etancing scheme, the variability in the
OTWT distributions in the high temperature region and th&imam OTWT along the reforming
tube length among all reforming tubes were reduced comparéte baseline case in which the
reformer CFD model implemented with a uniform FSF distridt In addition, the CFD data also
showed that when the flow control valve system of the reforwes defective, which prevented
the pre-optimized valve distribution from being implenehtthe furnace-balancing scheme was
able to find an alternative input that also reduced the viitialm the OTWT distributions as well
as the maximum OTWT. This result confirmed that it is possiblenprove the reformer thermal
efficiency and increase the throughput of the SMR-base plaoptimizing the reformer input.

In Chaptef 4, a statistical-based model identification taat be used to derive a data-driven
model for the OTWT distribution as a function of the FSF dimttion, total FSF flow rate and
interactions among neighboring reforming tubes was d@eslo Specifically, Bayesian variable
selection, Bayesian model averaging, the BIC approximasparse nonlinear regression and the-
ories of thermal radiation were used to develop the preafictiep algorithm, which was used to
derive the prediction model such that the OTWT distributtan be estimated from the reformer
input. In addition, ordinary Kriging was used to develop tioerection step algorithm, which was
used to derive the correction model such that the OTWT 8igtion can be estimated from the
interaction among the reforming tubes. Subsequently, tedigtion and correction models were
used to formulate the data-driven model to estimate the OTWffibution from the reformer input
while accounting for the interaction among neighboringnefing tubes. The results from the re-
substitution and forecasting tests showed that the datardmodel for the OTWT distribution has

a high goodness of fit and a high predictability, which dent@ted the robustness of the proposed
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model identification.

In Chaptef b, a real-time furnace-balancing scheme thatlsmeously maximizes total FSF
flow rate and identifies the corresponding optimized vahgridiution in real-time such that the
reformer thermal efficiency is maximized within the physigaitation of the reforming tube wall
material was developed. To this end, insights and develasfeom Chapters]3 arid 4 includ-
ing the framework for the furnace-balancing scheme, thestitaal-based model identification and
the valve-to-flow-rate converter were integrated with arfstic search algorithm to create a real-
time balancing procedure. Specifically, the balancing @doce evaluates the initial variability
in the OTWT distribution by using the respective reformgouhand the data-driven model for
the OTWT distribution, based on which it establishes thdisadirection of the heuristic search
algorithm that identifies the maximized total FSF flow ratel &ime corresponding valve distri-
bution to improve the reformer thermal efficiency while maining the expected service life of
the reformer. Subsequently, the reformer CFD model deeelop Chaptel 12 was used to char-
acterize the reformer response to step change inputs okfberer input such that an optimal
strategy to implement the maximized total FSF flow rate caimipéemented without jeopardizing
the expected service life of the reformer. Additionallye tieformer CFD model was also used
to demonstrate that the optimized reformer input preditigthe real-time balancing procedure
was more optimal than the nominal reformer input in the sémsithe total FSF flow rate and the
average hydrogen mole faction of the reformer effluent str@are increased by40% and~4%,
respectively, while the maximum OTWT across the reformimget length among all reforming
tubes was kept below the design temperature of the tube veddimal.

In summary, this dissertation has provided a systematiodveork for creating and simulating
a CFD model for an industrial-scale reformer at an SMR-basgedogen plant and, subsequently,
a framework for designing and evaluating a real-time fuenlaglancing scheme such that the re-
former thermal efficiency, measured by means of the avergdy@ben composition of the reformer
effluent stream, can be improved by increasing the total F&# rfhte without compromising the

expected service life of the reformer in the presence ofrthenent variability in the OTWT distri-
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butions along the reforming tube length. The results docuetkin this dissertation are expected
to allow the SMR-based hydrogen plant to be operated at a&hjgjant efficiency and achieve a

substantial economic benefit by reducing operational costs
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